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The vibrational dynamics of the OH stretching mode in Ba(ClO4); trihydrate are investigated by means
of femtosecond infrared spectroscopy. The sample offers plane cyclic water trimers in the solid phase
that feature virtually no hydrogen bond interaction between the water molecules. Selective excitation of
the symmetric and asymmetric stretching leads to fast population redistribution, while simultaneous
excitation yields quantum beats, which are monitored via a combination tone that dominates the
overtone spectrum. The combination of steady-state and time-resolved spectroscopy with quantum
chemical simulations and general theoretical considerations gives indication of various aspects of
symmetry breakage. The system shows a joint population lifetime of 8 ps and a long-lived coherence
between symmetric and asymmetric stretching, which decays with a time constant of 0.6 ps. Published

by AIP Publishing. https://doi.org/10.1063/1.5007040

l. INTRODUCTION

In recent years, the crystal hydrates of organic and inor-
ganic compounds have been extensively studied in order to
work out the physical and biological properties of hydro-
gen bonds (H-bonds).'™ Water oligomers bound in hydrate
crystals offer confined water molecules in fixed geometrical
arrangements in which environment and degree of confine-
ment can be well adjusted by choosing the appropriate salt. The
accessible range spans from quasi-isolated water molecules in
monohydrates, via small water clusters up to well-separated
two-dimensional water layers.>>~® The crystal structure of a
great number of salt hydrates is well documented and stored in
accessible databases,'? aiding the design and interpretation of
experimental investigations. Even though the overall character
of the interactions, such as electrostatic or H-bond interac-
tion, in these systems equals that in the bulk, their relative
importance can differ widely.!!~!#

Previous measurements on hydrates focused on the large
impact that different types of H-bonding have on the prop-
erties of aqueous systems.®”-1>16 Here, we present a system
that offers clusters of three water molecules that feature vir-
tually no H-bonding between the individual water molecules.
Generally, the contribution of the different interactions to the
total energy in water trimers strongly depends on the angles
between the three water molecules.'”'® While previous stud-
ies on these systems focused on the gas phase,!”?° we present
first infrared (IR) pump—probe studies on coupled H,O trimers
in the solid state. Ba(ClOy4), trihydrate offers well-separated
two-dimensional water layers that contain plane cyclic water
trimers. The H,O molecules forming a three-membered ring
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exhibit weak H-bonds to the oxygen atoms of the perchlorate
ions, while there are practically no H-bonds among the indi-
vidual water molecules. The weak H-bonds between water
molecules and perchlorate anions have been noted before>-!
and their properties in aqueous perchlorate solutions attracted
particular scientific interest.’>>? The high polarizability of
the Ba?* yields strong vibrational excitonic coupling between
the OH stretching modes of two trimers contained in succes-
sive water layers, which are symmetry related by inversion
on the nearest Ba>* ion. This facilitates the interpretation
of our experimental data with regard to delocalization of
the OH stretching mode and can untangle differences in the
overtone spectra of Ba(ClO4),-3H,0 and quasi-isolated water
molecules in NaClO4-H,O.

The OH stretching region in Ba(ClOy4), trihydrate is
investigated by time-resolved IR spectroscopy, augmented by
steady-state IR measurements. The experimental data are in
accordance with quantum simulations that demonstrate vibra-
tional delocalization over coupled water trimers. The symmet-
ric and asymmetric character is maintained upon delocaliza-
tion and nature and phase of the vibrations can, to alarge extent,
be interpreted within the framework of the Sg point group. We
report on relaxation dynamics between symmetric and asym-
metric stretching and quantify the corresponding exchange
rate. Moreover, a joint vibrational lifetime of the two vibra-
tions is extracted from the transient data. The mutual coherence
of symmetric and asymmetric stretching is deduced from the
decay of quantum beats that are observed via a combination
tone predominating in the overtone spectrum.

