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Introduction

Protons (H™) participate in a broad variety of chemical processes as a reactant, a prod-
uct or a catalyst. In liquid phase solvation and transport of protons is an important and
sometimes a rate-limiting step of a reaction. Interestingly, most of the crucial proton-
involving processes occur in confined spaces of 0.5 to 100 nanometer length scale, both
in living matter and in industrial applications. In living cells protons are transported
across the mitochondria membranes through the nanochannels of special proteins, called
proton pumps, to mediate the synthesis and hydrolysis of adenosine triphosphate (ATP),
molecular energy storage. In man-made devices, such as proton-exchange membrane fuel
cells or electrolyzers, protons are transported from the anode to the cathode through the
nanochannels of a solid electrolyte membrane. In addition, many proton catalyzed chemi-
cal syntheses (controlled polymerization, synthesis of self-assemblies or nanoparticles) are
carried out in nanoconfinement, such as the pores of solid materials or liquid nanodroplets.

1.1 PROTON SOLVATION AND PROTON CONDUCTION

In a solution at equilibrium protons do not exist in the form of an H™ cation. Being a
very strong acceptor of electrons, it will always interact either with anions or with the
solvent molecules, thus forming a proton solvation structure. Among all of solvents, the
solvation of proton in aqueous media is especially interesting, not only because water
solutions are ubiquitous, but also because of the special properties of water molecules.
The oxygen atom of a water molecule possesses two lone electron pairs, and there-
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Figure 1.1: Relay mechanism of proton charge transport in liquid water. The blue and red balls
represent hydrogen and oxygen atoms, respectively; the solid and dashed lines represent covalent
bonds and hydrogen bonds, respectively. The red arrows show the paths of proton hopping.

fore, can accept two hydrogen bonds from other molecules. On the other side, the water
molecules has two polar OH-groups which can donate hydrogen bonds to other molecules
thus building a branched hydrogen-bond network of liquid water. When an excess proton
is introduced into aqueous solution, it can strongly bind to the oxygen atom of a water
molecule becoming an H30" hydronium cation. The H30™" hydronium cation has three
polar and strongly hydrogen bonded OH-groups and each of them can dissociate when
a proton hops along the hydrogen bond to the neighboring water molecule (Figure 1.1).
Subsequently, another proton of the newly created H3O™" cation can jump to the next
water molecule and so on. In this way the excess proton charge is transported through
the hydrogen bond network of water with only small displacements of the proton masses.
A similar relay mechanism of proton transport was mentioned first by Theodor von Grot-
thuss in 1805, and was revived in the beginning of XX century to explain anomalously
high mobility of proton in water.23

In the middle of XX century, Manfred Eigen extensively studied the kinetics of proton
transport and its elementary steps with chemical relaxation methods (electric impulse,
temperature jump)* assuming that in aqueous solution the proton exists in the form of
HoOj - trihydrated H3O™ core.5® Later, this assumption was debated by Georg Zundel,
who used infrared spectroscopy experiments and proposed H505 to be the fundamental
structure of the hydrated proton, with a proton tunneling between two water molecules.”:
These concepts largely predetermined the following studies of aqueous excess protons.
The HyOf and H5O5 were named Eigen- and Zundel-cations, respectively, and until now
are often used to describe the limiting cases of proton hydration structures.

Modern molecular dynamics simulations describe the molecular mechanism of proton
transfer as the structural interconversion between Eigen and Zundel hydration structures
(Figure 1.2).%71% In the first elementary step of this process one of the H30*-H,0 hydro-
gen bonds of the Eigen-cation shortens due to ultrafast fluctuations of the outer hydration
shells. This results in an asymmetry of the Eigen-cation and the creation of a so-called
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Figure 1.2: Schematic representation of Eigen-Zundel-Eigen structural interconversion.

special pair. Upon the shortening of the O-O distance from 2.5 A to 2.4 A, the barrier
in the O--- H---0O potential energy surface strongly decreases. At an O-O distance of
2.4 A, proton shuttling between the two oxygens becomes completely barrierless, which
results in a completely symmetric Zundel-type structure with the proton being equally
shared by the two water molecules. This structure can be converted either into a new
Eigen-cation or back to the initial Eigen-cation.

It is still under discussion whether the Eigen- or the Zundel-cation is the more
stable proton hydration structure in liquid water.!315718 The conversion between Eigen
and Zundel complexes in liquid water is ultrafast and occurs on timescale of 50-100
fs. 121920 |t thus makes more sense to define the hydrated proton as an intermediate,
highly dynamic structure with Eigen and Zundel being only the limiting geometries.?1723
Nevertheless, the irreversible proton transfer from one Eigen-cation to another Eigen-
cation (or from one Zundel to another Zundel) is estimated to take 1-3 ps.%12:2425 These
relatively slow dynamics are explained from the fact that the complete migration of the
proton charge from one oxygen atom to another oxygen atom requires the movement
of surrounding water molecules and rearrangement of multiple hydrogen bonds.12:14:26
The central oxygen of the Eigen-cation is a very weak hydrogen bond acceptor, which
implies that the hydrogen bond accepted by the oxygen of the newly formed H30" will
dissociate, and a new water molecule has to come in to donate a hydrogen bond to the
former H3O™ oxygen. The process of the collective rearrangement of the hydrogen bond
network around the hydrated proton to facilitate these molecular movements occurs on
picosecond timescale.

The hydrogen bond dynamics as well as other properties of water are known to be
strongly affected by nanoconfinement.?”-32 Therefore, both the proton solvation struc-
tures and the dynamics of their interconversion can be different in nanoconfinement
compared to bulk solution.
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1.2 INFRARED SPECTROSCOPY OF THE HYDRATED PROTON

Hydrated protons and water molecules have multiple vibrational modes, which are the
oscillations of the O-H bond distances (stretching modes), of the angle between the
two O-H bonds (bending mode) and of the position of the molecule with respect to
the hydrogen bond network (librations, i.e. hindered rotations). In strongly hydrogen
bonded systems, such as liquid water and proton hydration structures, these vibrations
(vibrational potential, frequency, transition dipole moment) are very sensitive to the in-
termolecular interactions and changes of the molecular structures. These vibrations are
infrared active, i.e. absorb infrared light at their resonant frequency and can thus be
excited by this light. This property makes infrared spectroscopy an ideal tool to study
proton solvation, since this method does not perturb the molecular interactions itself,
and can provide direct information about the molecules of interest with no need of addi-
tional molecular probes. Femtosecond time-resolved infrared spectroscopy, which we use
in the experiments presented in this thesis, allows us to capture the picosecond structural
dynamics of the hydrated protons described in the previous section.

A drawback of the infrared spectroscopy approach is the relatively low vibrational
cross-section of the hydrated proton vibrations, which determines the strength of the
infrared absorption signal. Since the absorption features of the hydrated proton overlap
with the absorption of water, one has to use relatively concentrated acid solutions (>1
mol/L) to have enough contrast between these two signals in infrared spectroscopy exper-
iments. In Figure 1.3 we show the infrared absorption spectrum of an aqueous solution of
hydrobromic acid (HBr). Being a superacid, HBr dissociates completely into H* and Br~
even at high concentrations. The released protons give rise to a very broad continuous
absorption below 3000 cm~! and two broad bands at ~1750 cm™! and ~1200 cm™!.
The total spectrum contains contributions from water molecules in the proton hydration
shell, bromide hydration shell and of water molecules that interact only with water. The
latter can be subtracted using the spectrum of neat water. However, the number of water
molecules involved in the hydration of the proton is not well determined which makes the
subtraction procedure ambiguous and uncertain in the spectral regions of strong water
absorption (HOH-bending mode at 1600-1700 cm~* and OH-stretch vibrations at 3000-
3700 cm™1).

Another challenge, which we face when studying hydrated protons with infrared spec-
troscopy, is the assignment of the infrared spectrum of protons in solution to particular
vibrations. Because of the large number of strongly hydrogen bonded water molecules in-
volved in the solvation of the proton, the dynamic nature of the hydrated proton structure,
and strong anharmonic effects, it is difficult to model the complex infrared spectrum of
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Figure 1.3: Infrared absorption spectra of a hydrobromic acid solution, neat water, and their

difference, showing the infrared response of protons in aqueous solution.

aqueous excess proton precisely and to assign the spectral features to particular vibrations
of well-defined proton hydration structures. Most of the vibrational assignments reported
in the literature are based on semi-empirical molecular dynamics (MD) simulations of pro-
tons in aqueous solution 152233736 or on higher level simulations of small (3-6 molecules)
protonated water clusters in the gas phase. 3”70 The latter simulations can be perforemd
at a higher level of theory with an improved representation of anharmonic effects. The
results of such simulations are always compared to the experimental infrared spectra
of small protonated clusters under cryogenic conditions.*'™* These experiments provide
infrared spectra of hydrated protons with well-defined numbers of water molecules and
topology, and are used to identify the structure-spectrum relation of hydrated protons.
However, the extrapolation of these results to the solution case is not straightforward.
Summarizing (and simplifying) the conclusions of existing theoretical and experimen-
tal studies, the infrared absorption spectrum of protons in aqueous solution is assigned
as follows. The broad and intense band at 1200 cm~! is assigned to a proton shuttling
in a Zundel-configuration1836:46 - and sometimes to an umbrella mode of H3O* in an
Eigen-configuration?24%45 The band at ~1750 cm~! is assigned to bending vibrations
of the water molecules flanking the proton in a Zundel-cation. 53347 The extremely broad
continuous absorption in the range of 2000-3600 cm~! represents OH-stretch vibrations
of the hydrated proton of different configurations. It is believed that the OH-stretch
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vibrations of the core of Eigen-cation absorb at 2500-2900 cm™!, and that the OH-
stretch vibrations of the two water molecules in the Zundel-cation absorb at 3000-3300
cm™1, 15334142 Keeping in mind that Eigen and Zundel are limiting proton hydration
structures, this assignment is mostly a consequence of the more general concept that
states that the stretch vibrations of more polarized OH-bonds appear at lower frequency.
A more detailed understanding of the structure-spectrum relation of the hydrated proton,

and its specific features (like a small hump at 2400 cm~1, a minimum at 2500 cm~!, a

maximum at 3000 cm~!) is not yet present.21:23:48

1.3 PROTONS OF CARBOXYL GROUPS

Proton transport through the nanochannels of proteins is a fundamental process of
paramount importance as it enables living cells to create electrochemical potential across
their membranes. A disability to maintain the concentration difference of ions between
the two sides of the plasma membrane brings the cell to its equilibrium state - death.

Protons are transported across biological membranes by special proteins, so called
proton pumps, which are incorporated in the membrane.*%! Driven by electron trans-
port, ATP hydrolysis or light, these proteins change their tertiary structure to make it
favorable to receive a proton on one side of the membrane, conduct it through the inner
channel, and to release it on the other side of the membrane.>?7>* In the inner chan-
nels of the pump, protons are transported by a mechanism similar to the proton relay
mechanism in water. Here, instead of transfering the proton charge from one water
molecule to another water molecule, the proton is transferred between various proton ac-
cepting/donating side groups of amino acids. This proton transport can also be assisted
by water molecules present in the protein cavities. %> Typical participants of this proton
relay are the residues of glutamic and aspartic acids, which possess a side-chain carboxyl
group.®®57 The exact spatial positioning of the involved carboxyl groups is crucial for
the molecular interactions between the amino acid residues, and thus for efficient proton
transport.

The geometry of the carboxyl group can be different in terms of the position of the
hydrogen atom with respect to the C=0 group. In general, molecular groups can rotate
around every single o-bond, such as the C-O of the carboxyl group, resulting in different
molecular conformations. However, some of molecular conformations are much more sta-
ble than other, even at room temperature. For carboxyl group only planar conformations
are calculated to be stable (Figure 1.4), with a strong preference for the OH-group to be
oriented at 60° with respect to the C=0 group (syn conformation) over an anti-parallel
orientation with respect to the C=0 group (anti conformation). %% |n spite of the strong
impact of the carboxyl group conformation on the intermolecular interactions and chem-
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Figure 1.4: Schematic representation of syn- and anti-conformers of carboxyl group.

ical properties, the conformational isomerism of this group is usually overlooked. The
conventional method to determine the molecular structure of proteins is X-ray diffrac-
tometry. In this method the coordinates of hydrogen atoms are not obtained directly,
but they come from additional calculations. Thus, usually conclusions about the geom-
etry of carboxyl group are based on theoretical simulations and not proven experimentally.

