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ABSTRACT: The properties of hydrogen ions in aqueous
solution are governed by the ability of water to incorporate
ions in a dynamical hydrogen bond network, characterized by a
structural variability that has complicated the development of a
consistent molecular level description of H*(aq). Isolated
protonated water clusters, H'(H,0),, serve as finite model
systems for H*(aq), which are amenable to highly sensitive and
selective gas phase spectroscopic techniques. Here, we isolate
and assign the infrared (IR) signatures of the Zundel-type and
Eigen-type isomers of H*(H,0)s the smallest protonated
water cluster for which both of these characteristic binding
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motifs coexist, down into the terahertz spectral region. We use isomer-selective double-resonance population labeling
spectroscopy on messenger-tagged H'(H,0),-H, complexes from 260 to 3900 cm™". Ab initio molecular dynamics calculations
qualitatively recover the IR spectra of the two isomers and allow attributing the increased width of IR bands associated with H-
bonded moieties to anharmonicities rather than excited state lifetime broadening. Characteristic hydrogen-bond stretching bands

are observed below 400 cm™.

1. INTRODUCTION

A consistent molecular level description of the properties of the
hydrogen ion in water, H"(aq), in particular of its role in
proton transfer in chemical and biological systems, remains
elusive, even though it has captivated scientists for more than
200 years." A prominent example is its infrared (IR) spectrum,
which consists of a combination of a few discrete absorption
bands on top of a continuous broad absorption across the
entire IR spectrum. Neither the concepts of a symmetrically
solvated hydronium ion, HyO,"(aq), proposed by Eigen, the
equally shared proton in the Zundel ion, H;O,"(aq),®> nor
models involving the rapid interconversion between these two
structural motifs* seem to satisfactorily explain this character-
istic IR fingerprint of H*(aq). In an attempt to resolve this
issue, Stoyanov et al. have recently put forth the notion of a
stable H'(H,0)4(aq) species, a Zundel-type ion in the sense
that the proton is equally shared between two water molecules,
but with more charge delocalization and consequently an
unusually long central O--O distance.” Recent molecular
dynamics simulations, on the other hand, suggest, a distorted,
nonsymmetric Eigen-type cation rests at the heart of a
dynamical electronic charge defect spanning multiple water
molecules.®

While it remains difficult to pinpoint characteristic binding
motifs of interconverting species in aqueous solution
experimentally, these can be isolated, stabilized and charac-
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terized in the form of gas phase clusters. Just as neutral water
clusters”® represent finite model systems for water in its
different forms, protonated water clusters serve as prototypes
for H*(aq). The potential energy (PE) landscape of these
isolated clusters can be accurately probed with sensitive and
selective gas phase spectroscopic techniques,”'® delivering, for
example, data for the development of accurate interaction
potentials. Here, we apply infrared double-resonance popula-
tion labeling (IR*MS?) spectroscopy' !> to shed new light on
the PE surface of the protonated water hexamer, H*(H,0)g, in
the vicinity of the minima corresponding to the Eigen-type
(6E) and Zundel-type (6Z) isomers (see Figure 1).
H*(H,O)s is chosen because it represents the smallest
protonated water cluster for which both of these characteristic
binding motifs coexist.'>'* We also directly probe low-energy
hydrogen-bond (HB) vibrations of protonated water clusters
for the first time. A precise characterization of the PE surface
supporting the “librational” and “translational” IR bands is
critical for understanding HB network rearrangement dynamics
ultimately leading to proton transfer and serves as a sensitive
test for quantum chemical calculations.”® Since anharmonic
effects are known to play a critical role in protonated water
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Figure 1. DFT PBE+vdW local minimum energy structures of the
Zundel-type (6Z) and Eigen-type (6E) isomers of H*(H,0),. Water
molecules are classified according to their function as HB acceptor (A)
and donor (D). O--O distances are given in A.
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clusters (see, for example, refs 15—20 and refs therein), we
make use of ab initio molecular dynamics (AIMD) simulations.