Il. EXPERIMENTAL DETAILS

The laser setup used to perform the time-resolved mea-
surements was recently described in full detail.>*?> Here,

Published by AIP Publishing.
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only some relevant parameters are summarized. The mid-IR
pump pulses are generated by optical parametric amplification
(OPA) with pre-amplification in the visible spectral range. The
OPA process is pumped by 300 pJ pulses at a wavelength of
778 nm and a duration of 150 fs (CPA 2010; Clark MXR) and
delivers tunable mid-IR pulses with energies on the micro-
joule level. The probe pulses are generated in a one-stage
OPA pumped by 100 wJ. Extreme broadband pulses of spec-
tral widths up to 900 cm™! at 10% level [full width at half
maximum (FWHM) of 400 cm™!] and pulse energies of sev-
eral hundred nanojoule are produced. Note that the pump and
probe pulses in the setup have passively stabilized carrier enve-
lope phase (CEP).>* For a more precise excitation and to avoid
spectral overlap, the bandwidth of the pump pulses can be
controlled by the help of a 4f grating spectral selector. The
pump pulses applied in this study are shown in Figs. 2(c),
2(d), and 4(b). All applied pulses are close to the Fourier
limit at pulse durations of roughly 180 to 320 fs for pump
and 50 fs for probe (time-bandwidth products of about 0.5).%*
After passing the sample, the probe beam is spectrally resolved
in a polychromator (Chromex 250is) and recorded on a
32-channel infrared HgCdTe detector (IR-3216; Infrared Sys-
tems Development, Inc.). The spectral resolution of the system

is5cem™!.

The pump induced dynamics are monitored as the change
in the optical density 40D = —log(T/Ty) with T being the
probe beam’s transmission through an excited sample and
Ty being the transmission through an unexcited sample, i.e.,
with pump beam blocked. Usually, these dynamics include
transient changes in the region of the ground state transition
(0 — 1) and of the excited state absorption (ESA) (1 — 2). The
former includes three time-dependent contributions: (i) ground
state bleaching (GSB) for positive pump-probe delay times,

(i1) perturbed free induction decay at negative delay time,

26

and (iii) spectral interference between the CEP-stable pump
and probe pulses for positive and negative delays.?* The over-
lap of these three processes makes the GSB data analysis very

wavenumber (cm™)
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challenging. By contrast, the anharmonicity of the OH stretch-
ing vibration leads to a redshift of the excited state absorption
(ESA), yielding more direct information on the vibrational
dynamics.

Steady state absorption spectra of the sample are recorded
with a commercial TENSOR 27 Fourier-transform IR (FTIR,
Bruker Optics) spectrometer that allows a spectral resolution
of 0.5 cm™!

The sample is obtained from crystallization of a satu-
rated solution of Ba(ClOy4), dissolved in tridistilled H,O. The
hydrate crystals are grown by slowly cooling the salt solu-
tion between two CaF, windows in an evacuated cryostat. All
the following measurements were conducted at a sample tem-
perature of 200 K. Due to the low solubility of Ba(ClO4),, a
pronounced ice phase forms along the hydrate crystal leading
to a polycrystalline structure of the sample. However, pump—
probe measurements at delay times up to 1 ns show no transient
heating of the hydrate phase after excitation of the ice phase
and vice versa. This observation indicates that despite the
polycrystalline nature of the present sample, the vibrational
dynamics of the hydrate and ice phase can be investigated
individually.”

lll. RESULTS AND DISCUSSION
A. Crystal structure and vibrational spectrum

The crystal structure of Ba(ClO4), trihydrate is known
from X-ray diffraction analysis.”"*”?% It forms a hexagonal
crystal structure within space group P63/m with two molecules
per unit cell. The structure is schematically drawn in Fig. 1(b).
Planes containing H,O molecules are well separated by adja-
cent planes consisting of Ba>* and ClO4~ ions. Each perchlo-
rate anion is bound to nine water molecules by weak hydrogen
bonds (see next paragraph).”! The distance between two suc-
cessive water layers is 483 pm. The top view in Fig. 1(c) shows
that three water molecules (red) arrange circularly around a
barium ion (purple) with an O—O distance of 284 pm, which is