1.4 OUTLINE

This thesis focuses on the study of the structure and dynamics of hydrated protons and
carboxylic acids in solution using polarization-resolved infrared pump-probe spectroscopy
and two-dimensional infrared spectroscopy. In Chapter 2 we present the theoretical back-
ground of light-matter interactions and nonlinear infrared spectroscopy. Chapter 3 gives
a detailed description of the setups used in the experiments described in the subsequent
chapters. In Chapter 4 we present a study of the structure and vibrational dynamics
of protons solvated in water/DMSO mixtures. In Chapter 5 we study the vibrational
dynamics of small proton hydration clusters in acetonitrile, and we identify the infrared
responses of the inner and outer hydration shells of the proton. In Chapter 6 we present
an experimental estimation of the proton transfer rate in water nanodroplets and in bulk
aqueous solution. In Chapter 7 we discuss the vibrational assignment of the proton con-
tinuum absorption, based on polarization-resolved pump-probe experiments on protons
solvated in anionic and cationic reverse micelles. In Chapter 8 and Chapter 9 we inves-
tigate the conformational isomerism of carboxyl groups of formic acid and aspartic acid,
respectively.
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Theory

In this chapter we introduce the concepts of nonlinear optics underlying the experiments
of this thesis. We provide the theory of resonant light-matter interaction and derive
an expression for the pump-probe signal. Subsequently we describe a common non-
resonant artifact in pump-probe experiments: cross-phase modulation. Finally, we show
how the theory relates to the often used phenomenological approach to infrared pump-
probe spectroscopy, which is commonly used in the interpration of experiments. This
chapter is based on a few textbooks®163 and other previous work 45

2.1 NONLINEAR OPTICS

An external electric field applied to a material interacts with the charges in the material
and induces electric dipole moments. The induced dipole moment per volume of the
material is called polarization P and can be expressed as a power series in the applied
electric field E:

P=PY 4 PO L PO 4 = (x\VE+xPE2+xOE>+.)  (21)

where ¢ is the vacuum permittivity and x(") is the n-th order susceptibility. This equa-
tion constitutes a general description of light-matter interactions. Here it should be
noted that all susceptibilities x(™ are n + 1 rank tensors. The polarization depends on
the polarizations of all the mixed waves, and the susceptibility tensor relates directions of
n light polarizations with the direction of the induced polarization. The typical values of
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X1, x® and x® are of the order of 1, 1072 m/V and 10~2* m2/V2. Thus, when the
light field is weak, all the nonlinear terms in Eq. 2.1 can be neglected. This is the case
for conventional infrared spectroscopy, which we also call linear infrared spectroscopy,
since the linear response of the material under study is measured. However, when intense
femtosecond light pulses are used, which correspond to very strong electric fields (~10°
V/m), the nonlinear polarization terms become significant.

The oscillating electric field of incident light induces an oscillating polarization in a
material, which subsequently emits an oscillating electric field. This results in multiple
effects, which can be observed in spectroscopy. When two monochromatic electromag-
netic waves I and 2 are mixed in a material, the total electric field can be written as:
E(Z,t) = E_'lei(]zlff‘”lt) + E_:Qei(Einth) +c.c. (2.2)
where k; = 7i(w; )w;/c is the wave vector for a medium with refractive index 7, w; is the
frequency and c.c. denotes the complex conjugate. The second order polarization is then
given by

J J X P (B (11) By (p) e PRrF-er(ritm)) | ¢, (SHG)
—00 —00
+ By(m1) By(ry)elRa—202(tm)) 4 (SHG

(2.3)

)
+ 51§2€i(51+g2)f(€7i(wlT1+w2T2) + 677;(‘*)27—1“1’“)17—2)) + c.c. ( G)
+ ElﬁQGi((E2—E1)f(e—i(ww'z—wﬂ'l) + e—i(w27'1—w17'2)) + c.c. (DFG)
+ 2(E? + E3))dridry (DC)

The polarization will lead to the emission of light, following the Maxwell wave equation.
This simple example shows that due to second order polarization the medium will emit
light with frequencies different from those of the incident electromagnetic waves. The
first two terms correspond to second harmonic generation: production of light at the
doubled frequencies 2wy and 2ws, the third and fourth contributions produce electric
fields at the sum frequency w; + wo and difference frequency w; — ws, and the last con-
tribution represents a DC electric field (optical rectification). In this thesis at certain
steps of production of infrared pulses we used second harmonic generation and difference
frequency generation. In general these second order processes can occur in all the non-
centrosymmetric media. However, only particular crystals are used for efficient frequency
conversion. As we can see from Eq. 2.3, the difference frequency wave generated at
point & of the medium has a phase defined by ngL' = (k1 — kg)l' At the exit face
of the crystal all the waves generated at different points in the crystal will coherently
add up. For the waves generated at points &7 and &5 there will be a phase mismatch
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Ap = (k3 — (k1 — k2))(Z, — #1). For a certain (& — &) distance the phase mismatch
of the two generated waves will be 7, and the waves will interfere destructively lowering
the efficiency of frequency mixing. To overcome this problem and to make difference
frequency generation most efficient and the phase matching condition should be fulfilled:
Eg = I% — Eg. The latter is called the "phase matching condition” and in the collinear
geometry, which is oftenly used for frequency mixing, corresponds to:

Tl3((.d3)(.d3 =N (wl)wl — RQ(CUQ)CUQ (24)

The refractive index n depends on frequency, thus, this condition is not easy to fulfill
in isotropic optical materials. The solution is to use birefringent crystals, for which the
refractive index for light polarized perpendicular to the optical axis of the crystal (ordi-
nary index n,) differs from the refractive index experienced by light polarized parallel to
the optical axis (extraordinary index n.). In type | phase matching the phase matching
condition can be fulfilled in a negative uniaxial crystal (n. < n,) by taking two funda-
mental beams of ordinary polarization and generating light at the sum frequency with
extraordinary polarization. The refractive index of the latter can be tuned by rotating
the crystal, thereby obtaining an effective refractive index value between the n, and n..
Phase matching can also be achieved with other combinations of polarizations of the
interacting beams.

2.2 MOLECULAR VIBRATIONS

In a classical picture, chemical bonds between the atoms of a molecule can be seen
as springs. The whole molecule then can be represented by a system of anharmonic
oscillators, where every atom oscillates around its equilibrium position. This simple rep-
resentation, however, cannot fully describe the interaction of the molecule with infrared
light, since the classical theory does not explain transitions between the states of the
oscillator. Therefore, the quantum mechanical approach is needed.

The simplest model to describe a molecular vibration is the quantum harmonic os-
cillator. In this model the potential of the particle is described by Hooke's law and the
Hamiltonian of the system is

~ p 1 .9
Hy=—+ -k 2.5
0= 9, T3k (2.5)
where p is the momentum operator, m is the reduced mass, and Z is the position operator.
The energies E and the wavefunctions |¢) of the states can be found by solving the time-

independent Schrodinger equation:

Hp) = E¢) (2.6)
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The resulting energy levels are:

By = hwo(v + %) (2.7)
where wg = 4/k/m is the vibrational frequency and v is the vibrational quantum number.
The harmonic potential, energy levels and corresponding wavefunctions are shown in
Figure 2.1A. The molecular vibration described by the quantum harmonic oscillator can
exist in different states (v=0,1,2,...) and can be transferred between two consecutive
states by absorbing or emitting an fiwy quantum of light.

The simple harmonic potential is, however, not a good model for real molecules,
especially when v > 1 vibrational states are considered. For example, for any simple
diatomic molecule the potential is already asymmetric. At a large positive displacement
the molecule dissociates which corresponds to nearly zero energy difference for further
displacement. However, at a large negative displacement , when the distance between the
atoms is small, the energy of the system grows with further displacement. To describe
molecular vibrations more precisely anharmonic potentials can be used. One of these is
the Morse potential (Figure 2.1A):

Vo=D(1 - e_\/k/%i)2 (2.8)

where D defines the depth of the potential and k is the force constant. A description of a
chemical bond with an asymmetric Morse potential is more realistic, since this potential
accounts for the dissociation of the bond. The energies of the vibrational states in the
Morse potential can also be found analyticaly:

1. (hwo(v + 3))°

En=h(,d0(7}+*)— 4D

> (2.9)

where wy = +/k/m. As we see, the energy of the transition between two consecutive
states decreases with increasing quantum number. This is an important difference be-
tween the harmonic and anharmonic potential. The difference in frequencies of v=0—1
and v=1—-2 transitions is often used as a measure of the anharmonicity of a vibration.
As we will see later, this property is essential for infrared pump-probe spectroscopy.

In specific cases, like proton-hydration structures, other potentials have been used to
describe the vibrations. For example, the stretch vibration of a hydrogen-bonded X — H
group (X — H---Y) can be quite well modeled using the Lippincott-Schroder potential
(Figure 2.1B), which accounts for the effect of the H ---Y interaction on the effective
vibrational potential of the X — H coordinate, and the repulsive and attractive interac-
tions between X and Y.%6:57 The shuttling vibration of proton in the Zundel-cation can
be modeled reasonably well with a steep quartic potential (Figure 2.1C).1823 This poten-
tial supports a " negative anharmonicity” of the vibration: the frequency of the v=1—-2
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Figure 2.1:  (A) Harmonic potential (green) with its energy levels levels and corresponding
wavefunctions and Morse potential (blue); (B) Lippincott-Schroder potential and (C) quartic
potential, which can be used to model X-H stretch vibrations of strongly hydrogen-bonded

molecules.

transition is higher than the frequency of the v=0—1 transition. Schroodinger equations
with these more complex potentials can only be solved numerically.

2.3 RESONANT NONLINEAR OPTICS IN A DENSITY MATRIX FORMALISM

To describe the interaction of a molecule with light, we consider the Hamiltonian H given
by the sum of the static Hamiltonian Hy and the time-dependent perturbation V' (¢) due
to an external electric field:

H=Hy+V(t)= Hy— pE(t) (2.10)

where ﬁ is the electric dipole moment interaction. The polarization induced by the

incident light is defined as
P(t) = N ity (211)

where N is the number density of the molecules and (/i) the expectation value of the
dipole moment operator.

The static Hamiltonian Hj has eigenvalues ¢, and eigenfunctions |n). The time
evolution of the system is described by the time-dependent Schrodinger equation:

in gy (2.12)

and the wavefunction [t(t)) written in the basis of eigenfunctions of H

() = X ) ea(t) (2.13)
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Then we can define the density operator as

p(t) = [9(t)) p(?)] (2.14)

The elements of the density matrix are

prim = {n|) (Wlm) = (nfn) ency, (mlm) = cncy, (2.15)

The diagonal elements of the density matrix p,,, = |c,|? represent the population of the
state |n), i.e. the probability to find the molecule in this state. The off-diagonal elements
Pnm describe to which extent the superposition of the states |n) and |m) posseses a well-
defined phase relation. In equilibrium state the off-diagonal p,.,, turn to zero.

Using the density matrix we can write the expectation value of the dipole moment
operator as:

Wlly = chenlmlilny =Y pumpimn = Tr(pf) (2.16)
n,m n,m
where T'r denotes the trace of the matrix. Thus, to obtain the polarization induced by
the light (Eq. 2.11) we need to find the elements of the density matrix.
It can be shown that the time-dependent Shrddinger equation (Eq. 2.12) is equivalent
to ds )
p i
—=——[H
o +[H, 7]
where [A, B] = AB — BA is the commutator of two operators. This equation is knows
as the Liouville-Von Neumann equation and describes the time evolution of the density
operator. Without any perturbation the Liouville-Von Neumann equation yields:

(2.17)

dpnm
dt

= *iwnnz Pnm (2 . 18)

where wpm = (€, — €,)/h is the transition frequency between the states |n) and |m).
Adding the perturbation induced by the applied electric field, and assuming that without
perturbation the density matrix elements decay exponentially to their equilibrium values
p%% we obtain
dppm
dt

. U
= —WnmPnm — ’Ynm(pnm - P%%) - %E[Ma p]nm (219)

where v, is a decoherence rate, when n # m, and a population relaxation rate, when
n = m. Expanding the density matrix perturbatively in powers of the applied electric
field we obtain a set of differential equations in the form:

dpiin

dt

= (—iwnm — 'Vnm)pgzqgl - %E[ﬂ, ﬁ(q_l)]nm (2-20)
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Which after integration gives
. t
() (t) = % f e(fiwnmfvnm)(tft’)E(t')[ﬂ’ﬁ(qfl)]nmdt' (2.21)
—a0

In pump-probe spectroscopy we are interested in third-order density matrix elements p(®),

which can be calculated successively by integrating the expressions starting from p(!) and
2
pL.

2.3.1 COMPONENTS OF THE PUMP-PROBE SIGNAL

To find the elements of the p®®) matrix we need to know all the elements of p(®) and
p(M . In general, a consecutive calculation of the third-order density matrix elements of
a multilevel system will give an enormous number of components. However, most of
these components will be negligibly small. Applying some approximations we can thus
significantly reduce the number of contributions and write the pump-probe signal as a
sum of only 12 terms.

First, we assume that in the equilibrium state without any perturbation all the
molecules are in the ground state. It basically means, that in the p(®) matrix only
pog # 0.