The most detailed structural information on how hydrogen
ions are hydrated in finite systems is gained from IR
experiments on H'(H,0), clusters.'®'>'*21728 1 order to
identify the signal carrier, the clusters are size-selected, which
reduces their number density and typically prohibits direct
absorption measurements. Instead, photoabsorption is meas-
ured indirectly by monitoring the photodissociation yield. For
smaller clusters (n < 6) either Zundel-type (n = 2) or Ei§en-
type (n = 3—5) structures have been reported.'®!'3?>2628=31
H*(H,0); is the smallest protonated water cluster for which
both binding motifs coexist'>'* and thus represents a
prototypical system for studying structure-dependent charge
delocalization on a single PE surface. The gas phase IR
spectroscopy of the isomeric mixture of H*(H,O)s has been
studied only in the O—H stretching region above 2400
em ™. In addition, the IR spectrum of the (Ar-tagged)
Zundel-type isomer has been reported down to 1000 cm~',"
the region of the characteristic absorption bands of the equally
shared proton.®® Thus, large parts of the PE surface of
H"(H,0)¢ have remained experimentally unexplored. This
includes most of the fingerprint vibrations of the Eigen-type
isomers and, more importantly, the HB vibrations of both
species, which play a central role in the HB rearrangement
dynamics in these model systems. Here, we extend these
studies down to 260 cm ™, directly probing the interaction of an
ion with its hydration shell(s). We measure the IR spectra of
the coexisting Zundel-type and Eigen-type isomers individually
using IR?MS? spectroscopy,u’lz’ 33 a particularly attractive
variant of ion dip spectroscopy,>*~>* because it does not require
the presence of a UV—vis chromophore in the cluster. Instead,
this detection technique makes use of two tunable IR lasers in
combination with two stages of mass separation (MS), hence
the abbreviation IR>MS>.

The reliable assignment of IR bands to specific isomers
typically requires that gas phase IR photodissociation spectra
are measured of (internally) cold clusters in the linear
absorption regime, such that observed band positions and
intensities can be directly compared with predicted ones from
quantum chemical calculations. Since smaller protonated water
clusters (n < 7) have dissociation energies of at least 45 kJ/mol
(3740 cm™),***° single-photon photodissociation experiments
across large parts of the IR spectrum cannot be performed on
the bare, cold clusters. Hence, the messenger technique41 is
used to measure vibrational sgectra of colder species in the
linear absorption regime.'®'*#***®* However, charge delocaliza-
tion in hydrated proton clusters is very sensitive to changes in
the hydration shell environment, and addition of messenger
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species can have a marked effect on the isomer distribution."**

For example, addition of an Ar atom, commonly used as a
messenger species, particularly stabilizes the Zundel-type
isomer for n = 6 and n = 7, such that only these isomers are
observed in the Ar-predissociation spectra.'”'**® Mizuse et al.
have shown that H,-tagging is similarly efficient compared to
Ar-tagging, but less distorting, and the H,-tagged clusters
therefore better reflect the isomer distribution of the bare
cluster.'* In the present study we therefore use H, as a
messenger and form the tagged complexes in a buffer-gas-filled,
cryogenically cooled ion trap held at 15 K.

2. EXPERIMENTAL SECTION

2.1. Experimental Setup. The infrared (IR) photodissociation
experiments are carried out using the Berlin ion trap—tandem mass
spectrometer™** enhanced by a custom-built 180° reflectron stage
(see Figure 2). The instrument was temporarily installed at the Free

ion trap EAE
| ||
|l
| |1
o —ﬁ_ ‘ ‘ g L—I—-ﬂ—- |IIIIIIIIII!I
I —=— Timmmm
MCP reflectron
hv,
%hv.}

Figure 2. Scheme of the IR*]MS? experimental setup. Ions are extracted
from the ion trap (A) and focused into the extraction zone of a
reflectron-TOF mass spectrometer. After irradiation by the first IR
laser pulse (hv;), ions are accelerated into the 180° reflectron stage
(B) and refocused. The second IR laser pulse (hv,) is timed such as to
optimize temporal overlap with the parent ion packet. Ions are
reaccelerated into the linear TOF section (C), and a TOF mass
spectrum is measured at the MCP detector (D).