FIG. 1. (a) Normalized FTIR absorption spectrum of
the OH stretching fundamental and overtone region in
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Ba(ClOy4), trihydrate at 200 K (black line). Hydrate
absorption bands of symmetric (green) and asymmetric
stretching (pink) and their combination tone (brown) are
modeled by Lorentzian distributions. An additional ice
phase yields broad ice absorption bands in the spectra
of fundamental and overtones. Spectra in the two ranges
were recorded with samples of varying thickness and have
independently been normalized, and thus their absolute
amplitudes cannot be put in relation. (b) Crystal struc-
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ture of Ba(ClOy), trihydrate (Ba in purple, Cl in green,
H in white, and O in red). Planes consisting of water
molecules alternate with planes comprised of salt ions.
(c) Top view of the crystal structure shown in Fig. 1(b).
Water trimers placed behind one another are twisted by
an angle of 60° (opaque and transparent red) and arrange
cyclic around a Ba* ion in the center. (d) Background
corrected stretching bands (red), vig and vg;, and cor-
responding absorption spectrum deduced from density
functional theory (DFT) calculations (blue). The data are
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vertically stacked for better visualization.
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very similar to the corresponding oxygen distance in bulk water
and ice.?® This validates the use of the term trimer even though
the three water molecules exhibit practically no H-bonding
amongst each other. The trimer in the water level below [trans-
parent red in Fig. 1(c)] shows an angular displacement of
60°. Note that alternatively the non-centrosymmetric space
group P63 has also been considered. Our investigations point
to the presence of non-centrosymmetric features, which are
due to either static disorder or dynamic coupling to symmetry
breaking low-frequency modes.

The Badger-Bauer relation, which assumes that the
shift of the stretching frequency is proportional to the H-bond
enthalpy, can be used for a rough estimation of the H-bond
strength in the hydrate. Here we compare the OH frequency in
isotopically mixed ice and Ba(ClO4),-(HDO + 2D,0) hydrate
(see Fig. S1 of the supplementary material). The large amount
of blue-shift between the hydrate peak (at 3564 cm™!) and the
center of the ice absorption (at 3304 cm™!) gives evidence of
relatively weak H-bonds between water molecules and per-
chlorate anions.>!=3? More precisely, the vapor-crystal shift of
ice at 273 K is 401 cm™!,>! while the corresponding shift of
Ba(ClOy),-trihydrate is only 141 cm™'. As the enthalpy of
sublimation of ice at 273 K is 6.1 kcal/mol per H-bond, the
Badger-Bauer relation gives 2.1 kcal/mol as a rough estima-
tion of the H-bond strength between water and the perchlorate
ion.

An FTIR spectrum of the sample at 200 K is shown in
Fig. 1(a). Due to the low solubility of Ba(ClO4),, a pronounced
ice phase forms along the hydrate crystal and gives rise to a
broad ice absorption band centered around 3300 cm™!. The
two sharp features at 3536 cm™! and 3588 cm™! are due to
the H,O molecules bound in the hydrate crystal.>! Note that
comparable measurements in Ba(ClO4),-(HDO+2D,0O) reveal
an absorption band at 3564 cm™! that is centered between the
two features in the H,O data (see Fig. S1 of the supplemen-
tary material). This indicates that the two peaks in Fig. 1(a)
can be assigned to symmetric and asymmetric stretching. In
the following, the vibrational states are denoted as vy, with s
being the quantum number of symmetric stretching and a that
of asymmetric stretching. It is emphasized that this notation
only relates to individual water molecules and does not pertain
to the symmetry assumptions regarding the hydrate crystal.
The asymmetric band vg; is composed of two sub-bands at
3576 cm™! and 3595 cm™! with full widths at half maximum
(FWHMSs) of 23 cm™! and 26 cm™!, while the symmetric band
v10at3536 cm™! can be well reproduced by a single Lorentzian
peak with a FWHM of 27 cm~!. However, measurements at
lower temperatures show the onset of a splitting of v¢ as well.