Second, we apply the harmonic approximation to the transition dipole matrix ele-
ments. For the harmonic oscillator the transition dipole moment matrix element fi,,
is nonzero only for m = n + 1, which means that only transitions |n) — |n + 1) and
[ny — |n — 1) are allowed. This, in combination with the first assumption, allows us to
limit the system to only the first three levels |0, |1) and |2) of the vibrational potential.
Also, it can be shown that in the harmonic approximation ji15 = /201 .

Third, we consider only the polarization with a k vector corresponding to the direction
of the probe field. The total electric field can be written as:

E = Elei(Elff“’lt) + Egei(’;ﬂ*‘“z” +c.c. (2.22)

where index 1 stands for pump electric field and 2 for the probe. The expression consists
of 4 components, which will result in 64 terms when calculating P(3). However, only
the terms consisting of E1, Ef and Es will give a signal in the direction of probe ks (we
neglect the term created by Es, EX andFEs, as F; « Ep). Hence, we can neglect all the
other terms.

The fourth approximation is the rotating wave approximation, which means that
we neglect all rapidly oscillating terms. Basically it means that the convolution of the
electric field and the exponent in the Eq 2.21 will be nonzero when the frequency under
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the exponent is close to the frequency of the electric field, i.e. the light must be resonant
with the transition. Note, that, for example, wq; is here defined as (9 — €1)/k, which is
negative. Therefore, transition [0) — |1) will be resonant with E3, which has negative
frequency, and not Ej.

Each term of the final sum for the third order polarization will have a general form of

3 t T3
POW =N (£) [ Bl - mpea [ Bl = 7
- —w

(2.23)

T2
f E(m1)Ipa (2 — Tl)Mbapé%)dTldT2d7'3

—00

where I,,,,(t) = e(=wnm=7nm)t and indices @ — d can take values 0, 1, 2. Note, that
Eq. 2.23 shows only one of the terms contributing to the third order polarization. The
relation between the indices of transition dipole moment elements i and the density
matrix evolution functions I comes from the mathematics of the perturbative expansion
of the density matrix and from the applied approximations. The detailed derivation of all
the P(®) components can be found in ref. 64. Here we will show the P®) components
that are left after the four assumptions and that can be graphically represented with the
six Feynman diagrams shown in Figure 2.2.

In these diagrams the arrows represent electric fields and climbing the ladder starting
from pé%) we consecutively create elements of p(1), p) and p®). The p(1) elements at
time 7 depend on the interaction of the first electric field with p(O) at all times 77 before
T2, which gives us the most inner integral. Then the p(?) elements at time 75 depend on
the interaction of the second electric field with the created p(l) at all times 7 before 73,
giving the second integral. Finally, the p(®) at time t is obtained from all the interactions
of the third electric field with p(® at all times 75 before t. The diagrams show which
elements of every p(™ matrix are build from which elements of p(*~—1)

Every integral is build in the following way. Arrows pointing to the right represent
an interaction with a certain electric field (wave vector k;) and arrows pointing to the
left represent its complex conjugate (wave vector —k;). It gives us E(7;) in the integral.
Interaction with the electric field creates a coherence or a population with the indices
written over the arrow. These indices become the indices of Iy;(t) in the integral. The
field should be "absorbed” to increase the quantum number, and should be "emitted”
to decrease the quantum number. The indices of the transition dipole moment in the
integral corresponds to indices that are permuted during the interaction. If the indices
are permuted on the right, the transition dipole moment should be taken with a "-"
and if they are permuted on the left, the sign is " +".

All the possible electric field sequences are presented in the left panel of Figure 2.2.

matrix.

sign,
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Figure 2.2: Feynman diagrams to calculate third order polarization in pump-probe experiment.

For each diagram there is only one interaction with an E* field, which must be the pump
field ES. The two other interactions must be with E; and E; to create a third-order
polarization with wavevector k2, which results in two possible sequences of fields for each
diagram. In the first case, when two interactions with pump field (in a sequence E¥, E
or in a sequence Ey, E) occurs first, a population is created. The probe field interacts
with the population. It gives a conventional pump-probe signal, which can be explained
from the vibrational excitation of the molecules by the pump. In the opposite case,
when the probe F interacts before the pump Ej, it results in artifacts, which cannot be
explained so easily (these artifacts are discussed in Section 2.7). This "wrong" sequence
of electric fields Ef, Ey, Eq can occur only when the pump and probe pulses overlap in
time. Another possible “wrong” sequence Es, Ef, E; also results in artifacts, which can
occur when probe pulse interacts with the material before the pump pulse.

Now we can write all the components of the third order polarization. For example,
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the upper left diagram with the "right” electric field sequence will give

.3 t T3
PB(t) =N (;) o1 f Es(13)I10(t — 73)(—po1) f Eq(12) 111 (13 — T2) 10
- —* (2.24)

T2

Ef (7'1)[01 (T2 — Tl)(fﬂlo)pé%)dTldngng

—00

Combining all the six diagrams with the "right” electric field sequence we obtain the total
third order polarization for a pump-probe signal:

-\ 3
1
P(3)(t> =N (ﬁ) 1o

t T3 T2
(/’631 J Eg(Tg)Ilo(t — T3) f El(TQ)Ill(Tg — 7'2) J ET(Tl)I()l(TQ — Tl)dTldTQdTg
—0 —0 —0

t T3 T2
+[L31 f EQ(Tg)Ilo(t—Tg) J Ef(TQ)Ill(Tg —TQ) f El(’Tl)Ilo(TQ —Tl)dTldTQdTg
—0o0

—0o0 —0o0

t T3 T2
+/J:31 f E2(7-3)110(t—7'3) J El(TQ)IOO(T3 —7'2) J ET(T1)101(7’2—T1)d7'1d7'2d7'3
—00 —0

—0o0
t

T3 T2
+ Ngl J‘ EQ(Tg)Il(](t — Tg) J ET(TQ)I(]O(Tg — TQ) f El(Tl)Ilo(TQ — Tl)dTldTQdTg
—0o0

o —0
t T3 To

— U%Q J EQ(Tg)IQl(t — 7'3) J El(TQ)IH(T3 — 7'2) ET(Tl)Iol(TQ — 7'1)d7'1d7'2d7'3
—o0 —0 —0

t

T3 T2
_M%Q J. EQ(Tg)IQl(t—Tg) ET(TQ)IH(Tg —Tg) J El(Tl)Ilo(TQ —Tl)dTldTQdT;g)

—0o0 —0 —0o0

(2.25)

In pump-probe spectroscopy we detect the intensity of light propagating in the probe
direction, which basically the interference of the wave emitted by the oscillating third
order polarization with the probe electric field. The electric field radiated by the third
order polarization is proportional to iP®)(t), and it can be shown that the measured
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absorption change is

L(w) _ 2m{PO(w)E}(w)}
I(w) | Bz (w)[?

(2.26)

where P(®)(w) and E3(w) are the Fourier transforms of the polarization and probe elec-
tric field.

2.4 NON-RESONANT THIRD ORDER RESPONSE

The third order polarization can be shortly written in a form

an

where ¥ = F; + E5. When the pump and probe frequencies are far from any resonance,
the off-diagonal elements given by Eq. 2.21 are only nonzero for ¢ = ¢’. Hence, the
integrals in the Eq. 2.25 become nonzero only when t = 73 = 75 = 7, i.e. the x(®
response is instantaneous. Then combining Eq. 7?7 and Eq. 2.22 and adding the linear
polarization term the polarization can be written as

w

8%3

X T1,7'2,7'3)E(7'1)E(TQ)E(Tg)dTldTQdT3 (227)

H
S%N

—

B(t) = eo(xV) + 6x DBy (8)|2) Ea(£)e FT=20) — eqxep (1) Ea(t)e'F27=21)) (2.28)

Using the relation between the refractive index and susceptibility n? = 1+ we can write

nZr =1+ x + 6x®|E|? = nd + 6P| Ey|? (2.29)
where ng is the linear refractive index. Reorganizing this equation in the form of

3x® 3@
nepr = (no + 7IE %)? = (=—|E:*)? (2.30)
o no

and neglecting the term quadratic in x(3), we obtain

3G
Nefpr = no + —— |E1 |
no

= ng + To| Ey |2 (2.31)
where 715 = 3x®)/ng is the nonlinear refractive index. The phenomenon described by
Eq. 2.31 is called optical Kerr effect (analogously to the DC field dependence of the
refractive index). We remember that x(™ are tensors, however for the present case of
isotropic non-resonant materials we will assume ng and ny to be isotropic. Substituting
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the linear refractive index by the effective refractive index in the expression of the probe
wave we obtain:

E(x,t) = Eyel((nesrwe/e)o—wat) 4 oo Eqei(kaat(mawa/0)|Br[o—wat) | ¢ (2.32)

From Eq. 2.32 we see, that due to the optical Kerr effect a time-dependent component
is added to the phase of the probe. This pump-induced change of the phase of the probe
pulse is called cross-phase modulation (XPM). It depends on the pump field and therefore
appears only when pump and probe pulses overlap in time. If the probe pulse is much
shorter than the pump, meaning that the derivative of the pump intensity profile with
respect to time is constant within the time duration of the probe pulse, the result of this
modulation corresponds to a change of the probe frequency:

w= B _ - mediBE
Tat 7 c  dt

) (2.33)

The frequency change will have different sign at positive and negative delay time. At a
positive delay time the probe pulse experiences a decreasing intensity of pump (derivative
is negative), and as a result the frequency of the probe increases. At a negative delay
time the derivative of the pump intensity is positive, and thus the frequency of probe is
decreased (Figure 2.3A).

In the experiment we measure the intensity spectrum of the probe, which in this case

will be:
+00

Iy (w, )] f Eo(t + 7)€l (naw2/)zlBr (0] o —iwst gy 2 (2.34)
—00
where 7 is the delay time between the pump and probe pulses. Using Eq. 2.34 we can
model the absorption change measured in a pump-probe experiment:

Aa(w,T) = —In(Ii(w,7)/I2(w)) (2.35)

where I (w, T) is probe intensity measured with pump on and Iy(w) - with pump off. In
Figure 2.3 we show the cross-phase modulation signal modelled for ideal Gaussian pump
and probe pulses with a spectral full width at half maximum (FWHM) of 150 cm~! and
250 cm™!, respectively (these values are typical for the experiments presented in this
thesis).

As we see from Fig. 2.3, the amplitude of the cross-phase modulation artifact is
nearly zero at the central frequency of the probe, but strongly increases at the tails. Also,
it is almost absent at zero delay time, and steeply grows at very short delays. In pump-
probe experiments this artifact can be much more intense than the resonant signal of
interest. For the typical measurements presented in this thesis, the resonant pump-probe
signal is at its maximum 5-1073 —5-102 while the cross-phase modulation artifact is at
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Figure 2.3: Modeling of the cross-phase modulation artifact in pump-probe experiment using
Gaussian pump and probe pulses with constant spectral phase. (A) Intensity spectrum of the
probe pulse at delay times of -50 fs and 450 fs and with the pump off (black line); (B), Cross-
phase modulation induced absorption change as a function of delay time; (C) as a funcion of
the probe frequency for specific delay times; (D) in a delay-frequency 2D-plot.

its maximum ~ 0.2 (in absorption change units). Since both the resonant pump-probe
signal of the sample and the non-resonant XPM signal are third-order optical responses,
they scale in the same manner with the intensity of pump pulse. A strong XPM signal
overlapping with the resonant signal will add a time-dependent tilt to the signal, which
can be misinterpreted as a fast decaying resonant signal. In the used experimental set-
tings, XPM usually limits the time resolution of the pump-probe experiment to 200-400
fs depending on the duration of the pump and probe pulses.

In conventional infrared pump-probe experiments, the XPM artifact is not caused by
the sample, but by the windows of the sample cell. A usual sample cell consists of two
windows (made of sapphire or calcium fluoride or another salt) of 1-4 mm thickness with
a liquid sample of 10-200 pum thickness sandwiched in between. The amplitude of the
XPM artifact depends on the path length over which the probe beam overlaps with the
pump (coordinate = in Egs. 2.32-2.34). The total length over which the probe overlaps
with the focused pump beam is typically ~1 mm. Therefore, most of the XPM is gener-
ated not in the sample itself, but in the windows. By removing the windows we can thus
get rid of most of the XPM artifact (the 75 of air is 3-5 orders of magnitude lower than
that of solids and liquids®!). Designs of sample cells which overcome this problem are the
wire flow cell®® and cells using thin 200-500 nm silicon nitride membranes as windows.
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The latter has been used in some of the experiments of Chapters 5 and 7. However, both
these approaches are much less convenient than using CaF; windows, especially when
studying nonpolar liquids. Additionally, even when XPM from the windows is removed,
the resonant X(S) "artifacts”, which will be discussed later in this Chapter, still limit the
pump-probe resolution time to 100-200 fs.