Electron Laser for Infrared eXperiments (FELIX) facility*’ in The
Netherlands. The IR*MS? experiments make use of the tunable IR
radiation from FELIX (260—2000 cm™") in combination with the on-
site Laservision OPO/OPA IR laser®® (2050—3900 cm™'), both
operated at 10 Hz. Additional experiments above 2050 cm™ were
performed in Berlin using two Laservision OPO/OPA IR lasers. The
bandwidth of the FELIX pulses was ~0.2% RMS of the central
wavelength and that of the OPO/OPA laser pulses 2—3 cm™. IR pulse
energies were kept <10 m]J to avoid saturation. The photodissociation
cross section ¢ was determined from the relative abundances of parent
and photofragment ions, I, and I(v), and the frequency-dependent
laser fluence F(v) using o = —In[I(v)/I)]/F(v). At very low laser
fluence this normalization procedure introduces noise to the spectra
(see, for example, the 2050—2300 cm™" region in Figure 3).
Protonated water clusters were produced by electrospray of a 10
mM HNO; solution in a 1:4 water/acetonitrile mixture. The jon beam
was collimated in a He-filled radio frequency (RF) ion guide, and
H*'(H,0); ions were mass-selected in a quadrupole mass filter,
deflected by 90°, and focused into a RF ring electrode ion trap. To
allow for continuous ion loading, ion thermalization, and ion—H,
complex formation, the trap was continuously filled with H, buffer gas
at 15 K. H*(H,0)s'H, complexes are stabilized through three-body
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Figure 3. Solution phase IR absorption spectrum of the H*(aq) ion in ionized strong aqueous acids from ref S (A, black), gas phase H,-
predissociation spectrum of H'(H,0)4H, (B, purple), IR®*®MS? spectra of H'(H,0)4H,, obtained by probing either the transition indicated by the
red (C, 3159 cm™") or the blue (D, 3715 cm™) arrow, and anharmonic IR spectra of 6Z-H, (E, red) and 6E-H, (F, blue) obtained from PBE+vdW
AIMD simulations at 50 K, from 260 to 3900 cm™. Spectra B—D each consist of two traces, corresponding to separate measurements in the
scanning range of the IR-FEL (260—2000 cm™") and the IR-OPO/OPA laser (2050—3900 cm™"). Experimental bands are labeled (see Table 1 for

band positions and assignments).

collisions.*”** Every 100 ms all ions were extracted from the trap

(Figure 2, A) and focused both temporally and spatially into the center
of the extraction region of an orthogonally mounted reflectron—linear
time-of-flight (TOF) tandem mass spectrometer. Here, the parent
ions, H'(H,0)¢H,, were irradiated with the first IR laser pulse,
producing a first set of photofragment ions (Figure 2, B).
Subsequently, all ions were accelerated into the 180° reflectron stage
by application of a first set of high voltage pulses. They separated out
in time and space according to their mass/charge ratio and were
refocused at the original interaction zone. The second (probe) laser
pulse was timed such that temporal overlap with the parent ion packet
was optimized, producing a second set of photofragment ions (Figure
2, C). All ions in-between the acceleration plates were reaccelerated
(in the opposite direction) into a second linear TOF stage of the mass
spectrometer by a second set of high voltage pulses. For each laser
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shot, a TOF mass spectrum was measured (Figure 2, D), which
contains (at least) three separate ion signals, corresponding to the
parent ions, fragment ions from the first IR laser pulse and the
fragment ions from the second IR laser pulse. IR’MS® spectra are
recorded by tuning the wavelength of the probe laser to an isomer-
specific transition and monitoring all ion intensities as the laser
wavelength of the first laser is scanned (50—100 measurements per
wavelength step).""