For better visualization of the hydrate features, the ice
contribution was subtracted in the red curve in Fig. 1(d). The
blue curve is the result of quantum-chemical simulations (see
the supplementary material for details) that yield a semiclas-
sical combination of normal modes. For better comparison,
the computed frequencies are scaled by a factor of 0.977. In
accordance with the above assignment of the two hydrate fea-
tures, the calculated modes exhibit exclusively symmetric or
asymmetric character within the respective band. Due to the
imposed P63/m symmetry, the modes are fully delocalized
and do not reproduce the splitting of the asymmetric stretching

21,30
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band in the experimental data. For two trimers located in planes
on top of each other [opaque and transparent red molecules in
Fig. 1(c)], the calculations reveal that pairs of water molecules
placed on opposite sides of a barium cation vibrate either in
phase or out of phase. The respective phase relation is valid
for all three water pairs, indicating strong coupling between
neighboring trimers.

The overtone region shown in Fig. 1(a) exhibits two pro-
nounced hydrate features on top of the broadband absorption
of the ice fraction around 6700 cm™': a prominent band at
6949 cm™! and a smaller peak at 7130 cm™~! denoted by v*. It
is consistent with the time-resolved experiments below and the
expected anharmonicity to assign the peak at 6949 cm™! to the
combination band v of symmetric and asymmetric stretch-
ing. By contrast, the spectra of isolated D,O molecules®* and
quasi-isolated water molecules in NaClO4-H,O (see Fig. S2
of the supplementary material) exhibit two additional features
due to the overtones of symmetric and asymmetric stretching,
V20 and v0o2.

B. Anharmonic couplings and localization

In the following we want to discuss the observed split-
ting of vg;. This band points towards anharmonic coupling
and breakage of the P63/m inversion symmetry since the side-
band is not seen in the calculated spectrum [Fig. 1(d)]. The
structure provides interesting information for this task. Each
perchlorate ion has a partner symmetry related by reflection on
the water plane. Out-of-plane motion of the hydrogen atoms
or wagging motion of water trimers modulates the OH bond
distance between the two perchlorate partners. Contrary to
observed bond exchange in aqueous solution,” an ideal crys-
tal restrains the motion. In solution, transitions between states
with minor energy differences can be bridged by the short-
range coupling of collision-like processes. In a crystal, one
needs coupling to energy matching low frequency modes. For
reversible motion of the hydrogen between both symmetry
related bonding partners, a saddle point located on the water
plane would be predicted. Such specification based on symme-
try considerations can help us to find modes, which promote the
bond exchange motion. It could also shed light on the so-called
“angular jump exchange kinetic model.”>* Moreover, it is ori-
entation selective in the induced polarization response® and
frequency selective in the dielectric response.?” The challenge
is to combine the symmetry considerations with the localiza-
tion dynamics, since the local amplitudes of fully delocalized
vibrations would be too small to cause local bond exchange
processes.

To get insight into localization dynamics on a trimer, we
extended the unit cell to include two Ba(ClO4),-3H,0 units.
We found a strong IR active wagging mode of the trimers,
induced via motion of the perchlorate ions against the Ba>*
(see Movie S1 of the supplementary material). Interestingly, a
finite displacement along this normal mode coordinate leads to
the P63 space group, which has been discussed as alternative
to P63/m in the literature.?’-*® The motion of this mode affects
the effective charge on the hydrogen. This in turn modulates
the force constants for the stretching motion and can cause the
splitting of the vo; band. The simulation of such low frequency


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008806
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008806
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ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008806
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008806
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008806

054307-4 Hutzler et al.

dynamics is challenging due to the fact that curved coordi-
nates based on force fields of valence coordinates are needed,
to avoid unphysically large third order coupling terms of the
stretching motion and the overtones of bending modes. A per-
turbation expansion up to Sth order is required in the Cartesian
coordinate system to reduce these discrepancies. This conclu-
sion is based on studies on smaller systems>® but is relevant for
anharmonic coupling between low frequency bending modes
and OH stretching modes in general.

