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ABSTRACT: We investigate the structure and dynamics of
proton solvation structures in mixed water/dimethyl sulfoxide
(DMSO) 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)*-H,O structures. We find 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,0. This excited state relaxes rapidly with
T, = 95 + 10 fs and leads in part to a strong local heating
effect and in part to predissociation of the protonated cluster
into (DMSO-H)* and water monomers.

B 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 (H,O,") and
Zundel (H;O,") structures as limiting cases.”” The transport
mechanism of the proton through the solution strongly difters
from that of other cations and strongly relies on the structural
dynamics of the solvation structures of the proton.”

Aqueous protons give rise to a broad absorption in the mid-
infrared region of the spectrum, the so-called Zundel
continuum. This continuum can be crudely subdivided into
absorption regions of stretch, bend, and proton-transfer
modes.””” Although these modes are all of highly mixed
character, especially in the liquid phase,10 infrared predis-
sociation spectroscopy of proton—water clusters in the gas
phase allows for a crude assignment of the different regions of
the Zundel continuum.'"'* The blue side of the continuum
around 3100 cm ™" is thus assigned to water molecules flanking
a proton in a (H;O,*) Zundel configuration, and the region
around ~2600 cm™ is assigned to the OH-stretch modes of
the H;O" core of Eigen-like HyO," structures. The spectral
response 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 H,O
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.'®'*"®

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 vibrations that
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in turn report on changes in the covalent and hydrogen
bonds.'® In recent years, several femtosecond mid-infrared
studies on the hydrated proton have been reported.”'”~"" In
these experiments, the dynamics of proton solvation in
different aqueous 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 vibrational relaxation
of the vibrationally excited state. Only for the H;O-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 protons
are extremely short (~0.27 ps°””' and <100 fs,”**
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 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.”

Here, we use femtosecond mid-infrared pump—probe
spectroscopy to study the structure and dynamics of proton
solvation structures in water/dimethyl sulfoxide (DMSO)
mixtures. Dimethyl sulfoxide (DMSO) is a polar, aprotic
solvent that solvates water molecules well, but breaks the
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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 S times compared to
bulk water, as has been 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 compare the results with recent studies on the structural
dynamics of solvated protons in water/acetonitrile studies.'”"®

B EXPERIMENTAL SECTION

Linear mid-infrared absorption spectra were obtained in
transmission mode using a commercial Fourier transform
spectrometer (Bruker Vertex 80v). The two-color mid-IR
pump—probe experiments were carried out using independ-
ently tunable femtosecond mid-infrared pump and probe
pulses. Pulses were derived from optical parametric amplifiers
(OPA), followed by difference-frequency processes. First, a
regenerative Ti:sapphire amplifier (Coherent) produces 800
nm 35 fs pulses with a pulse energy of 3.3 mJ at a repetition
rate of 1 kHz. And 30% of the 800 nm light was used to pump
a homebuilt 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 three-step OPA process using f-barium
borate (BBO) crystals. This OPA process yielded signal and
idler pulses with a total energy of 220 yJ. The signal and idler
pulses were mixed in a silver gallium disulfide (AGS) crystal to
generate mid-infrared pulses at their difference frequency.
These pulses are used as probe pulses. The remainder of the
signal and idler was filtered out by a germanium filter. This
filter introduces group velocity dispersion (GVD) on the
produced infrared pulses. This GVD was compensated by CaF,
windows. We produced tunable 2400—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 S uJ
depending on frequency. The beam was sent on a 1 mm
wedged ZnSe window to produce probe (8%) and reference
beams. The probe beam was sent through a delay stage.

We generated mid-infrared pump pulses with a central
frequency of 2550 cm™' by pumping a commercial OPA
(Spectra-Physics) with the remaining 70% of 800 nm beam.
This OPA employs 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 uJ were difference-frequency mixed in a AGS crystal
to produce 16 uJ pulses with a spectral fwhm of 150 cm™. To
generate pump pulses with a central frequency of 2900 cm™
and higher, the OPA was modified in the following way. After
two-step BBO-based 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 crystal pumped by the rest of the 800 nm
beam. After filtering out all of the visible and near-infrared light
with a silicon filter, this process yielded 20 yJ pulses with a
spectral fwhm of 150 cm ™. The polarization of the pump pulse
was set at 45° with respect to that of the probe using a half-
wave plate.

The pump and the delayed probe beams were focused in
spatial overlap in the sample. The reference beam is used for
frequency-resolved pulse-to-pulse normalization of the probe
intensity. This beam was also transmitted through the sample,
but not in spatial overlap with the pump. After the sample, the
probe and reference beams were recollimated, transmitted
through a wire-grid polarizer set to select either the parallel or
the perpendicular polarization component with respect to the
pump polarization, sent to a spectrometer, and detected with a
3 X 32 mercury—cadmium—telluride array. By mechanical
chopping of each second pump pulse, we measured transient
absorption change spectra with probe delays up to 50 ps. The
time resolution as defined by the cross-correlate of pump and
probe was ~0.2 ps.