2.5 CHARACTERIZATION OF THE PULSES

Using infrared spectrometer we can measure the spectral intensity of a pulse I(w) =
%ceo|E\2. If we also know the spectral phase of the pulse, we can determine the complex
electric field as a function of frequency:

E(w)ocy/Te #@=wo) 4 ¢ e (2.36)

From E(w) we can obtain the electric field in time domain E(t) by inverse Fourier
transformation, which reveals the pulse duration. The spectral phase can be written as
a Taylor expansion around the carrier frequency:

(w—wp)?

(w—wp)?
f+¢3'7+--- (2-37)

The first term of this expansion is just a constant phase. The second term is linear
and upon Fourier transform will not change the shape of the pulse, but will only shift
the pulse in time. The second and higher order terms will actually change the shape of
the pulse in the time domain. Non-zero values of ¢, ¢3,.. can arise upon propagation
through a medium with d?k/dw? # 0, i.e. in which the group velocity of light changes
with frequency. The pulse will become chirped: high frequencies lag behind the low fre-
quencies (positive chirp) or the opposite - low frequencies lag behind the high frequencies
(negative chirp).

In the previous section we assumed ideal Gaussian pulses, i.e. pulses with only a
constant and a linear spectral phase. In this case a Gaussian shape of the pulse in the
frequency domain results in Gaussian shape of the pulse in time domain. However, the
refractive index of every material is frequency dependent, which implies that a certain
group velocity dispersion (GVD) per optical path length is added when a pulse is trans-
mitted through a medium. This effect is undesirable in pump-probe spectroscopy since
it broadens the pulses, and decreases the time resolution of experiment. In addition, if
the pulse is chirped, this can give wrong results. For example, if the probe is positively
chirped, the time delay of the low-frequency components will be shorter than the time
delay of the high-frequency components. This will result in a measured spectrum that is
tilted as a function of frequency which may be incorrectly interpreted as spectral dynam-
ics of frequency-dependent relaxation of the studied resonance.

d(w —wo) = ¢o + ¢1 - (W —wo) + ¢2 -
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Figure 2.4: Modeling of the cross-phase modulation artifact in pump-probe experiment with

a probe pulse transmitted through 1 mm of germanium (left panel) and through 1 mm of

germanium plus 15 mm of calcium fluoride (right panel). (A,E) The intensity spectrum and the

spectral phase; (B,F) the time profile of the pulse compared to its original profile; (C,G) XPM

signal presented as a function of delay time; (D,H) XPM signal in a delay-frequency 2D-plot.

When we combine intensity spectra with a cross-phase modulation effect, we can
obtain more information about pump and probe pulses, namely, determine their phase
and the time profiles. When pump and probe beams are split from one source, which
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means that they are the same, the phase can be retrieved quantitatively by fitting the
experimental XPM with Eq.2.34.%%70 Here we will briefly show how the cross-phase mod-
ulation artifact can be used for pulse characterization qualitatively.

In Figure 2.3 we see that when the pulses have a Gaussian shape and linear phase,
the XPM signal is completely symmetric and turns zero at zero delay time. However,
most of the transmitting optics in a pump-probe setup (AgGaSe; nonlinear crystal, Ge
infrared filter) have a positive group velocity dispersion and thus add a positive chirp
to the infrared pulse. In Figure 2.4A we show the same probe pulse used in the calcu-
lations before, but now with an additional quadratic spectral phase resulting from the
group velocity dispersion in a 1 mm thick germanium plate. The chirp created in such
a dispersive medium significantly broadens the pulse in the time domain (Figure 2.4B).
A dramatic effect of the chirp is observed in the cross-phase modulation signal (Figure
2.4C,D). Now the signal is broad and asymmetric and does not turn to zero at any delay
time between the pump and probe pulses. We also can observe that the high and low
frequencies are separated in time. At zero delay time the low frequency component 3200
cm~! will arrive at the sample before the pump and experience an XPM effect typical
for "negative” delay times, while the high-frequency component 3600 cm~' will arrive
after the pump and will experience an XPM effect typical for " positive”" delay times. In
the present case, the difference in timing of the 3200 cm~! and 3400 cm~! frequency
components is ~70 fs.

Group velocity dispersion is an additive quantity and therefore a positive chirp cre-
ated by transmission through a germanium plate can be compensated by transmitting
the light through a material with a negative GVD. Calcium fluoride is such a material.
In the right panel of Figure 2.4 we show the result of the compensation of the positive
chirp created by 1 mm of Ge by the negative chirp created by 15 mm of CaFs. In Figure
2.4E we see that the spectral phase now becomes almost constant in the frequency range
3300-3500 cm~!, and shows nonlinearity only in the tails of the spectrum. The chirp is
not completely removed due to the dependence of GVD on frequency (third and higher
order terms in Eq 2.37). Nevertheless, the pulse gets compressed almost to its original
shape in the time domain (Figure 2.4F). In Figure 2.4G,H we see that the XPM signal is
also brought back to its original symmetric shape with only minor distortions in the tails
of the spectrum. Hence by using the XPM effect we can analyze the chirp of the probe
pulse and we can test how well we have compensated it by adding additional material in
the probe beam path.

In all the experiments presented in this thesis we used XPM in a calcium fluoride
window to test the probe pulses for the presence of the chirp and to compensate this
chirp if necessary. In the used experimental setups a strong positive chirp usually appears
when the probe frequency is >2800 cm~!, and then compensation is needed. In addition,
the shape of the XPM signal can be used to check for any asymmetry in the time profile



2.6 THEORY 33

of the pump pulse and the duration of the pulses. In addition, we use the zero-crossing
point of the XPM effect to define zero delay time.

2.6 PUMP-PROBE SPECTROSCOPY: PHENOMENOLOGICAL APPROACH

2.6.1 INFRARED PUMP-PROBE EXPERIMENT

As we have shown in the previous section, the signal measured in pump-probe experiment
can be derived using the theory of nonlinear optics and resonant light-matter interaction.
However, in many experiments the dynamics of interest occur at time scales that are long
compared to the pulse durations and the decay time constants of the coherences, and a
more phenomenological approach suffices. Here we will describe the phenomenological
approach to the infrared pump-probe experiment.

First, we consider the pump and probe pulses as infinitely short delta-pulses. The
first two terms will result in a negative signal at frequency wg;. From the corresponding
Feynamn diagrams we see, that this signal comes from the creation of excited state
population, which then emits a photon and converts back to the ground state. This
contribution is called stimulated emission (SE) of the excited state. The third and the
fourth terms also give a negative signal at frequency wp;. They represent the absorption
of the molecules in the ground state, which has decreased due to the fact, that part of the
molecules are now in the first excited state. Therefore, this contribution is called ground
state bleach (GSB). The last two terms give a positive signal at wis frequency. This
signal is the result of absorption of a photon by the excited state and is called excited
state absorption (ESA) or induced absorption.

The first four terms are proportional to i, and the last two terms are proportional
to u?, 1u3,. The absorption change signal can thus be written as

Aa(w) = —2001 (W)N + o12(w)N (2.38)

where N is the excited state population, and oojocud; and o120cu3; i3, are the cross-
sections of the 0—1 and 1—2 transitions, analogously to the linear infrared spectroscopy.
Note, that in the harmonic approximation of the dipole moment 20¢; = o1 since u?, =
2u31. Thus, for a completely harmonic oscillator, when also wg; = w12, there will be no
pump-probe signal at all.

In the condensed phase, the pump induced vibrationally excited state decays on a
time scale of 0.1-100 ps. The excited molecules relax back to the ground state, which
is in many cases a first-order kinetic process, meaning that the excited state population
decays exponentially. Note, that this was already included in Eq. 2.25 as Iyg and I1; are
exponential functions. Hence, a usual pump-probe experiment will yield a frequency and
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Figure 2.5:  (A) lllustration of a pump-probe signal. (B) lllustration of a 2D-IR spectrum of
two coupled vibrations, blue color represents negative and red - positive signal. (C) Scheme of

the pulse sequence in pump-probe and 2D-IR experiments.

delay time dependent signal shown in Figure 2.5A.

2.6.2 2D-IR EXPERIMENT

An important extension of infrared pump-probe spectroscopy is two-dimensional infrared
spectroscopy, which includes the dependence of the transient absorption signals on the
pump frequency. There can be two different transitions of very similar frequencies, and
in a pump-probe experiment, due to the spectral width of the pump pulse, we may well
excite both of them. Measuring the signal as a function of probe frequency only, we
cannot judge if the signal of the probed vibration is due to the excitation of that same
vibration or due to excitation of the other vibrational that interacts with the probed vibra-
tion. This latter situation can, for example, arise if the two vibrations are anharmonically
coupled. In this case excitation of one vibration perturbes the potential of the second
vibration resulting in a change of the vibrational energy levels. The signal measured in
pump-probe experiment will be a sum of the signal due to the direct excitation, and the
signal due to the excitation of the coupled vibration (cross-peak). In 2D-IR experiment
we can separate these two contributions by resolving the signal on the pump frequency
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axis (Figure 2.5B).

We can imagine two spectrally narrow vibrational bands having closely spaced central
frequencies wy and wo. After the first interaction with the electric field of the pump a
coherence of each vibration is created. These two coherences oscillate with frequencies
wy and ws. If the pump pulse is very short, the second interaction with the pump electric
field can occur only at a time when these two coherences still oscillate in phase and
thus both will be excited and . To selectively measure the response of one or the other
vibration we need to scan the second electric field until a time longer than |wy — w2|_1.
It can be achieved by using a longer pump pulse, which basically means that the pump
spectrum is narrower than the frequency separation between the vibrations, which means
that only one of the two vibrations is excited.

The use of a spectrally narrow pump pulse has as a drawback that the time resolu-
tion of the experiment defined by the cross-correlation of the pump and probe pulses is
lowered. To overcome this effect, in most of 2D-IR experiments a pair of short pump
pulses with a variable time delay between them is used instead of one long pulse (Figure
2.5C). This approach was used in all the 2D-IR experiments presented in this thesis. We
obtained the pulse pair by splitting the pump pulse in Mach-Zehnder interferometer with
one dynamic arm, which scans the delay between the two pulses. Of course, experimen-
tally it is convenient vary the delay of the first pump pulse and to keep the delay between
the second pump pulse and the probe pulse constant.

2.6.3 ANISOTROPY

In the derivation of Eq 2.25 we omitted the fact that both electric fields and transition
dipole moments are actually vectors and that within each integral we should take the
scalar product i - E = |u||E|cosQ. Hence, the resulting third order polarization is
ﬁ(3)ocﬁcos1p00529 and the resulting signal is

Aqoc fcos%bcos%dﬁ (2.39)

where 1 and 0 are the angles between the transition dipole moment and the polarization
of probe and pump electric field, respectively, and the integral is taken over all the ori-
entations of the molecules in the sample.

Usually in a pump-probe experiment the signal is measured in two polarization con-
figurations: probe parallel to the pump and probe perpendicular to the pump. In this
case cosy = sinflsing, where ¢ is the angle between direction of the electric field prop-
agation and the projection of the transition dipole moment on the plane perpendicular to
the pump polarization. The signals measured in parallel and perpendicular polarization
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configurations are:

Aoy (t)oc f f %p(& b, t|60, ¢o)cos*0ycos*0dd
;r (2.40)

Ao (t)oc f J 4—10(97 b,t|60, ¢o)cos*ysin0sin? pddS
T

where p(6, ¢,t|60, ¢o) is the probability that the transition dipole moment oriented as
0o, ¢o at zero delay time will be oriented as 6, ¢ at delay time ¢, and 3/4x is the normal-
ization factor. Thus, the pump-probe signal actually depends on the initial orientation
of the molecules in the sample and on the dynamics of their reorientation. It can be
shown %4 that for an isotropic sample (molecular orientation is random) we can construct
a quantity

Aaso(w,t) = %(Aa”(w,t) +2Aa) (w,t)) (2.41)

which is independent of the reorientation of the transition dipoles. Another quantity,
called the anisotropy parameter
Aoy(w,t) — Aay(w,t))

Rw,t) = Aoy (w,t) + 2Aa) (w,t)) (242)

is independent of the vibrational relaxation dynamics and purely represents the average
orientation of the transition dipoles at time t with respect to the orientation at time 0.
It can be shown®" 7! that the anisotropy parameter is proportional to the second order
orienational correlation function:

R(1) = 205(0) = SRy ((0) - (1)) = S((3eos?0(1) 1)/ (243)

where 6(t) is the angle between the transition dipole moment at time zero and at time ¢.

At zero time 0(0) = 0, which yields R(0)=0.4. At long delay times, when the ori-
entation of the molecules becomes completely random with respect to their orientation
upon excitation, {cos?6(t — o)) = 1 giving R(t — 00)=0. The anisotropy can also
decay due to energy transfer from the originally excited molecule to other molecules of
different (random) orientation or as a result of structural changes of the excited molecule.
For molecules that possess several degenerate vibrations with different orientations of the
transition dipole moment (H20O, H30%), intramolecular energy transfer or fast structural
fluctuations can result in a sub-100 fs (partial) decay of anisotropy.