Taking the information from steady-state and time-
resolved spectroscopy (discussed in Sec. III C), we conclude
that the inversion on Ba>* can be violated due to static disor-
der and low frequency modes as considered above. It turns out
that a consistent interpretation of the transient spectra is possi-
ble, if we assume that the same mode that causes the splitting
also steers the localization dynamics. In particular we relate
the observed sub-picosecond dynamics to localization of the
delocalized vibration on to an excitation on water trimers. This
relaxation evolves within 0.5 ps, the time corresponding to half
a period of the inversion symmetry breaking mode. This way
we can understand that the overtones v,y and v, are symme-
try forbidden for Ba(ClO4),-3H,0 in the P63 space group and
for the C3; group of a trimer as well. Interestingly, the tran-
sition into the combination band is not symmetry forbidden.
Note that corresponding experiments on NaClO4-H,O do not
show the sideband of v but they show the diagonal overtones
voo and vgy. This is expected for the excitation on isolated
water molecules due to diagonal anharmonic coupling of the
stretching modes.

Furthermore, we interpret the weak v* band as transition
into the unrelaxed superposition of vig and vy; and the more
strongly allowed transition from vy¢ or vo; to v as transitions
into the relaxed band v;;. Excitation from an unrelaxed state
corresponding to a vertical Franck-Condon like transition can
also explain the appearance of a frequency shift in the tran-
sient data [see Fig. 4(a)]. On the same time scale, a relaxation
towards an equilibrated population between the two stretching
modes is observed for the time delayed spectra (see Fig. 2).
We conclude that the relaxation into the relaxed fully localized
eigenstate vy| can proceed in three steps. During the first step,

wavenumber (cm™)
3320 3360 3400 3440 3320 3360 3400

wavenumber (cm™)
3440
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the excited state configuration reorganizes, which is better seen
in vo;. As a result, the inversion symmetry on Ba?* gets lost
and the excitation localizes on one trimer. This is necessary to
develop large amplitude motion for the formation of a H-bond.
In the following, coherent motion along the reaction coordi-
nate evolves, which finally results in a partial localization of
the H-bond to one out of plane partner. This process can be
observed via the transition to the combination band. Finally,
relaxation to the ground state takes place via coupling to over-
tones of the OH stretching to the overtones of OH bending
modes.

C. Time-resolved spectroscopy

1. Selective excitation of the symmetric
and asymmetric stretching vibration

In three individual experiments, mid-IR excitation pulses
were applied to pump the ground state transitions of the sym-
metric stretch (vog — v10), the asymmetric stretch (vog — vo1),
and both simultaneously (2 vo9 — v1¢ + vo1)- The spectral pro-
files of the pump pulses used in the different experiments are
illustrated by the green lines in Figs. 2(c), 2(d), and 4(b). The
sample absorption spectrum is also shown in black for compar-
ison. Here, the slightly split asymmetric mode is considered
as one absorption band centered at 3588 cm™! with an effec-
tive spectral width of 42 cm™!. This is reasonable since the
spectral width of the pump pulses exceeds the energy separa-
tion of the two sub-bands by far. The pump induced dynamics
is monitored through the excited state absorption (ESA). The
transient data, measured with various probe polarizations, do
not show a systematic dependence on the relative pump-probe
polarization conditions (data not shown). Therefore, the linear
polarizations of both beams are kept parallel throughout this
study. All of the following measurements were conducted at
200 K. The transient data below are not corrected for minor
contributions from the ice band.

Transient spectra recorded after selective excitation of
vor at 3588 cm™! are plotted in Fig. 2(a). The curves exhibit
two distinct features at 3355 + 5 cm™! and 3403 + 5 cm™.
At a pump-probe delay of 0.5 ps, the former shows the