2.2. Computational Details. The density functional theory
(DFT) calculations were performed with the all-electron, localized
basis FHI-aims program package.” We used the PBE* semilocal
exchange-correlation functional corrected with a Cy4[n]/R® term (as
proposed in ref S1) in order to account for van der Waals dispersion
interactions, which we call PBE+vdW. We used tight settings for basis
sets and numerical grids, as detailed in ref 49. These settings yield
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Table 1. Position (in cm™') and Assignment of the Vibrational Bands Observed in the IR Spectra of H'(H,0)s'H,

IR?MS? (3159 cm™) IRMS? (3715 cm™)

previous exp.

isomer assignmentd

3815 (a;) 3827 (a'y) 3817¢ Z combination band
3737 (a,) 3737 (a',) 3738 (a,) 37417, 3740°, 3739° ZE free O—H stretch (antisym, A-H,0)
3713 (a3) 3714 (a"4) 3713% 3716° E free O—H stretch (AD-H,0)
3651 (a,) 3651 (a'y) 3651 (a",) 36517, 36507, 3652° ZE free O—H stretch (sym, A-H,0)
3312 (ag) 3312 (a’) 33207 3304/3325° E O—H stretch (AD-H,0)
3163 (ag) 3167 (%) 3178 3160, 3160° z O-H stretch (H;0,")
3003 (ay) 3007 (a”5) 29887, 2991¢ E O—H stretch (H,0")
~2480 (a'y) z
~2425 (ag) ~2425 (a"g) E O—H stretch (H;0%)
1917 (a,) 1951 (a”y) E O—H stretch (H;0%)
1760 (a,0) 1759 (') Z shared proton bend (H;0,")
1618 (a,,) 1618 (a'y;) 1618 (a";) ZE H,0 bend (A-H,0)
1558 (a,) 1561 (a”},) E H,O bend
1097 (a”13) E H;0" umbrella
1049 (ay,) 1050 (a’y4) 1055® Z shared proton stretch (H;0,")
~805 (a;5) ~805 (a’y5) Z shared proton bend (H;0,")/H,0 libration
831 (a"y5) E H,0" libration
717 (ay) 708 (a’14) 729 (") ZE H,O libration
469 (ay;) 469 (a'y7) 465 (a"7) Z,E H,O libration
373 (ags) 358/373 (ay5) E H-bond stretch (AD-H,0--H;0%)
279 (ay) 279 (1) 279 (a"19) Z,E H-bond stretch/A-H,0 wag

“Bare H*(H,0); data from ref 13 “Ar-predissociation data from ref 10 “Ne-predissociation data from ref 28 YA = HB acceptor, D = HB donor, sym

= symmetric, antisym = antisymmetric.

essentiallz converged energetics, free of basis set superposition
errors.*”>> Harmonic vibrations were calculated through finite
differences. Anharmonic IR spectra were calculated through the
Fourier transform of the dipole autocorrelation function, obtained
from microcanonical AIMD (Born—Oppenheimer) runs, using a time
step of 0.5 fs. For the 6Z-H, and 6E-H, isomers we have averaged over
4 and S trajectories of 10 ps each, respectively, starting from different
thermalized geometries. These initial geometries were taken from a 10
ps long thermalization run at S0 K. We have checked that the isomers
remain close to their overall initial geometry throughout the
simulations.