2.7 FINITE PULSES AND COHERENT EFFECTS

In pump-probe experiments it is usually assumed that the measurement result is inde-
pendent of the probe pulse. Indeed, if the dynamics of the measured transient signal is
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Figure 2.6: Pump-probe spectra modeled with (A) 10 fs broad probe and T1=0.5 ps; (B) 70
fs broad probe and T1=0.2 ps.

sufficiently slow, we can assume that the excited state population is constant during the
duration of the probe pulse. However, the finite spectral width of the probe pulse and
population dynamics occuring during the probe pulse duration can significantly distort
the pump-probe signal. Here we will model transient absorption spectra and show how
these depend on the properties of the probe pulse.

First we calculate the third order polarization and the " artifact-free” transient ab-
sorption signal using Eqs. 2.25-2.26. For the transient absorption signals we set the
transition frequencies to wy;=3400 cm~! and w;2=3200 cm~! with the dephasing times
T, corresponding to 200 cm™! broad (FWHM) Lorentzian shaped absorption bands. The
pump was taken to be a 100 fs broad Gaussian pulse centered at 3400 cm™!.

In Figure 2.6 we show the pump-probe spectra of the excited state with vibrational
relaxation times T1=0.5 ps obtained using a 10 fs probe pulse and with T;=0.2 ps with a
70 fs probe pulse. As we see, the ultrashort probe pulse leads to transient spectra formed
by the sum of the negative and positive Lorentzian bands centered at 3400 cm~! and
3200 cm~! respectively. However, in the second case, the the variation of the excited
state population during the probe pulse is significant. As a consequence, the pump-probe
spectra become distorted, which can be seen from the increased amplitude of the bleach-
ing part and the shift of the zero-crossing frequency. This result shows that only if the
population dynamics does not vary significantly during the probe pulse, the relative time
dependence of the signal at each frequency will be measured correctly.
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Figure 2.7: Pump-probe spectra modeled with a 70 fs probe pulse centered at (A) 3200 cm™!

and (B) 3400 cm™'. Transient absorption signal at 3200 cm™" and 3400 cm™" as a function of
delay time for a 70 fs probe pulse centered at (C) 3200 cm™* and (D) 3400 cm™*. The black
lines represent the calculated dynamics of the excited state.

We observe that strong distortion of the spectra occurs during the rapid growth of
the excited state population around zero delay time (Figure 2.7A,B). This effect can be
phenomenologically explained by the fact that, due to a rapid growth of the excited state
population, the absorption of the sample changes on a very short time. Thus, part of the
probe pulse that arrives to the sample earlier experinces a complex refractive index rather
different from the one experienced by the part of the pulse that arrives later. This effect
time-dependence of the absorption spectrum and the complex refractive index is similar
to the cross-phase modulation effect described before. In the delay time dependence it
appears as an enhanced or decreased transient absorption signal around zero delay time
(Figure 2.7C,D), which is more pronounced in the tails of the probe spectrum.

In addition to the distortion of transient absorption dynamics resulting from the strong
variation of excited state population, a coherent artifact due to a “wrong” electric field
sequence can arise around zero delay time. This artifact is a transient grating effect in
which the probe and the pump field create a population grating from which the pump
diffracts in the direction of the probe. This signal results from interactions illustrated
by the the six Feynman diagrams in Figure 2.2, for which the first and second field in-
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signals at 3200 cm™" and 3400 cm™! for the "right” electric field sequence.

teractions are with E5 and Ej*. The transient grating effect in which E5 comes first,
illustrated by the lower three Feynman diagrams, is also denoted as a perturbed free
induction decay. Since this artifact involves the interaction of the probe field before the
two field interactions with the pump, this signal is primarily seen at negative delay times
(Figure 2.8).

The results of our simple modelling are in qualitative agreement with experimental
observations. In Figure 2.9 we show experimental transient absorption signals as a func-
tion of delay time for the OH-stretch vibration of HDO molecules in isotopically diluted
water. The experiment was performed using a pump pulse centered at the maximum
of the OH-stretch absorption band (3400 cm~1!) and different probe pulses with a cen-
tral frequency varied in the range 3250-3400 cm~!. We see that the artifacts discussed
and modeled here strongly affect the experimental data, and can be easily mistaken for
an ultrafast relaxation processes.”® The transient absorption signals strongly depend on
the pulse characteristics and dephasing rates, parameters that are usually not taken into
account in pump-probe experiments. Hence, the analysis of transient absorption signals
within the pump-probe cross-correlation time can lead to wrong conclusions.
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Experiment

In this thesis we report on studies of the structural and vibrational dynamics of hydrated
protons and carboxylic acids using polarization-resolved infrared pump-probe spectroscopy
and two-dimensional infrared spectroscopy. For the experiments presented in Chapters
4-9 we used three different setups. A two-color pump-probe setup was used to study
the vibrational dynamics of hydrated protons by measuring transient absorption signals
over a broad frequency range with varying pump frequencies (Chapters 4-7). A one color
pump-probe setup was used to study the structural dynamics of hydrated protons with
anisotropy measurements at a particular frequency (Chapters 6, 7). Finally, to resolve the
conformations of carboxylic acids (Chapters 8, 9), we used a two-dimensional infrared
(2DIR) setup. In this Chapter we present the principal schemes of these setups and
provide the experimental details.

3.1 GENERATION OF FEMTOSECOND INFRARED PULSES

To perform femtosecond mid-infrared pump-probe experiments we first need to gener-
ate femtosecond mid-infrared pulses. This is done by means of frequency conversion of
the near infrared pulses from commercially available laser systems (Figure 3.1). In the
two-color pump-probe setup and in the two-dimensional infrared setup, a Ti:sapphire os-
cillator (Mantis, Coherent) generates 800 nm pulses, which are used to seed a Ti:sapphire
regenerative amplifier (Legend, Coherent). The crystal of the amplifier is pumped by an
internal Nd:YLF diode laser (527 nm). The seed pulse is stretched by a pair of gratings
and then coupled into the amplifier's cavity via a Pockels cell. After amplification the
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Figure 3.1: Pulse generation scheme in the two-color pump-probe setup.

pulse is coupled out by a second Pockels cell and recompressed. This scheme yields 35
fs 800 nm pulses with a pulse energy of 3.3 mJ (5 mJ in case of the 2DIR setup) at a
repetition rate of 1 kHz.
indent 0.8 mJ of the 800 nm light was used to pump a homebuilt optical parametric
amplifier (OPA), seeded by the white light that is generated by focusing a small fraction
of the 800 nm pulse in a sapphire crystal. A spectral fraction of this white light was
amplified by the 800 nm beam in a two-step OPA process using S8-barium borate (BBO)
crystals. This OPA process yielded signal (1.2-1.4 um) and idler (1.9-2.2 um) pulses
with a total energy of 200 pJ. The signal and idler pulses were mixed in a silver gallium
disulfide (AGS) crystal to generate mid-infrared pulses at their difference frequency. The
remainder of the signal and idler was filtered out by a germanium filter. This filter intro-
duces group velocity dispersion (GVD) on the produced infrared pulses. This GVD was
compensated by CaF, windows. In this way we produced tunable 2000-3400 cm' pulses
with a pulse duration of ~60 fs, a spectral full width at half-maximum (fwhm) of 250
cm! | and an energy between 2 and 5 iJ depending on frequency.
We generated mid-infrared pump pulses with a central frequency of 2000-2800 cm!
by pumping another OPA with the remaining 2.5 mJ of 800 nm beam. This OPA employs
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the same white-light-seeded three-step BBO-based amplification process that we used to
generate the probe pulses. The produced signal and idler with a total energy of ~700
1J were difference-frequency mixed in an AGS crystal to produce 16-20 pJ pulses with a
spectral fwhm of 150 cm?!. In the 2DIR setup the pump and probe pulses were generated
in a similar way using two commercial BBO-based OPA’s (TOPAS Prime, Coherent) to
create signal and idler pulses followed by difference-frequency mixing in AGS crystas.
These processes yielded tunable pulses with a central frequency of 1700-2800 cm~! and
similar characteristics (pulse duration, pulse energy, spectral fwhm) as in the two-color
pump-probe setup.

To generate pump pulses with a central frequency of 2900 cm! and higher, the OPA
of the two-color pump-probe setup was modified as shown in the bottom panel of Figure
3.1. After two-step BBO-based parametric amplification, we frequency-doubled the idler
in another BBO crystal. The resulting second harmonic of the idler was then used to
seed an OPA process in a potassium titanyl phosphate (KTP) crystal pumped by the
remainder of the 800 nm beam. After filtering out all visible and near-infrared light with
a silicon filter, this process yielded 16-25 uJ pulses with a spectral fwhm of 150 cm'.

In the one-color pump-probe setup the infrared pulses were generated in a different
way.”® An Yb-medium based laser (Pharos, Light Conversion) produced 1028 nm pulses
with a pulse energy of 0.4 mJ at a repetition rate of 50 kHz. The repetition rate was
reduced by a pulse picker to 1 kHz and the resulting output was used to pump a com-
mercial OPA (Orpheus-ONE-HP, Light Conversion). This OPA yields signal (1350-2060
nm) and idler (2060-4500 nm). The latter pulses (tuned to 2600 cm~!, 12 J, 200 fs)
were split by a zinc selenide beamsplitter and used in pump-probe experiments. This
setup yielded much better pulse-to-pulse stability than the two-color pump-probe setup
(a typical standard deviations measured by the detector for 1000 consecutive pulses was
0.2-0.4% and 0.6-1.2% for one-color and two-color setup, respectively).

3.2 INFRARED PUMP-PROBE (2DIR) SETUP

The principal scheme of the pump-probe and 2DIR setups is shown in Figure 3.2. The
weak infrared beam (generated in a separate OPA or split from the same source as the
pump) was split first by a zinc selenide beamsplitter into probe and reference beams. The
probe pulse was sent to a motorized delay stage. Both the probe and reference beams
were transmitted through cleaning wire grid polarizers and focused in the sample by a
parabolic mirror.

The pump beam is sent through a chopper, a half-wave plate and a wobbler. In
the pump-probe experiment the chopper blocks every second pump pulse to measure the
transmission of the sample when the pump is on and off. In the 2DIR experiment the
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Figure 3.2: The principal scheme of the pump-probe (2DIR) setup.

chopper is not used. The half-wave plate is used to set the polarization of the pump at
45° with respect to the probe polarization. The wobbler is used to suppress the effect
of pump scattering from the sample into the direction of the probe. It consists of a
4 mm thick calcium fluoride window, which oscillates with a frequency of 250 Hz and
delays the pump pulses performing the phase cycle (+7/2, 0, -7/2, 0) in the pump-probe
experiment or (4, 0, -7, 0) in the 2DIR experiment. In this way, the phase of every
two subsequent pulses is different by 7 (note that in the pump-probe experiment the
pulses with O phase are chopped). Thus, the interference of the probe and pump light
scattered by the sample on the detector cancels out for subsequent shots. In the 2DIR
setup the pump beam was sent through a Mach-Zehnder interferometer to produce a
pulse pair. One arm of the interferometer had a motorized delay stage to scan the delay
time between the pulse pair. The details of this implementation can be found in ref. 74.

The pump beam is focused in the sample in spatial overlap with the probe. After
the sample the beams are collimated by a parabolic mirror and sent to a spectrograph
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(Oriel MS260, Newport). In the spectrograph the beams are dispersed and detected by
a mercury-cadmium-telluride (MCT) detector having three 32 pixel arrays. One of the
arrays detects the probe. To account for the pulse-to-pulse fluctuations, the second array
detects the reference, which is transmitted through the sample but not overlapped with
the pump. The third array can be used to measure the pump spectrum, however, usually
the pump is blocked right after the sample to minimize the scattering.