of @] |

FIG. 2. (a) Transient spectra recorded in Ba(ClOy); tri-
hydrate at several delay times after pumping vg; at
3588 cm™!. Red and blue arrows indicate the maxima
of the ESAs at 3355 cm™! and 3403 cm™!. (b) Cor-
responding spectra recorded after excitation of vy at
3536 cm™ L. [(c) and (d)] Energy schemes for both exci-
tation conditions. Pump excitation is illustrated as green
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larger amplitude, while 2.5 ps after excitation the feature at
3403 cm™! is more pronounced. Spectra recorded at longer
delays show no appreciable change in their spectral shape and
display a joint overall decay of the signal. The FWHM of
the two peaks is 40 = 5 cm™! and their energy separation of
roughly 52 cm™! is very similar to that between the two hydrate
peaks shown in Fig. 1(a). Figure 2(b) shows data measured
after selectively pumping vo, with the spectral profile of the
applied pump pulse illustrated in Fig. 2(d). At a delay time of
0.5 ps, the absorption band at 3403 cm™! is very pronounced.
Subsequently, its high energy wing slightly shifts to smaller
energies and the second feature at 3355 cm™! becomes more
dominant. Spectra obtained at delays larger than 2.5 ps show
similar shape and dynamics as in Fig. 2(a).

Based on the above data, the energy schemes depicted
in Figs. 2(c) and 2(d) are deduced. Pumping the asymmet-
ric stretching vg; yields direct excitation of the left branch
in Fig. 2(c), while the absorption at 3403 cm™~! evolves with
some delay. In Fig. 2(d), the right branch associated with the
symmetric stretching is directly pumped and the feature at
3355 cm™! occurs with temporal delay. Following the excited
pathways in Figs. 2(c) and 2(d) the total frequency in both
cases lies at roughly the same value of 6940 + 5 cm™'. The
latter agrees well with the combination band in Fig. 1(a) and
corroborates that v actually is a combination tone. Note that
the initial redshift of the high energy wing in Fig. 2(b) and the
associated change in the energy distance between vig and vy
is likely a signature of the aforementioned localization of the
OH stretching mode.

Figure 3(a) shows transients measured in the maximum
of the two absorption bands after excitation of vg;. One
clearly sees that the peak at 3355 cm™! is present immedi-
ately after pumping, while the transient recorded at 3405 cm™!
exhibits a slower and well-resolved rise time. In accordance
with the above observations, the dynamics indicates that the
vo1 — v transition is directly excited, while the vip — v
ESA occurs only after population redistribution between vg
and vyg. Corresponding dynamics recorded after excitation at
V10 is shown in Fig. 3(b). Here, the absorption at 3390 cm™!
can be directly accessed and fully develops within 0.3 ps, fol-
lowed by a decay within the first few picoseconds. Note that
this transient was taken left of the actual maximum in order to

J. Chem. Phys. 148, 054307 (2018)

suppress the influence of the initial spectral shift of the high
energy wing [see Fig. 2(b)]. The transient at 3355 cm™! rises
more slowly. For delay times exceeding 2.5 ps, all four curves
in Figs. 3(a) and 3(b) show approximately the same dynamics,
yielding an overall population lifetime of 7; = 8 + 1 ps. The
extracted relaxation time is an order of magnitude larger than
the respective times found in bulk water and ice;>’® how-
ever, it is not surprising for stretching modes of very weak to
non-hydrogen bonded OH groups.>>343°

Next, the exchange rate k., for relaxation between sym-
metric and asymmetric stretching shall be extracted. Since the
blue and red transients in Figs. 3(a) and 3(b) show the same
long time kinetics, they can be scaled to lie on top of each
other at large pump—probe delays [dotted lines in Figs. 3(c)
and 3(d)]. By subtracting the scaled blue trace from the red
one, the slower population dynamics proceeding with k = 1/T;
can be removed. In doing so, the v{y < vy dynamics can be
obtained from the yielded difference curves, which are given
in black in Figs. 3(c) and 3(d). For more details on the used
kinetic model, see the supplementary material. The two tran-
sients are in good accordance and picture a monoexponential
decay proceeding with a total rate of (0.85 + 0.15 ps)~!. Since
the exchange dynamics is overlaid with the decay of the total
population, the latter rate equals k., + k. From this, one can
directly calculate k., to be (0.95 + 0.2 ps)~'.

A detailed look on the data presented in Fig. 3(c) shows
a small deviation between data points and fit at 1.7 ps and
3.4 ps. Comparison to additional data measured after direct
excitation of the asymmetric stretching mode indicates that
these deviations are due to periodic modulation with central
frequency of about 20 cm™!. The excellent agreement of this
number with the energy separation between the two asymmet-
ric sub-bands points towards a possible beating between these
sub-bands.