From the transient absorption changes of the parallel and
perpendicularly polarized probe component (with respect to
the pump), we construct the so-called isotropic signal

Ao, (v, t) = %(Aa”(v, t) + 2A0, (v, t)) )
This signal is independent of the (re)orientation of the
transition dipole moments of the excited molecules.

The samples were prepared by dissolving trifluoromethane-
sulfonic acid (TfOH, 98%, Sigma-Aldrich) in water and
deuterated dimethyl sulfoxide (DMSO-ds;, 99.9%, Sigma-
Aldrich) mixtures under nitrogen atmosphere. Triflurometha-
nesulfonic acid (triflic acid) fully dissociates in water or
DMSO, and the triflate anion does not react with the solution
components. The sample cell consisted of 2 mm CaF,
windows separated by Teflon 10—200 pm thick spacers. The
sample thickness was chosen such to have a linear absorption
of 0.5—1 OD at the central probe frequency. The maximum
transient absorption signals were 5—10%.

B RESULTS AND DISCUSSION

Linear Spectra. In Figure 1, we show linear infrared
absorption spectra of triflic acid/water/DMSO-d, solutions at
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Figure 1. Linear absorption spectra of TTOH/DMSO = 1:8, TFOH/
H,0/DMSO = 1:1:8, and H,0/DMSO = 1:8 (the latter is rescaled
with respect to the water concentration in the second solution); the
DMSO absorption spectrum is subtracted.

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 concentrations of water in DMSO are
low, water molecules mostly exist as isolated monomers
solvated by DMSO.** The samples containing triflic acid have
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Figure 2. Isotropic pump—probe spectra measured after excitation with a pump pulse centered at 3450 cm™": (A) H,0/DMSO = 1:8, (B) TfOH/
H,0/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),

and the dashed lines represent the solution without protons.

an additional broad absorption continuum at lower frequen-
cies.

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 (confirmed by the absence of
v,,(SO,) band around 1400 cm™").*® 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 continuum 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 vibrations of (DMSO-H)*
and hydrated protons. It has been proposed in the literature
that DMSO is more basic than water.” 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/DMSQO 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.

Vibrational Dynamics of Water Monomers in DMSO.
In Figure 2A,B, we present experimental results obtained by
exciting water/DMSO solutions with a pulse centered at 3450
cm™, ie, in the frequency region of the water OH-stretch
absorption.

The transient spectrum of the initially excited state consists
of a decreased absorption above 3350 cm™' and an enhanced
absorption at lower frequencies. The decreased absorption is
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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 H,O bending overtone at 3280 cm™'. The excited v = 1
state relaxes with time constant T, = 0.84 =+ 0.03 ps. In
previous experiments on the vibrational relaxation of the OD-
stretch vibration of isotopically dilute HDO/H,0/DMSO
mixtures, two distinctly different relaxation times were
observed, corresponding 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, 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 H,O molecules
forming hydrogen bonds to the oxygen atoms of DMSO
molecules. We thus find that the relaxation time of the OH-
stretch vibration of H,O 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,0O and HDO/H,0O
(~0.27 vs 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™') of the linear infrared spectrum
represents isolated water molecules, even for solutions that
contain equal amounts of water and triflic acid.

The spectral dynamics of TfOH/H,0/DMSO = 1:1:8 and
H,0/DMSO = 1:8 solutions are well described by the same
kinetic model (Figure 2C). According to this model, the
excited state relaxes to an intermediate state that subsequently
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decays to a final thermalized 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.””** In Figure 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 absorption
spectrum of the final globally heated state is very similar to that
of the intermediate, locally hot cluster, but only the amplitude
is much smaller. The intermediate state relaxes with a time
constant of 2.6 + 0.3 ps, irrespective of 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 transient absorption
spectrum of the initial excited vibrational state, the amplitude
of the final globally heated state has a 2 times higher amplitude
for a H,0/DMSO solution than for a H'/H,0/DMSO
solution. This difference can be explained from the fact that in
the presence of H*, a large fraction of the H,O molecules will
become part of a proton solvation structure, thus absorbing at
lower frequencies. As a result, the solution contains less
isolated H,O 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.

Vibrational Dynamics of Protonated Clusters in
Water/DMSO Solutions. 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 3
shows isotropic transient spectra of three solutions with
different 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 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 maximum 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
em™" (Figure 3C).

The spectral shape observed at early delay times (up to 1 ps)
differs from the expected 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 absorption 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
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Figure 3. Isotropic pump—probe spectra of triflic acid/water/DMSO-
dg solutions with respective concentration ratios: (A) 0.5:1:8, (B)
1:1:8, and (C) 1:2:8. Pump pulse is centered at 2550 cm™". The lines
represent the result of the fit.