Setting the rotating polarizer after the sample either at 0° or at 90° with respect
to the pump polarization allows us to select the probe component of the corresponding
polarization and to measure the transient absorption signal in two polarization combi-
nations. In the 2DIR setup this was realized by splitting the probe in two beams by
a 50/50 beamsplitter and selecting the corresponding polarization component in each
beam. Then the two polarization components of the probe were detected simultaneously
by two arrays of the MCT detector.
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Abstract

We investigate the structure and dynamics of proton solvation structures in mixed
water/dimethyl sulfoxide solvents using two-color mid-infrared femtosecond pump-
probe spectroscopy. At a water fraction below 20%, protons are mainly solvated
as (DMSO-H)*™ and (DMSO-H)"-H2O structures. We find that that excitation
of the OH-stretch vibration of the proton in (DMSO-H)"-H>O structures leads
to an ultrafast contraction of the hydrogen bond between (DMSO-H)* and H-O.
This excited state relaxes rapidly with T;=95+10 fs, and leads in part to a strong
local heating effect and in part to pre-dissociation of the protonated cluster into
(DMSO-H)" and water monomers.
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4.1 INTRODUCTION

In the condensed phase, the proton (H ion) strongly interacts with surrounding molecules/
atoms leading to the formation of proton-solvation structures. In liquid water, a large
distribution of solvation structures exist, with the Eigen (HgO; ) and Zundel (H503)
structures as limiting cases.?!*® The transport mechanism of the proton through the
solution strongly differs from that of other cations, and strongly relies on the structural
dynamics of the solvation structures of the proton.3913.75

Aqueous protons give rise to a broad absorption in the mid-infrared region of the spec-
trum, the so-called Zundel continuum. This continuum can be crudely subdivided into
absorption regions of stretch, bend and proton transfer modes. %3347 Although these
modes are all of highly mixed character, especially in the liquid phase,?? infrared pre-
dissociation spectroscopy of proton-water clusters in the gas phase allows for a crude
assignment of the different regions of the Zundel continuum.**2 The blue side of the
continuum around 3100 cm™! is thus assigned to water molecules flanking a proton in
a (H503) Zundel configuration, and the region around ~2600 cm™! is assigned to the
OH-stretch modes of the H30* core of Eigen-like HgO} structures. The spectral re-
sponse between 1500 and 2000 cm~! can be assigned to bending vibrations. Finally, the
frequency region around 1100 cm™! has been assigned to the shuttling vibration of the
proton (proton transfer mode) in between two flanking HoO molecules.!® In spite of these
assignments, the identification of the different regions of the infrared spectrum of the
hydrated proton with particular vibrational modes of solvation structures is still actively
debated. 22:35:36

The dynamics of the proton solvation structures can be studied with time-resolved
mid-infrared spectroscopy, as this technique probes the spectral dynamics of the vibra-
tions that in turn report on changes in the covalent and hydrogen bonds.16 In recent
years several femtosecond mid-infrared studies on the hydrated proton have been re-
ported. 47727677 |n these experiments the dynamics of proton solvation in different aque-
ous media (water, water/acetonitrile and hydrated Nafion membranes) was studied by
means of excitation of the hydrated proton OH-stretch vibrations. These studies showed
that ultrafast structural fluctuations of the hydrated proton result in a sub-100 fs vibra-
tional relaxation of the vibrationally excited state. Only for the H30*-ion strongly bound
to a negatively charged sulfonate in Nafion membranes the vibrational relaxation was
observed to be significantly slower, with T;=350+30 fs.

A challenge in studying the structural dynamics of proton solvation structures in pure
water is that the OH-stretch vibrational lifetimes of water molecules and hydrated pro-
tons are extremely short (~0.27 ps’®7® and <100 fs'820 respectively). As a result, the
time window in which the structural dynamics can be studied in the vibrationally excited
state is very much limited. However, previous studies also showed the presence of slower
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restructuring and energy dissipation processes following the vibrational relaxation. This
observation suggests that the structural lifetime of the proton hydration structures is on
the order of picoseconds.?®

In this chapter we use femtosecond mid-infrared pump-probe spectroscopy to study
the structure and dynamics of proton solvation structures in water/dimethyl sulfoxide
mixtures. Dimethyl sulfoxide (DMSO) is a polar, aprotic solvent, that solvates water
molecules well, but that breaks the hydrogen-bond network. DMSO has a quite strong
interaction with water and protons, and for a water fraction below 20%, water molecules
primarily exist as monomers solvated by DMSO molecules.®® This isolation of water
molecules can increase the vibrational lifetime up to five times compared to bulk water,
as was recently demonstrated in a time-resolved spectroscopy study of the OD stretch
vibrations of HDO/H,0/DMSO solutions.®! In view of this result, studying the dynamics
of protons in a mixed water/DMSO solvent can provide important information on the
vibrational energy relaxation and structural dynamics of the solvated proton. We com-
pare the results with recent studies on the structural dynamics of solvated protons in

water /acetonitrile studies. "%7°

4.2 EXPERIMENT

Linear mid-infrared absorption spectra were obtained in transmission mode using a com-
mercial Fourier transform spectrometer (Bruker Vertex 80v). The two-color mid-IR pump-
probe experiments were performed as described in the section 3.2. The pump pulses with
the central frequency of 2550 cm™!, 3200 cm~! and 3450 cm~' were generated as
described in the section 3.1. The samples were prepared by dissolving trifluoromethane-
sulfonic acid (TfOH, 98%, Sigma-Aldrich) in water and deuterated dimethyl sulfoxide
(DMSO-d6, 99.9%, Sigma-Aldrich) mixtures under dry air. Trifluromethanesulfonic acid
(triflic acid) fully dissociates in water or DMSO, and the triflate anion does not react
with the solution components.

4.3 RESULTS

4.3.1 LINEAR INFRARED SPECTRA

In Figure 4.1 we show linear infrared absorption spectra of triflic acid/water/DMSO-d6
solutions at different acid/water concentration ratios. All spectra contain a water OH-
stretch absorption band at 3200-3700 cm~!. We assign the 3430-3500 cm~! doublet to
the symmetric and antisymmetric water OH-stretch modes of water molecules and the
shoulder at ~3300 cm~! to the overtone of the water bending mode. As the concen-
trations of water in DMSO are low, water molecules mostly exist as isolated monomers
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Figure 4.1:  Linear absorption spectra of TFOH/DMSO=1:8, TfOH/H>O/DMS0O=1:1:8 and
H2O/DMSO=1:8 (the latter is rescaled with respect to the water concentration in the second
solution), the DMSO absorption spectrum is subtracted.

solvated by DMSO.8% The samples containing triflic acid have an additional broad ab-
sorption continuum at lower frequencies.

In a water/DMSO solution the proton will be solvated not only by water, but also
by DMSO molecules. To understand the contribution of DMSO solvation to the proton
absorption continuum, we also recorded the infrared absorption spectrum of triflic acid
in dry DMSO. Triflic acid is a superacid and fully dissociates in DMSO solution (con-
firmed by the absence of v,5(SO2) band around 1400 cm~1).82 The long absorption tail
at 2300-3300 cm~! can thus be assigned to the OH-stretch vibrations of protonated
DMSO. When the solution contains both water and triflic acid, the absorption contin-
uum has a more flat shape (contrary to the sloping spectrum of (DMSO-H)*), and a
higher intensity. In this case, the continuum absorption will contain the stretch vibra-
tions of (DMSO-H)* and hydrated protons. It has been proposed in the literature that
DMSO is more basic than water.83 Interestingly, even for solutions containing an excess
concentration of protons and only trace amounts of water, the water OH-stretch band
with its maximum at 3430 cm™! is still observed. On the other hand, the intensity of
the water OH-stretch band is significantly reduced in acidic DMSO solutions compared
to spectra of water/DMSO mixtures without acid. From this observation we conclude
that water and DMSO are similarly basic, so that the protons in solution can be solvated
by both DMSO and water molecules. The proton will thus be located in between the
oxygen atoms of two DMSO molecules, of a DMSO and a water molecule, or of two
water molecules.
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4.3.2 VIBRATIONAL DYNAMICS OF WATER MONOMERS IN DMSO

In Figure 4.2A,B we present experimental results obtained by exciting water/DMSO so-
lutions with a pulse centered at 3450 cm™!
OH-stretch absorption.

, i.e. in the frequency region of the water

The transient spectrum of the initially excited state consists of a decreased ab-
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Figure 4.2: Isotropic pump-probe spectra measured after excitation with a pump pulse centered
at 3450 cm~': (A) H.O/DMSO=1:8, (B) TfOH/H20/DMSO=1:1:8. The lines represent the
result of the fit of the kinetic model to the data. (C) Kinetic model used to fit the isotropic
data. (D) The spectral signatures of the different states of the model obtained from the fit:
the solid lines represent the solution containing protons (scaled), the dashed lines represent the
solution without protons.

sorption above 3350 cm™!

and an enhanced absorption at lower frequencies. The de-
creased absorption is due to the bleaching of the fundamental v=0—1 transition and the
enhanced absorption results from the v=1—2 excited-state absorption. The transient
spectrum clearly shows the signature of the doublet of the symmetric and antisymmetric
OH-stretch modes at 3430/3500 cm~! and the HyO bending overtone at 3280 cm~1.
The excited v=1 state relaxes with time constant T;=0.84+0.03 ps. In previous ex-
periments on the vibrational relaxation of the OD-stretch vibration of isotopically dilute
HDO/H,0/DMSO mixtures two distinctly different relaxation times were observed, cor-
responding to fast-relaxing red-shifted water-bound HDO molecules and slowly-relaxing
blue-shifted DMSO-bound HDO molecules.®#* The slow component was assigned to the

OD groups of HDO molecules forming hydrogen bonds to the oxygen atom of DMSO,
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and this component dominated the response for high volume fractions of DMSO. Here
we observe a single vibrational relaxation time for the OH-stretch vibrations of a dilute
solution of H,O in DMSO. We assign this single component to HoO molecules forming
hydrogen bonds to the oxygen atoms of DMSO molecules. We thus find that the relax-
ation time of the OH-stretch vibration of HyO in DMSO is ~8 times faster than that of
the OD stretch vibration of HDO in DMSO, which is in fact a similar ratio as is observed
for neat H,O and HDO:H5O (~0.27 ps versus 1.65 ps).

We observe nearly identical transient spectra and relaxation dynamics for solutions
with and without added triflic acid, which shows that the excitation pulse excites very
little protonated species. We thus conclude that the high frequency part (above ~3350
cm™1!) of the linear infrared spectrum represents isolated water molecules, even for solu-
tions that contain equal amounts of water and triflic acid.

The spectral dynamics of TFOH/H,0/DMS0O=1:1:8 and H,O/DMSO=1:8 solutions
are well described by the same kinetic model (Figure 4.2C). According to this model the
excited state relaxes to an intermediate state that subsequently decays to a final thermal-
ized state. This model thus accounts for a delay of the global thermalization with respect
to the vibrational relaxation. This model has been used before to describe vibrational
relaxation in water and other hydrogen-bonded liquids.®>8® In Figure 4.2D we present
the transient spectral components that are obtained from fitting this three-state model
to the experimental data.

The transient absorption spectrum of the intermediate state that is reached in the
vibrational relaxation, shows a bleaching between 3250 and 3550 cm~'. We explain this
bleaching from a strong local heating effect. The vibrational relaxation leads to a local
dissipation of energy and thus to a weakening of the hydrogen bonds. As a result, the
absorption cross section of the O-H stretch vibrations decreases. The transient absorp-
tion spectrum of the final globally heated state is very similar to that of the intermediate,
locally hot cluster, only the amplitude is much smaller. The intermediate state relaxes
with a time constant of 2.6+0.3 ps, irrespective whether the solution contains protons
or not. The addition of acid does have an effect on the amplitude of the globally heated
state spectrum (shown in red). When we scale the spectra with respect to the tran-
sient absorption spectrum of the initial excited vibrational state, the amplitude of the
final globally heated state has a two times bigger amplitude for a HoO/DMSO solution
than for a HT /H;0/DMSO solution. This difference can be explained from the fact
that in the presence of H*, a large fraction of the HyO molecules will become part of a
proton-solvation structure, thus absorbing at lower frequencies. As a result, the solution
contains less isolated HoO molecules of which the absorption will be affected by the same
heat energy distributed over the solution after the relaxation. As a result, the transient
absorption spectrum of the final globally heated state has a smaller amplitude.
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4.3.3 VIBRATIONAL DYNAMICS OF PROTONATED CLUSTERS IN WATER/DMSO so-
LUTIONS

a) Transient spectra
To investigate the structure and dynamics of the solvated proton, we measure transient
absorption spectra following excitation of the proton absorption continuum at frequencies
<3200 cm~!. Figure 4.3 shows isotropic transient spectra of three solutions with differ-
ent TfOH/H,0/DMSO ratios obtained with excitation pulses centered at 2550 cm~* for
time delays between pump and probe pulses ranging from 0.26 to 20 ps.

For all three solutions the transient absorption spectra show quite similar shapes

— 0.26 ps 0.7ps — 2.5ps
— 0.38 ps 1.0ps — 5.0ps
0.5 ps 1.5ps — 20.0ps

0.02} (A)
H*/HZO/DMSO=0.5:1:8

_006 L Il Il Il Il Il Il |
2400 2600 2800 3000 3200 3400 3600
Wavenumber, cm™*

Figure 4.3: Isotropic pump-probe spectra of triflic acid/water/DMSO-d6 solutions with respec-
tive concentration ratios: (A) 0.5:1:8, (B)1:1:8, (C) 1:2:8. Pump pulse is centered at 2550
cm~ L. Lines represent the result of the fit.
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and dynamics. At early delay times, the transient spectrum consists of a broad negative
absorption change (bleach) below 3100 cm~! and a positive absorption change (induced
absorption) above 3200 cm™!. In all cases the negative absorption signal has its max-
imum at ~2700 cm~!, and the positive absorption signal is centered at ~3400 cm™!.
For solutions containing a larger amount of water we observe a larger negative absorption
signal negative shoulder at 3000 cm~! (Figure 4.3C).