2. Simultaneous excitation of the symmetric
and asymmetric stretching vibration

Finally, a broad pump pulse was applied to simultaneously
excite the symmetric and asymmetric stretching mode [see
green and black curves in Fig. 4(b)]. Corresponding transient
spectra are depicted in Fig. 4(a). At 0.15 ps, two absorption
bands are present. The high energy feature subsequently shifts

FIG. 3. (a) Time evolution of the vg; — vy, and
vip—Vq1 transition recorded at 3355 cm™! and
3405 cm™! after excitation of vq; . (b) Corresponding data
measured at 3355 cm™! and 3390 cm™! after excitation at

V1. (c) Scaled transients (red and blue dotted lines) and

AODx10°

resulting differential signals (black) of the data in (a).
(d) Respective transients calculated for the data in (b).
The inset shows the corresponding sum curves computed
for scaling factors ¢ of 0.1 (magenta), 0.36 (orange), and

1 (green). Note that the sum curves are normalized to
coincide at long delay times.

0 1 2 3
delay time (ps)

delay time (ps)
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FIG. 4. (a) Transient spectra recorded at several delay
times after simultaneous excitation of symmetric and
asymmetric stretching in Ba(ClOy4); trihydrate. (b) Corre-
sponding energy scheme, pump spectrum (green curve),
and sample absorption (black). Pump excitation is

indicated by green arrows, ESAs by red and blue
arrows, and relaxation between vy and vy; by a black
arrow. (c) Transients measured at 3355 cm™! (red) and
3390 cm™! (blue). The blue curve is scaled by a fac-

AODx10°

tor of 0.36. Black circles depict the sum signal of blue
and red traces. The black line represents an exponential
decay associated with the population relaxation time Tj.
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(d) Quantum beat signal extracted by subtracting the fit
from the sum curve in Fig. 3(c). The fitted black line
is comprised of an initially chirped sine overlaid with a
monoexponential decay (red). T denotes the coherence
lifetime. The power spectrum of the beating signal is
shown in the inset.

delay time (ps)

to smaller energies. At delay times exceeding 1 ps, the transient
spectra exhibit similar shape and dynamics as in the measure-
ments shown in Figs. 2(a) and 2(b). The small offset on the
high energy side of the spectra can be referred to a temperature
dependent absorption change in the ice absorption band. The
associated energy scheme is drawn in Fig. 4(b). Inspecting the
blue (already scaled by a factor c, see below) and red transients
in Fig. 4(c), one immediately sees a sinusoidal modulation on
top of the two curves that is interpreted as a quantum beating
between v and vg; observed via the mutual final state v;.
For a more detailed analysis of this phenomenon, first the fast
dynamics due to k., shall be removed from the data. Since the
two transients are directly proportional to the populations of
v10 and vgy, appropriate scaling and subsequent summation of
both curves yield the total excited state population. The latter
only decays with T{ = 8 ps, while the vip & v(; exchange
dynamics is cut out (see the supplementary material for more
details).

The inset in Fig. 3(d) demonstrates how this is done in
practice. First, the blue curve is multiplied by a factor c. Sub-
sequently, the scaled blue and red transients are added up. If the
scaling factor is chosen correctly, the sum transient represents
the exponential decay of the total population. In a logarith-
mic representation, this decay is pictured by a straight line
(black dashed), whose gradient reflects the population relax-
ation rate k. Minimizing the deviation of the sum curve from
the dashed line yields the correct value of the scaling fac-
tor c. In the inset in Fig. 3(d), obviously the orange line with
¢ =0.36fits best. Since the two transients in Fig. 4(c) were mea-
sured at the same frequencies of 3355 cm~! and 3390 cm™!,
here the same scaling factor can be applied and one obtains
the sum data indicated by black circles. The latter shows a
monoexponential decay with a lifetime of 8 + 1ps (same as
for individual excitation) overlaid with the above mentioned
periodical modulation.