3. RESULTS AND DISCUSSION

The H,-predissociation spectrum of H*(H,0)sH, in the
scanning range of the IR-FEL (260—2000 cm™) and the IR-
OPO/OPA laser (2050—3900 cm™') is shown in Figure 3
(trace B), with band positions and assignments summarized in
Table 1. H'(H,0)sH, absorbs throughout the measured IR
spectrum, exhibiting more than 20 absorption bands, of which
the most intense ones are labeled a; to a;y. Several bands are
significantly broadened, which has been attributed to shorter
excited state life times as a result of faster intramolecular
vibrational energy redistribution (IVR) due to hydrogen
bonding.26 Two complementary IR spectra are obtained using
the isomer-selective IR*MS? technique (traces C and D in
Figure 3) indicating two structurally very different absorbing
species. Moreover, these two spectra suffice to account for all
the IR bands observed in the IR spectrum of the isomeric
mixture (trace B). Trace C was obtained by probing band a’s
(3167 ecm™), corresponding to the O—H stretching modes of
the two hydrogen-bonded water moieties of the H;O,"-core in
isomer 6Z. Trace D was obtained by probing band a”; (3714
cm™"), the free O—H stretching modes of the two AD water
molecules of 6E (see Figure 1). Each of these vibrational modes
is specific to one of the isomers, and therefore a relatively high
isomer selectivity of at least 80% is observed in the IR?MS>
spectra. IR*MS? spectra with similar contrast to those shown in
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Figure 3 were obtained when probing the isomer-specific bands
a’yy (1050 cm™) and a”y (1951 cm™), supporting that each
selective IR®MS* spectrum is due to either Zundel-like or
Eigen-like isomers of H*(H,0)¢H,. For comparison and later
discussion, the IR spectrum of the H*(aq) ion in ionized strong
aqueous acids from ref 5 is also shown at the top of Figure 3
(trace A).

In order to aid in the assignment of the IR spectra, we
performed AIMD calculations. These explicitly include
anharmonic effects and were performed on H*(H,0)sH, as
well as H'(H,0),. In the following discussion we mainly make
use of the results including the messenger molecule, because
this species was probed in the experiments. Note that the
comparison of the results with and without messenger suggests
that the overall changes to the IR spectrum are rather small (see
Supporting Information). Simulated anharmonic IR spectra at
(T) = 50 K of the 6Z-H, and 6E-H, isomers, derived from
AIMD calculations, using the PBE>® semilocal functional
corrected for van der Waals (vdW) dispersion interactions,
are also shown in Figure 3 (traces E and F). For the most
intense absorption features, we observe a satisfactory and
unambiguous qualitative agreement between the 6Z-H, and the
6E-H, calculated anharmonic spectra (traces E and F) and the
experimental IR?MS? spectra (traces C and D). The AIMD
simulations qualitatively reproduce the experimental band
widths and shapes, suggesting that anharmonicity rather than
excited state lifetime broadening (as a result of very fast internal
vibrational energy redistribution)?® is the main cause of the
observed broadening. The simulated peak positions are
typically shifted to higher energies with respect to experiment
in several places. The larger shifts between experiment and
theory, especially where the motion of the hydrated proton is
involved and in the free OH stretch region, are commonly
attributed to limitations of existing functionals, as well as the
neglect of nuclear quantum effects, but there is no question as
to the unambiguous qualitative correspondence between
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Figure 4. Vibrational density of states (VDOS) obtained from the Fourier transform of the velocity autocorrelation function of a 26 ps long
microcanonical AIMD run of 6Z-H, with (T) = 50 K. In gray, the total VDOS. In red, the projection of the VDOS on the harmonic normal mode
that corresponds to the shared proton stretch motion (harmonic frequency at 1117 cm™" with PBE+vdW). In orange and violet, the projections on
harmonic normal modes corresponding to the shared proton bending motion coupled to HOH bending motions (harmonic frequencies at 1688 and

1713 cm™', respectively).

experimental and theoretical spectra. In fact, it has been shown
by Vendrell et al>® for H;O," that such effects can be
eliminated completely by probing the complete nuclear PE
surface quantum mechanically, but such a treatment is out of
the question here because of the computational cost. Note that
the simulated spectra of both isomers, 6Z-H, and 6E-H,,
exhibit a splitting of the free O—H stretching bands (>3600
cm™"), which is not observed in the experimental spectra.
Simulations of the bare clusters 6Z and 6E do not yield this
splitting and show sharp peaks in good agreement with
experiment (see Supporting Information). This indicates that
the clusters probed in the experiment have sufficient internal
energy to overcome the small barriers separating the basins
corresponding to the nearly isoenergetic H,-binding sites,
leading to a delocalization of H, and consequently an
averaging-out of this effect, while our simulations, even though
of 40 and S0 ps in total, are not long enough for the H,
molecule to explore all possible binding positions.