The spectral shape observed at early delay times (up to 1 ps) differs from the ex-
pected initial shape of a transient absorption spectrum. Usually, the excitation results in
a bleach around the frequency of the pump pulse (due to bleaching of the fundamental
v=0—1 transition), and an induced absorption at lower frequency due to v=1—2 ab-
sorption starting from the excited v=1 vibrational state. Here we observe the induced
absorption at higher frequencies than the bleach. Potentially, this could be the result
of a positive anharmonicity (frequency of v=1—2 higher than that of v=0—1), but this
is not expected for the OH-stretch vibration of water and protonated water molecules.
Moreover, the dynamics of the induced absorption are too slow to be caused by vibra-
tional relaxation of the v=1 state of a strongly hydrogen-bonded OH-group. A positive
transient absorption signal at higher frequencies is commonly observed after vibrational
relaxation of hydrogen-bonded OH-stretch vibrations. In the vibrational relaxation pro-
cess the excitation energy of the OH-stretch vibration is transferred to the hydrogen-bond
network. 78> As a result, the hydrogen bonds become longer and weaker, which leads to
a blue shift of the OH-stretch absorption spectrum. This blue shift results in a transient
spectrum with a bleach in the center and the red wing of the OH-stretch absorption
band, and an induced absorption in the blue wing of the OH-stretch absorption band.

We thus conclude that the excited OH-stretch vibration rapidly relax on a time scale
of ~100 fs, and that the transient spectra are dominated by the local heating effects
resulting from this relaxation. The shape of the broad bleaching signal below 3100
cm~! changes with increasing delay time. This result indicates that the fast vibrational
relaxation process not only leads to a local hot state, but that there may be another
contributing state with a somewhat different associated transient spectrum and different
dynamics.

In Figure 4.4A we show the absorption change as a function of delay time for three
different probing frequencies. The transient absorption evolves on a time scale of a few
picoseconds to a final bleaching signal (negative absorption change) for frequencies above
3200 cm™! and a near-zero absorption change at lower frequencies. The signals no longer
change after 20 ps, which indicates that these signals correspond to the fully thermalized
state. In Figure 4.4B we show a zoom-in of the early delay time range. It is seen that
the signal at 3500 cm™! starts as a bleaching signal but rapidly evolves into an induced
absorption signal on a time scale of ~100 femtoseconds.

We fit the isotropic spectra for all the solutions to the kinetic model presented
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Figure 4.4: (A) Isotropic pump-probe signal of the solution TfOH/H>O/DMS0=0.5:1:8 at
different frequencies as a function of time delay; (B) Zoom-in of the delay time traces of Figure
(A) for delay times below 1 ps. The lines are the result of a fit to the kinetic model shown in
Figure 4.5.

in Figure 4.5A. Using this kinetic model we obtained the spectral components shown
in Figure 4.5B. The actual fits of the model to experimental data are represented by
the solid lines in Figures 4.3 and 4.4. The decomposed spectra have similar shapes for
all three solutions keeping all the characteristic features (Figure 4.7 in Appendix). The
corresponding time constants are T;=95+10 fs, T*=0.71+0.04 ps and 7,,=4.0+0.4 ps.
The nature of the states can be identified from the shape of the associated transient
spectra.

b) Vibrationally excited state of the protonated clusters

We assign the first component (shown in blue in Figure 4.5B) to the vibrationally
excited state, i.e. the occupation of the v=1 state of an OH-stretch vibration, where
the H atom carries (part of) the proton charge. This assignment is supported by several
observations. In the first place, the transient spectrum of this state has a bleach signature
at the excitation frequency, which is the expected signature following the excitation of
the v=1 state of an OH-stretch vibration. Second, the relaxation of this state is ultrafast
(95410 fs), in agreement with earlier observations that the vibrational relaxation of the
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stretch vibrations of strongly hydrogen-bonded OH-groups in protonated species occurs
on a time scale of ~100 fs or even shorter.2>47 Third, we find this component to be
anisotropic (see Appendix), as is indeed expected for the transient absorption signal fol-
lowing excitation of the v=1 state. In the case of a (local) heating effect the anisotropy
of the associated spectral change is usually close to zero. Finally, we observe a quite
similar transient spectrum at early delay times in pump-probe experiments on a triflic
acid/DMSO solution (containing only trace amount of water) with the same pump pulse
centered at 2550 cm~! (Figure 4.9 in Appendix). In this case, this spectral component
decays somewhat slower (T;=190+20 fs). As discussed before, in this solution the proton
will be solvated completely by DMSO molecules and the broad absorption band is due
to the OH-stretch vibrations of (DMSO-H)* ions. In these ions the proton attaches to
oxygen atoms of DMSO and the positive charge resides in part on the sulfur atoms.87:8

The transient spectrum of the vibrationally excited state also shows a strong re-

T T T
(A) Excited state 0.10 (B)
T, 0.05
1 0.00
Predissociated state Locallx heated state 3 -o.0s
|
* -0.10
N, T —015 = B e
| = Pre-dissociated state
—0.20 == Globally hjeated state L

Globally heated state

L L L
2400 2600 2800 3000 3200 3400 3600
Wavenumber, cm™

Figure 4.5: (A) Scheme of the kinetic model, describing the spectral dynamics after excitation

1

at Vpump=2550 cm™"; the arrows illustrate population transfer between the states. (B) The

corresponding transient spectra of the states for [0.5:1:8] solution.

sponse at frequencies >2800 cm~!. We observe an intense bleach at 3350-3600 cm~!
and a broad induced absorption at 2800-3350 cm~!. This response is similar to the
transient spectrum that results from the excitation of the v=1 state of water OH-stretch
vibrations. However, the excitation pulse at 2550 cm™! is far out of resonance with
the OH-stretch vibration of isolated non-protonated water molecules (see H,O/DMSO
spectrum in Figure 4.1). Hence, the high-frequency response following excitation of the
OH-stretch vibration of a proton solvation structure at 2500 cm~* likely results from the
strong coupling of this mode to the OH-stretch vibrations of neighboring water molecule.
These water molecules can be directly hydrogen-bonded to the proton, e.g. forming a
(DMSO-H)*-0OHs structure, where the proton is primarily bonded to the oxygen atom
of the S=0 group of the DMSO molecule. Such a structure is reminiscent of an Eigen
structure where (DMSO-H)™ takes the role of the central H30". Excitation of the
OH-stretch vibration of (DMSO-H)™ to the v=1 state can lead to a contraction of the



4.3 DYNAMICS OF PROTONS IN WATER/DMSO MIXTURES 57

hydrogen bond to the HoO molecule. Such a contraction has been observed before for
hydrated protons in aqueous Nafion”"8? and acetonitrile,”® and has also been predicted
to occur in theoretical studies of infrared induced proton transfer.”>% A contraction
of the (DMSO-H)™-H30 hydrogen bond implies that the DMSO-H-H50 structure be-
comes more Zundel-like with the proton more equally shared between the flanking DMSO
and HoO molecules. Such an excitation-induced evolution from Eigen-like to Zundel-like
will be accompanied by a redshift of the absorption of the OH-stretch vibrations of the
hydrogen-bonded H30 molecule. The observed induced absorption signal at 2800-3300
cm~! agrees with the reported frequency range of the OH-stretch vibrations of H,O
molecules that flank the Zundel proton in water.15:33:41

¢) Local heating and vibrational pre-dissociation

The two states of Figure 4.5B indicated in red and green are produced by the re-
laxation of the v=1 state of the proton vibration. The corresponding spectral shapes
reflect the effect of a local dissipation of energy. The green spectrum with a decay time
constant of 0.71+0.04 ps consists of a broad negative absorption (bleaching) at frequen-
cies below 3100 cm~! and a positive absorption signal at higher frequencies. We assign
this smooth featureless spectrum to the result of a local heating process: as a result of
the vibrational relaxation, energy is transferred to the hydrogen bonds of the protonated
cluster. The weakening of these hydrogen bonds shifts the absorption spectrum of the
OH-stretch vibrations to higher frequencies. This local heating effect decays when the
local hydrogen bonds transfer their energy to the solvent surrounding the cluster, leading
to an equilibration of the heat with the surrounding DMSO matrix. The spectrum of
the locally heated cluster depends on the water concentration. For the [1:2:8] solution
we observe a clear rise of a negative shoulder at 3000 cm~! and a larger intensity of
the high-frequency induced absorption. We explain this shoulder from the larger fraction
of water dimers and trimers present in solution. At this higher water concentration a
significant fraction of the protonated DMSO-H*-H5O clusters is hydrogen-bonded to an
additional water molecule. In this case, the local heating of the cluster affects two closely
spaced, hydrogen-bonded water molecules of which the OH-stretch vibrations absorb at
lower frequencies than HoO monomers in DMSO.818% The blue shift of the absorption
spectrum of this dimer leads to an additional negative absorption change at ~3100 cm™!
and a positive absorption change around 3400 cm~1!.

The spectrum of the other intermediate state indicated in red also consists of a neg-
ative absorption part below 3200 cm™! that is less structured than the bleaching of the
locally heated state, and an induced absorption at high frequencies. The shape of this
induced absorption is strikingly similar to the linear infrared spectrum of water monomers
in DMSO. This induced absorption shows the double-peak structure of water OH-stretch
symmetric and antisymmetric modes, and a shoulder at 3300 cm™! due to the water
bending overtone. We conclude that the induced absorption corresponds to the creation
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of additional water monomers (solvated only by DMSO molecules), resulting from the dis-
sociation of the originally excited (DMSO-H)*-H5O cluster. Hence, the energy released
by the vibrational relaxation is not only redistributed among several low-frequency modes
(hydrogen bonds) of the excited cluster, but in some cases this energy is transferred to
a single hydrogen bond between (DMSO-H)* and H,O, leading to dissociation of this
bond and ejection of a water molecule. The intermediate state reached in this relaxation
is thus highly non-thermal, as most of the transferred energy resides in one particular
hydrogen bond, leading to vibrational pre-dissociation. In a subsequent relaxation pro-
cess with time constant 7,,=4.0+0.4 ps, the energy gets transferred to other local modes,
with the result that the (DMSO-H)*—H2O cluster recombines and the energy distribution
becomes thermal.

To corroborate this interpretation, we compared the transient spectrum of the predis-
sociated state (in red) with the difference spectrum of the sum of the H;O/DMSO and
TfOH/DMSO spectra on one hand and the TfOH/H20/DMSO spectrum on the other
hand (in blue). The H,O/DMSO and TfOH/DMSO solutions contain H,O monomers
dissolved in DMSO and (DMSO-H)* structures, but not (DMSO-H)*—H50 clusters. The
TfOH/H20/DMSO solution will contain all these three components. If the contributions
of the spectra are chosen such that the H,O/DMSO and TfOH/DMSO solutions together
represent an equal amount of HyO and protons as the TfOH/H20/DMSO solution, the
difference spectrum S(H2O/DMSO)+S(TfOH/DMSO)-S(TfOH/H20/DMSO) will rep-
resent the transfer of (DMSO-H)*—H,O clusters into water monomers and (DMSO-H)*
structures. In Figure 4.6 this difference spectrum is compared with the red transient
spectrum. It is seen that these spectra are highly similar in shape, thus supporting the
interpretation of the red transient spectrum as the result of dissociation of the hydrogen
bond between (DMSO-H)* and H2O clusters of (DMSO-H)*-H20O clusters.

The good agreement of the transient spectrum of (DMSO-H)*—H50 pre-dissociation
with the corresponding linear difference spectrum implies that among the possible proto-
nated species only (DMSO-H)™ and (DMSO-H)*t-H2O have significant concentrations
in the studied solutions. This notion is confirmed by the fact that we can fit the linear
infrared spectra of TfOH/H20/DMSO solutions of different relative concentrations con-
sidering only HyO, (DMSO-H)™* and (DMSO-H)*—H50 as the species present in solution
(Figure 4.11 in Appendix).

The final state (shown in cyan) is the result of the equilibration of the energy over the
pump focus. This globally heated state has a transient spectrum that primarily consists of
a bleaching signal in the frequency region of the water-in-DMSQ spectrum. This bleaching
reflects the decrease of the cross section of the water OH-stretch vibrations resulting from
a weakening of the hydrogen bonds. In the frequency region of the protonated species,
the absorption change of the globally heated state has almost zero intensity, which dif-
fers from what is observed for the steady-state thermal difference spectrum (Figure 4.12).
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Figure 4.6: Comparison of the red transient spectrum of Figure 4.5B

for  TfOH/H,O/DMSO=1:2:8  solution  with  the difference  spectrum  (blue)
S(H20/DMSO)+S(TfOH/DMSO)-S(TfOH/H20/DMSO), where S indicates the linear
absorption spectrum of the solution in parentheses.