Figure 4(d) shows the signal remaining after subtracting
a fit of the population decay (black solid line) from the total
curve in Fig. 4(c). It can be well approximated by a sine wave

multiplied by an exponential decay. However, a detailed data
analysis shows that the sinusoidal modulation exhibits a shift
towards smaller frequencies within the first few hundred fem-
toseconds. This was incorporated into the fitting procedure.
The resulting curve is shown as black line in Fig. 4(d). It
is the product of an exponential decay with a time constant
of 0.6 ps (red line) and a sine with an initial frequency of
85 cm™! that reduces exponentially to 54 cm™! with a time
constant of 0.5 ps and subsequently stays constant. The fitted
curve agrees very well with the experimental data. The power
spectrum of the measured beating signal is illustrated in the
inset of Fig. 4(d). This spectrum shows a maximum around
54 cm™!, which agrees with the energy distance between vy
and vg;. The broadening to higher frequencies agrees with the
assumed initial frequency shift from 85 cm™' to 54 cm™!. This
spectral shift is of the same nature as the shift in Fig. 2(b)
and can also be related to the localization dynamics after
symmetry breaking. According to this assumption, the sym-
metry breaking occurs with a time constant of about 0.5 ps.
However, distinctly assigning the frequency shift in the beat
signal to the symmetry breaking requires further experimental
proof.

The decay of the beat signal is a measure of the loss of
coherence between v and v . From the red slope in Fig. 4(d),
a coherence decay time t of 0.60 = 0.07 ps is extracted.
The smallest linewidth involved in the asymmetric stretching,
which pertains to the low-energy sub-band, exhibits a band-
width of 23 cm™!. Without even accounting for the linewidth
of the symmetric stretching, this value already yields a dephas-
ing time below 0.5 ps and therewith smaller than the coherence
decay time. This points towards strong correlation of the fre-
quency fluctuations of v¢ and v(;. Prolonged coherences like
that have been reported in 2D electronic spectroscopy mea-
surements. Here, vibronic coupling is proposed as the under-
lying mechanism.*>#! In particular, the coupling to vibrational
modes, which are resonant with the energy gaps between
the electronic excitations, is emphasized.*>** In accordance
to these findings, the coupling to low-lying vibrations with
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energies matching the gap between vy and vq; is suggested
as the origin of the long-lived coherence in Ba(ClOy), trihy-
drate. A possible mode has been related to symmetry breaking
above.

IV. CONCLUSION

In conclusion, we report femtosecond pump—probe mea-
surements on the excited states of the OH stretching vibration
in cyclic HyO trimers in the crystalline phase. After indi-
vidual excitation of the asymmetric stretching, a relaxation
into the symmetric stretching was observed and vice versa.
The time constant of this fast population redistribution is
0.95 + 0.2 ps. Moreover, a population relaxation time 7'y of
8 + lps was obtained from the overall decay of the signal.
Simultaneous excitation of vjg and v(; yielded quantum beats
that were observed via a combination tone vy that is pre-
dominant in the overtone spectrum. On theoretical grounds,
we show that information from steady-state and time resolved
spectroscopy applied to crystalline systems can contribute
to the microscopic understanding of the primary relaxation
processes. Vibrational spectroscopy is capable to detect eigen-
states including anhamonic couplings or to identify localized
states. In our specific case, an OH stretching overtone v could
be localized on a trimer by breaking the inversion symmetry.
The observed transient downshift of the beating frequency with
a time constant of about 0.5 ps was tentatively assigned to this
process. Moreover, from the decay of the beat signal a long-
lived coherence with a lifetime of 0.60 = 0.07 ps is extracted.
The observation points to Fermi resonance mixing including
coupling to combination bands with low frequency out of plane
modes. Here we tried to identify such a mode. Its particu-
lar crystal structure makes the presented Ba(ClO4), trihydrate
a well-suited system to study vibrationally induced symme-
try breakage and prolonged coherences of the OH stretching
mode.

SUPPLEMENTARY MATERIAL

See supplementary material for Movie S1, Figs. S1-S3,
methods, and Refs. 44—49.
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