The IR*MS® spectrum of 6Z-H, (trace C) reveals four
characteristically broad absorption bands at 3167 (a’), 1759
(a’1), 1050 (a’1,), and 805 cm™ (a’y5). Their increased width
suggests that they all originate from vibrational modes involving
the same moiety, namely, the symmetrically hydrated H;O,"
core. We attribute them to the hydrogen-bonded O—H
stretching (a’s) and H—O—H bending (a’;,) modes, as well
as a doublet associated with the shared proton stretching mode
(2’14 @/15), which are observed at ~3650, 1763, 1047, and 928
cm™ in bare H;O," and whose assignment is widely accepted
now.'”??313% The increased charge delocalization in
H;0,"(H,0), compared to HO," thus results in a pronounced
shift to lower energies of bands a’¢, while bands a’}; and a’},
remain nearly unaffected. If the effective shared proton
frequency corresponds to the centroid of the observed doublet
(a'1y 2'15),>" this is also red-shifted in agreement with an
increase of the proton affinity of the waters sharing the proton
in H;0,"(H,0), compared to H;O," as a result of
cooperativity.

The characteristic IR fingerprint of the symmetrically
hydrated Zundel ion, i.e., bands a’y, a’}y, a’}, and a’ ;5 in Figure
3, appears to be qualitatively reproduced by the anharmonic
calculations (see trace E). Moreover, the intensity ratio of
bands a’y, and a’}, associated with the shared proton stretching
and bending modes, is in excellent agreement with the
predictions from theory. In contrast, recent molecular dynamics
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simulations find the main IR intensity of the proton transfer
mode in HjO,"(H,0), at 1750 cm™', with only little intensity
around 1100 cm™". To test this prediction, we calculated the
total vibrational density of states (VDOS), defined as the
Fourier transform of the velocity autocorrelation function, from
an AIMD run of the 6Z-H, isomer, as well as its projection into
the well-defined harmonic normal modes. The results, shown in
Figure 4, confirm that the intense peak at 1135 cm™" found in
the PBE+vdW anharmonic IR spectra, corresponding to a’j4 in
the experiment, is essentially due only to the shared proton
stretch motion (red trace in Figure 4). The peaks around 1700
cm™), corresponding to a’y in experiment, instead, owe most of
their intensity to bending motions of the shared proton coupled
to the internal H-O—H bending motions (violet and orange
traces in Figure 4). We must, however, comment separately on
the a’|; feature and its calculated counterpart structure in the
6Z-H, isomer. In the bare Zundel ion (H;O,"), a structure in
the same wavenumber region arises purely because of
anharmonic mode couplings, with no harmonic counter-
part.'">'®'? In contrast, there are corresponding harmonic
modes in this region for the hydrated Zundel ion studied here
(6Z/6Z-H, isomer; see Figure S2, Table S3, and Figure S4 in
the Supporting Information). In the AIMD-calculated spectra
(Trace E in Figure 3), there is indeed some statistically relevant
intensity in this range. Its structure emerges clearly when
enhanced by a factor of § (Figure S2, Supporting Information).
Interestingly, especially its highest-lying component (just below
1000 cm™' in the calculations) is not simply due to a
corresponding harmonic mode, but contains significant
contributions from very different modes as well (VDOS
decomposition in Figure S3, Supporting Information). The
a’y5 structure is thus analogous to what is known as the lower
doublet peak of the bare Zundel ion, but not identical, since a
corresponding harmonic contribution exists as well. Note that
the coupling of the shared proton stretching and bending
modes increases with temperature and has been predicted to be
significant at room temperature.*® The remaining three
narrower bands above 1500 cm™ observed in trace C are
then assigned to vibrational modes involving the terminal water
molecules (see Table 1). These are the free O—H stretching
(a’,, a'4) and the H,O bending (a’;;) modes.