4.4 DISCUSSION

The transient spectrum of the vibrationally excited protonated cluster decays with a time
constant of 95+10 fs. This decay time is significantly shorter than the vibrational relax-
ation time of the OH-stretch vibration of (DMSO-H)* in dry DMSO (T;=190+£20 fs).
From this we conclude that the H2O molecule in the (DMSO-H)*t—H2O cluster provides
additional accepting modes for the excited OH-stretch vibration, thus doubling the relax-
ation rate.

The transient spectrum of the vibrationally excited state of the proton solvated by
DMSO and water molecules (blue spectrum of Figure 4.5B) also shows that the ex-
citation leads to a rapid contraction of the hydrogen bond between (DMSO-H)* and
HsO within the (DMSO-H)*t-H50 cluster. Such a rapid contraction of the hydrogen
bond within a proton-solvation cluster has been observed before for protonated water in
the nanochannels of sulfonated perfluoropolymer Nafion””89. This hydrogen-bond con-
traction was explained from the fact that the first excited state of the proton vibration
possesses a higher energy in the strongly asymmetric potential of the Eigen proton hy-
dration structure than in the more symmetric double-well potential of the Zundel proton
hydration structure. Hence, the energy of the v=1 state can be lowered by evolving from
an Eigen to a Zundel structure, which corresponds to a contraction and strengthening of
the hydrogen bond between the H30+ core and a water molecule in its hydration shell.

In the present case of (DMSO-H)*-H2O cluster we observe a similar vibrational-
excitation-induced contraction. Contraction of the hydrogen bond between (DMSO-H)*
and HoO molecule leads to a lowering of the energy of the v=1 state, and to a red shift
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of the absorption spectrum of the HoO molecule, thus explaining the observed response
in the high-frequency part of the blue transient spectrum of Figure 4.5B. The transient
spectrum resulting from the subsequent vibrational pre-dissociation process (red spectrum
of Figure 4.5B) indicates that the proton vibrational potential of the contracted (DMSO-
H)*—H50 Zundel-like cluster is not completely symmetric, and still has its lowest well near
the oxygen of DMSO. If this potential has been completely symmetric, pre-dissociation of
the cluster would likely result in both DMSO and H30™ fragments and in DMSO-H™ and
HoO fragments. The transient spectrum shows that the pre-dissociation results in the
production of HoO molecules, which implies that primarily the Ht—H,O hydrogen bond
dissociates, indicating that this bond is weaker than the DMSO-H* hydrogen bond.

The proton solvation in water/DMSO solutions strongly differs from that in wa-
ter/acetonitrile solutions that have been studied before.8727¢ Acetonitrile is only weakly
polar and does not strongly interact with the proton. Hence, in water/acetonitrile solu-
tions the protons are primarily solvated by water molecules leading to larger proton-water
clusters that are embedded in an acetonitrile matrix. The high level of hydration of
protons in water/acetonitrile mixtures is evident from the linear infrared spectrum that
shows the presence of water molecules in the second solvation shell.”? The larger hydra-
tion shell of the proton in acetonitrile solution likely explains the observation that the
vibrational relaxation of the OH-stretch vibration of the hydrated proton is significantly
faster in acetonitrile (T; <65 fs) than in DMSO (T1=95+10 fs). The comparison be-
tween the relaxation of the OH-stretch vibration of (DMSO-H)*-H5;0 and (DMSO-H)*
(T1=190+20 fs) shows that already one additional water molecule leads to a significant
speed up of the relaxation. Hence, it is to be expected that the further solvation with
more water molecules in water/acetonitrile will increase the vibrational relaxation rate of
the OH-stretch vibration of the proton even further.

At longer delay times, the transient spectrum of the solvated proton in water/DMSO
is quite similar to that of the hydrated proton in acetonitrile. In both cases the isotropic
transient spectrum after ~0.5 ps consists of an induced absorption at high frequencies
and a broad bleach at lower frequencies. For both systems, this signal is partly due
to a local heating effect and partly due to vibrational pre-dissociation of the hydrated
proton cluster.”® A difference is that the induced absorption of the pre-dissociated wa-
ter monomers in acetonitrile was relatively featureless: the characteristic doublet of the
symmetric and antisymmetric OH-stretch modes of water monomers was not observed,
in contrast to the present observations for solvated protons in water/DMSO.



4.5 DYNAMICS OF PROTONS IN WATER/DMSO MIXTURES 61

4.5 CONCLUSIONS

We investigated the vibrational dynamics of different mixtures of water, trifluoromethane-
sulfonic acid (TfOH), and excess dimethyl sulfoxide (DMSO) using two-color femtosecond
mid-infrared spectroscopy. We studied mixtures with compositions of [H*]/[H20]/[DMSO]
= 0.5:1:8, 1:1:8, and 1:2:8. The TfOH acid completely dissociates, leading to the forma-
tion of (DMSO-H)* and (DMSO-H)*—H,O clusters. We find that for all studied mixtures
the solution contains a significant fraction of water monomers, i.e. HoO molecules that
are solvated by DMSO molecules only and that are not interacting with a proton or with
other water molecules. The OH-stretch vibration of these water monomers can be selec-
tively excited with an excitation pulse of 3450 cm~!. The vibrational relaxation dynamics
is a two-step process that is independent of the presence of protons in the solution. In
the first step, the excited OH-stretch vibration relaxes with a time constant of 0.84+0.03
ps to an intermediate state. This intermediate state represents a strong local heating
effect, corresponding to the excitation of low-frequency modes (hydrogen bonds) close
to the excited OH-stretch vibration. The intermediate state relaxes with a time constant
of 2.6+0.3 ps, leading to a small global heating effect of the sample in the focus of the
excitation pulse.

We studied the vibrational dynamics of the protonated structures by exciting the solu-
tions with an excitation pulse centered at 2550 cm~!. Kinetic modeling of the transient
spectra shows that this excitation results in a short-living transient absorption spectrum
associated with the v=1 state of (DMSO-H)* and (DMSO-H)*-H»O clusters. This tran-
sient spectrum consists of a bleaching of the fundamental transition v=0—1 transition
at frequencies <2800 cm™!, an induced absorption at 2800-3300 cm~*', and a bleaching
signal at frequencies >3300 cm—!. We assign the latter two signals to a strong redshift
of the OH-stretch vibrations of water molecules that are close to the excited OH-stretch
vibration, e.g. in (DMSO-H)*—H2O clusters. The excitation to the v=1 state leads to
a contraction of the hydrogen bond between (DMSO-H)™ and HsO, thus making the
(DMSO-H)*- Hs0O cluster more Zundel-like. Due to this contraction, the frequencies of
the OH-stretch vibrations of the HoO molecules flanking the proton shift from 3400-3500
cm~! to 2800-3300 cm 1.

The excited v=1 state relaxes with T{=95+10 fs. This relaxation leads to two dis-
tinctly different intermediate states. One of these states is a locally heated state which
is of similar nature as the intermediate state that is created by excitation and relax-
ation of water monomers in DMSO. The locally hot state relaxes with a time constant
of 0.71+0.04 ps. The second intermediate state is a vibrational pre-dissociation state.
The vibrational energy of the excited OH-stretch vibration of the solvated proton can
also be primarily transferred to the hydrogen bond between (DMSO-H)* and H20 of a
(DMSO-H)*-H2O0 cluster, leading to dissociation of this bond. This dissociation leads to
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the transient creation of water monomers. The pre-dissociation state relaxes with a time
constant of 4.040.4 ps, which implies that the hydrogen bond between (DMSO-H)* and
H2O reforms with this time constant.

4.6 APPENDIX

Transient spectral components of protonated clusters

The relaxation model discussed in the main text and illustrated in Figure 4.5A was also
used to fit the isotropic transient spectra of the TfOH/H,O0/DMSO=1:1:8 and 1:2:8
solutions. The spectral components obtained from this fit are shown in Figure 4.7.
The shape of these spectral components coincide well with the spectral components of
TfOH/H,0/DMS0=0.5:1:8 solution (Figure 4.5B).
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Figure 4.7: Spectral components obtained from fitting the isotropic transient spec-
tra with  Vpump=2550 cm™' for solutions of TfOH/H.O/DMSO=1:1:8 (A), and
TfOH/H,0/DMS0O=1:2:8 (B).

Anisotropy dynamics

We measured the transient absorption changes with probe pulses that are polarized
parallel and perpendicular to the polarization of the pump pulses. With the resulting
signals Aay(v,t) and Aa(v,t) we construct the anisotropy of the transient absorption
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change:

Riv.1) = 2u:t) — Aas(n)

© Aqy(v,t) + 200 (v, t) (41)

The dynamics of the anisotropy reflects the reorientation of the excited transition
dipoles. If several components contribute to the transient spectrum, the anisotropy can
be written as a weighted sum of the anisotropy of each of the components:

. Z RiAOéz:SO

R(v1) = S5 (4.2)

For an excitation frequency of 2550 cm™! and probe frequencies >3400 cm~! the
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Figure 4.8: Anisotropy of the high-frequency induced absorption signal (A) and of the low
frequency bleaching signal (B) as a function of delay time, after excitation with vpump=2550
cm™! for a solution TfOH/H>0/DMS0=0.5:1:8.

anisotropy at early delays has a negative value (Figure 4.8A). This negative value results
from the presence of several spectral components with different anisotropies. At delay
times <0.35 ps and probe frequencies >3400 cm™!, the signal consists of a positive
absorption change associated with the locally heated state and the predissociated state,
both with a low anisotropy, and a negative absorption change associated with the vibra-
tionally excited state, with a high anisotropy. The high anisotropy of the latter signal
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contribution implies that the parallel negative absorption signal is much larger than the
perpendicular negative absorption signal. As a result, the total net positive absorption
signal is smaller for the parallel polarized probe pulse than for the perpendicular polarized
probe pulse, leading to a negative anisotropy value.

The anisotropy at probe frequencies <3100 cm~! (Figure 4.8B) is determined by the
signals of the locally heated state and the pre-dissociated state. At early delay times, the
locally heated state dominates because of its higher initial amplitude. The anisotropy
of the locally heated state is relatively low (~0.1) because local heating affects several
OH vibrations within the cluster with different orientations. After 1 ps a re-rise of the
anisotropy is observed. This re-rise can be explained from the fact that the pre-dissociated
has a longer relaxation time than the locally heated state. As a result, the contribution
of the pre-dissociated state becomes increasingly important with increasing time delay.
As this state has a higher anisotropy than the locally heated state, the anisotropy of the
total signal increases.
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Figure 4.9: Isotropic pump-probe spectra of TFOH/DMSO=1:8 solution, lines are the result of
the fit. The initial fast decaying component extracted from the fit is shown in black.

Transient spectra of dry TfOH/DMSO solution

We also measured transient absorption spectra of a TFOH/DMSO=1:8 solution (i.e.
without water) measured with a pump pulse centered at 2550 cm~! (Figure 4.9). In this
solution the proton is solvated completely by DMSO so we excite only OH stretch vibra-
tions of (DMSO-H)* ions. We fit the observed spectral dynamics with a kinetic model
comprising the initially vibrationally excited state, two intermediate states to account for
a nonexponential dissipation of the local heat, and a final globally heated state. The
resulting transient spectrum of the initially excited state is shown in black in Figure 4.9.
As for the TfOH/H20/DMSO solutions this spectrum shows an intense bleach of the
OH stretch vibration of (DMSO-H)* around the excitation frequency. The spectrum also
contains a smaller induced absorption and bleaching signal at high frequencies that we
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assign to a trace amount of water present in the solution. The excited state spectrum
decays with a time constant T;=190+20 fs, which is somewhat slower than 95+10 fs
for the TfOH/H,0/DMSO solutions.
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Figure 4.10: Comparison of the linear difference spectrum between the sum of the spec-
tra of TFTOH/DMSO and H;O/DMSO solutions on one hand and the spectrum of a corre-
sponding TfOH/H20O/DMSO solution on the other hand (in blue), with the transient spec-
trum of the pre-dissociated state extracted from the kinetic modeling of pump-probe experi-
ments with Vpymp=2550 cm™! (in red), for solutions of TfOH/H20/DMS0=0.5:1:8 (A) and
TfOH/H20/DMS0O=1:1:8 (B). Also shown is the scaled transient spectrum of locally heated
(DMSO-H+) (in black).

The transient spectrum of the pre-dissociated state

In Figure 4.10 we compare the transient spectrum of the pre-dissociated state with the
linear absorption difference spectrum for the solutions [0.5:1:8] and [1:1:8]. The difference
spectrum between the sum of the spectra of TfOH/DMSO and HyO/DMSO solutions
on one hand and the spectrum of a corresponding TfOH/H20/DMSO solution (with an
equal total amount of water molecules and protons) on the other hand, represents the
effect of the dissociation of (DMSO-H-H;0)* clusters into (DMSO-H)™ clusters and

































































































































































































