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 vibrational
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 process, the excitation energy of the OH-stretch
vibration is transferred to the hydrogen-bond network.”"** 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 O—H 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
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with a somewhat different associated transient spectrum and
different dynamics.

In Figure 4A, we show the absorption change as a function
of delay time for three different probing frequencies. The
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Figure 4. (A) Isotropic pump—probe signal of the solution TfOH/
H,0/DMSO = 0.5:1:8 at different frequencies as a function of time
delay. (B) Zoom-in view of the delay time traces of (A) for delay
times below 1 ps. The lines are the result of a fit to the kinetic model
shown in Figure 5.

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 4B, we
show a zoom-in view 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 fs.

We fit the isotropic spectra for all of the solutions to the
kinetic model presented in Figure SA. Using this kinetic model,
we obtained the spectral components shown in Figure 5B. The
actual fits of the model to experimental data are represented by
the solid lines in Figures 3 and 4.

The decomposed spectra have similar shapes for all three
solutions keeping all of the characteristic features (Figure S1).
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.

Vibrationally Excited State of the Protonated Clusters. We
assign the first component (shown in blue in Figure SB) 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 (95 + 10 fs), in agreement with earlier
observations that the vibrational relaxation of the stretch
vibrations of strongly hydrogen-bonded OH groups in
protonated species occurs on a time scale of ~100 fs or even
shorter.”*” Third, we find this component to be anisotropic
(see Supporting Information), as is indeed expected for the
transient absorption signal following 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 a trace amount of water) with the
same pump pulse centered at 2550 cm™' (Figure S3). 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.”"*

The transient spectrum of the vibrationally excited state also
shows a strong response 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
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resonance with the OH-stretch vibration of isolated non-
protonated water molecules (see H,O/DMSO spectrum in
Figure 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 the neighboring
water molecule. These water molecules can be directly
hydrogen-bonded to the proton, e.g, forming a (DMSO-
H)*—OH, structure, where the proton is primarily bonded to
the oxygen atom of the S=O group of the DMSO molecule.
Such a structure is reminiscent of an Eigen structure, where
(DMSO-H)* plays the role of the central H;O". Excitation of
the OH vibration of (DMSO-H)" to the v = 1 state can lead to
a contraction of the hydrogen bond to the H,0O molecule. Such
a contraction has been observed before for hydrated protons in
aqueous Nafion'””” and acetonitrile'” and has also been
predicted to occur in theoretical studies of infrared-induced
proton transfer.”>* A contraction of the (DMSO-H)*—H,0
hydrogen bond implies that the DMSO-H'—H,O structure
becomes more Zundel-like with the proton more equally
shared between the flanking DMSO and H,O molecules. Such
an excitation-induced evolution from Eigen-like to Zundel-like
will be accompanied by a red shift of the absorption of the
OH-stretch vibrations of the hydrogen-bonded H,0O 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.”*"?

Local Heating and Vibrational Predissociation. The two
states of Figure 5B indicated in red and green are produced by
the relaxation 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 frequencies 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'—H,O 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 O—H vibrations absorb at lower frequencies than
H,0 monomers in DMSO.>”*® 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™".

The spectrum of the other intermediate state indicated in
red also consists of a negative 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 of additional water monomers (solvated only by
DMSO molecules), resulting from the dissociation of the
originally excited (DMSO-H)*'—H,O 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,0, leading to dissociation of this bond and ejection of a
water molecule. The intermediate state reached in this
relaxation is thus highly nonthermal, as most of the transferred
energy resides in one particular hydrogen bond, leading to
vibrational predissociation. In a subsequent relaxation process
with time constant 7, = 4.0 & 0.4 ps, the energy gets transferred
to other local modes, with the result that the (DMSO-H)*—
H,O cluster recombines and the energy distribution becomes
thermal.