At least eight characteristic bands are observed in the IR*MS?
spectrum associated with structure 6E-H, (trace D in Figure 3).
Only three of these have been reported previously (see Table

dx.doi.org/10.1021/ja401359t | J. Am. Chem. Soc. 2013, 135, 8266—8273
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1)."* These are the free (a”3) and hydrogen-bonded (a”s) O—
H stretching modes of the two AD water molecules (see Figure
1) above 3200 cm™', as well as the highest energy O—H
stretching mode of the H;O" core (a”;) at ~3000 cm™". The
remaining two O—H stretching modes are expected to be
significantly red-shifted,'® and we therefore attribute them to
the two characteristically broad bands observed at 2425 cm™
(a”g) and 1951 cm™ (a’y). The anharmonic IR spectrum of
6E-H, (trace F in Figure 3) qualitatively reproduces nearly all
of these features, in particular the varying widths of bands a”,—
a"g, confirming our assignment of trace D to the Eigen isomer.
The only significant discrepancy between experiment and
anharmonic calculations is found for band a”y, which is
predicted ~400 cm™ higher in energy. This assignment is in
line with previous results for H'(H,0);-Ar and H*(H,0);-Ar.
Both of these systems exhibit an asymmetrically hydrated H;O*
core, which is characterized by an O—H stretching band red-
shifted below 2000 cm™ (1880 cm™).'%?° Note, the region
around 2000 cm™ is experimentally more difficult to access,
because the pulse energies of either laser source used in our
experiments are small in this region, leading to lower signal-to-
noise ratios. The other two bands above 1000 cm™ are
attributed to an H,O bending mode (a”},) and the H,O"
umbrella mode (2" ;).

An expanded view of the IR spectra from Figure 3 in the
region between 260 and 1000 cm™" is shown in Figure S. The
IR*MS? spectrum of 6E-H, (trace E in Figure 5) reveals a rather
complex absorption pattern with at least five groups of
absorption bands (a”;s—a”;y) of varying width. The IR band
intensities are again qualitatively reproduced by the simulated
anharmonic spectrum of 6E-H, (trace D), but the band
positions are systematically predicted too high in energy. At the
highest energy a H;O" libration (a5, 831 cm™) is observed.
This is followed by two groups of AD-H,O librational bands
(2”16 and a”y;) in the 775—450 cm™' region, of which the
absorption at higher (lower) energies corresponds to a
frustrated rotation of the AD water molecules parallel
(perpendicular) to the plane spanned by the three H-atoms
of the hydronium ion. HB stretching modes are observed below
400 cm™". The sharp doublet at 358/373 cm™ (a”3), predicted
at 385/405 cm™, is assigned to frustrated translations of the
hydrated hydronium ion. The corresponding IR-active
harmonic normal modes are schematically shown in part A of
Figure S. These “translational” bands correspond to the
symmetric and antisymmetric combination of the two HB
stretches involving H;0" and the two AD water molecules. The
third HB stretch involving H;O" and the terminal water
molecule is predicted below 300 cm™". We indeed find evidence
for an intense band centered at 279 cm™' (a”y), which we
assign to this HB stretching mode, but it may also contain
contributions from terminal water wagging modes, which are
expected in the same spectral range, but with lower IR intensity.
The observation of isomer-specific bands as low as 358 cm™ is
important, as it demonstrates that the IR?MS’ technique
remains isomer-selective down to a photon energy that is
comparable to the dissociation limit (D,) of the complex (see
Supporting Information). For 6Z-H, the agreement between
the experimental and the anharmonic spectra below 1000 cm™
is less satisfactory. While band a’|g is reproduced and attributed,
similar to a”;y of 6E-H,, to HB-stretch and terminal water-
wagging modes, the intensities of bands a’;s to a’j; are
underestimated. Bands a’j4 and a’|; are similar in shape and
position to bands a”;s and a”j; (trace E in Figure S), and
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Figure S. Schematic of the two characteristic hydrogen bond (HB)
stretching normal modes and PBE+vdW harmonic frequencies of 6E
assigned to the two components of band a”;3 (A). For clarity, the
corresponding motion without H, attached is shown. Expanded view
of the calculated (AIMD, B and D) and experimental (C and E) IR
spectra from Figure 3 in the HB stretching and librational region.

therefore a tentative assignment of these bands to H,O
librations involving the H,O moieties of H;O," is reasonable.

Finally, it is interesting to compare the IR fingerprints of the
Zundel-type and Eigen-type isomers of the protonated water
hexamer in the gas phase (traces C and D in Figure 3) to the IR
spectrum of H*(aq) in solution. To this end the IR spectrum
from ref 5, obtained by a subtraction procedure from the IR
spectrum of an aqueous solution of 0.75 M HNO;, is also
shown in Figure 3 (trace A). It reveals four broad bands at 3146
(by), 1747 (b3), 1198 (b,), and 672 cm™' (bs), as well as a
shoulder at 2855 cm™ (b,). These five characteristic features
were attributed to the peripheral O—H stretching modes (b,),
the O—H stretching (b,), bending (b;) and torsional (bs)
modes of the H,O moieties in H;O,", as well as the
antisymmetric stretching mode involving the shared proton
(bs) of a Zundel-type isomer with exceptionally long O---O
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Journal of the American Chemical Society

separation.” Taking into consideration that the free O—H
stretches (bands a, and a, in Figure 3) are absent in the
solution phase data and that bands may be significantly
thermally broadened at room temperature compared to the
bands observed in the spectra of the clusters at cryogenic
temperatures, trace A agrees surprisingly well with trace C,
confirming the applicability of these protonated water clusters
as model systems for testing computational models that
ultimately try to describe H*(aq) in solution.

4. CONCLUSIONS

To summarize, the present experimental approach combined
with AIMD simulations allows us to spectroscopically isolate
and assign the IR fingerprints of the Zundel and Eigen isomers
of the protonated water hexamer down into the terahertz
region of the electromagnetic spectrum. Experimental in-
formation, in particular, on the “translation” bands involving
HB stretching motion, represents a first critical step toward
understanding the proton transfer mechanism in this
prototypical system, in particular, the vehicular component
related to the translational diffusion of the hydrated proton
solvation structure.’ The present results are also important for
planning experiments that eventually will yield information on
the barrier heights involved in this process.”” We observe that
anharmonicities of the potential energy surface play a
significant role even at low temperatures for these protonated
water clusters and are the cause of the different widths of the
observed IR bands. For a superior agreement between
experiment and simulation, we propose to include nuclear
quantum effects in the theoretical evaluation of IR spectra,
which should also help to recover the experimental broadening
at lower temperatures, i.e., closer to the experimental
temperature.

B ASSOCIATED CONTENT

© Supporting Information

Additional computational details. MP2 and PBE+vdW relative
energies of 6Z and 6E (Table S1), as well as 6Z-H, and 6E-H,
(Table S2). Calculated anharmonic IR spectra of the bare 6Z
and 6E (Figure S1). Calculated harmonic and anharmonic IR
spectrum of 6Z-H, (Figure S2), with focus on the region below
1000 cm™. VDOS of 6Z-H, with projected VDOS on the
normal modes giving rise to the anharmonic peak at 950 cm™
(Figure S3). PBE+vdW harmonic normal modes frequencies
and intensities of 6Z, 6Z-H,, 6E, and 6E-H, (Table S3 and
Figure S4). This material is available free of charge via the
Internet at http://pubs.acs.org.
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