To corroborate this interpretation, we compared the
transient spectrum of the predissociated state (in red) with
the difference spectrum of the sum of the H,0/DMSO and
TfOH/DMSO spectra on the one hand and the TfOH/H,0/
DMSO spectrum on the other hand (in blue). The H,0/
DMSO and TfOH/DMSO solutions contain H,O monomers
dissolved in DMSO and (DMSO-H)" structures, but not
(DMSO-H)*—H,O clusters. The TfOH/H,0/DMSO solu-
tion will contain all of 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 H,O and protons as the TfOH/H,0/DMSO
solution, the difference spectrum S(H,0/DMSO) + S(TfOH/
DMSO) — S(TfOH/H,0/DMSO) will represent the transfer
of (DMSO-H)"—H,O clusters into water monomers and
(DMSO-H)" structures. In Figure 6, this difference spectrum is
compared to 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
H,O clusters of (DMSO-H)*—H,O clusters.
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Figure 6. Comparison of the red transient spectrum of Figure SB for
TfOH/H,0/DMSO = 1:2:8 solution with the difference spectrum
(blue) S(H,0/DMSO) + S(TfOH/DMSO) — S(TfOH/H,0/
DMSO), where S indicates the linear absorption spectrum of the
solution in parentheses.
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The good agreement of the transient spectrum of (DMSO-
H)*—H,O predissociation with the corresponding linear
difference spectrum implies that among the possible
protonated species, only (DMSO-H)" and (DMSO-H)'—
H,O have significant concentrations in the studied solutions.
This notion is confirmed by the fact that we can fit the linear
infrared spectra of TTOH/H,0/DMSO solutions of different
relative concentrations considering only H,0, (DMSO-H),
and (DMSO-H)*—H,O as the species present in solution
(Figure S5).

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-
DMSO 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 differs from what
is observed for the steady-state thermal difference spectrum
(Figure S6).

B 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 relaxation time
of the OH-stretch vibration of (DMSO-H)" in dry DMSO (T,
=190 =+ 20 fs). From this, we conclude that the H,O molecule
in the (DMSO-H)*—H,O cluster provides additional accepting
modes for the excited OH-stretch vibration, thus doubling the
relaxation rate.

The transient spectrum of the vibrationally excited state of
the proton solvated by DMSO and water molecules (blue
spectrum of Figure SB) also shows that the excitation leads to a
rapid contraction of the hydrogen bond between (DMSO-H)*
and H,O within the (DMSO-H)*—H,O 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.'”** This
hydrogen-bond contraction 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 hydration 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 H;O" core and a water molecule in its hydration shell.

In the present case of (DMSO-H)*—H,0O cluster, we
observe a similar vibrational-excitation-induced contraction.
Contraction of the hydrogen bond between (DMSO-H)* and
H,O molecule leads to a lowering of the energy of the v = 1
state and to a red shift of the absorption spectrum of the H,O
molecule, thus explaining the observed response in the high-
frequency part of the blue transient spectrum of Figure SB.
The transient spectrum resulting from the subsequent
vibrational predissociation process (red spectrum of Figure
SB) indicates that the proton vibrational potential of the
contracted (DMSO-H)*—H,0 Zundel-like cluster is not
completely symmetric, but still has its lowest well near the
oxygen of DMSO. If this potential has been completely
symmetric, predissociation of the cluster would likely result in
both DMSO and H;O" fragments and in DMSO-H" and H,0
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fragments. The transient spectrum shows that the predis-
sociation results in the production of H,O molecules, which
implies that primarily the H*—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 water/acetonitrile solutions that have been
studied before."”'”'® Acetonitrile is only weakly polar and
does not strongly interact with the proton. Hence, in water/
acetonitrile solutions, 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
hydration 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 (T, = 95 + 10
fs). The comparison between the relaxation of the OH-stretch
vibration of (DMSO-H)*—H,0 and (DMSO-H)* (T, = 190 +
20 fs) shows that already one additional water molecule leads
to a significant speedup 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 predissociation of the hydrated
proton cluster.'” A difference is that the induced absorption of
the predissociated water 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.

B CONCLUSIONS

We investigated the vibrational dynamics of different mixtures
of water, trifluoromethanesulfonic acid (TfOH), and excess
dimethyl sulfoxide (DMSO) using two-color femtosecond
mid-infrared spectroscopy. We studied mixtures with compo-
sitions of [H*]/[ H,O]/[DMSO] = 0.5:1:8, 1:1:8, and 1:2:8.
The TfOH acid completely dissociates, leading to the
formation 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, ie., H,O 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
selectively 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
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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 solutions 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 transient
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 red shift of the OH-stretch vibrations of water
molecules that are close to the excited O—H vibration, e.g.,
in (DMSO-H)*—H,O clusters. The excitation to the v = 1
state leads to a contraction of the hydrogen bond between
(DMSO-H)* and H,0, thus making the (DMSO-H)*—H,O
cluster more Zundel-like. Due to this contraction, the
frequencies of the OH-stretch vibrations of the H,O molecules
flanking the proton shift from 3400—3500 to 2800—3300
cm™,
The excited v = 1 state relaxes with T, = 95 + 10 fs. This
relaxation leads to two distinctly different intermediate states.
One of these states is a locally heated state which is of similar
nature to the intermediate state that is created by excitation
and relaxation 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 predissociation 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 H,O of a (DMSO-
H)*—H,O cluster, leading to dissociation of this bond. This
dissociation leads to the transient creation of water monomers.
The predissociation state relaxes with a time constant of 4.0 +
0.4 ps, which implies that the hydrogen bond between
(DMSO-H)* and H,O reforms with this time constant.
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