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Among the most ubiquitous ions in aqueous solutions are
solvated protons, H'(aq), which are of fundamental impor-
tance from solution chemistry to enzymatic processes. The
two archetypal protonated water complexes, the H;O*
(hydronium ion) and Hs;O," (Zundel cation), are not only
the basic building blocks of more complex transient networks
in condensed phases,['! but have a right of their own in fields
such as cluster science and atmospheric chemistry, to name
but two. Therefore, finite H"(H,0), complexes have been the
focus of a plethora of investigations.*'” Improvements in
vibrational spectroscopy, and in particular sophisticated
action spectroscopic methods based on messenger predisso-
ciation and multiphoton dissociation, allow unprecedented
insights into such species.""'¥ However, the interpretation of
messenger spectra is by no means straightforward owing to
interactions of the parent molecules with tagging species, such
as H,, Ar, or Ne.

In pioneering experiments, Y. T. Lee and co-workers
studied the hydronium and Zundel cations in the spectral
range above 3100 cm™' by H, microsolvation.”'*!¥ These
spectra showed that interactions between the messenger
species and these cations significantly modify the spectra.
Recent high-resolution vibrational predissociation measure-
ments using Ar or Ne adducts now access the full IR
fingerprint region down to 600 cm .8l However, impor-
tant spectral features, such as the characteristic double band
of the proton-transfer mode or the number of bands in the
O-H stretching region, differ significantly and depend heavily
on the experimental method that is employed.[=>131¢]

In a tour de force full-dimensional quantum dynamics
calculation (MCTDH), the comprehensive spectral assign-
ment of the bare Zundel cation has been recently accom-
plished by H.-D. Meyer and co-workers, which explains the
aforementioned challenging double band near 1000 cm™' as
being a Fermi resonance.”) However, such very precise
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calculations appear to be currently unfeasible for micro-
solvated H;O," adducts, thus leaving open a wealth of
questions on the assignment of such action spectra.

Herein we extensively use ab initio molecular dynamics
(AIMD)™ to compute and assign the IR spectra for
H,-microsolvated hydronium and Zundel cation adducts.
The AIMD approach to theoretical vibrational spectrosco-
py® ! has been demonstrated specifically for bare H;O,"
itself®2?" to compare favorably with traditional approaches
based on qualitative assessments. Herein, using AIMD
trajectories, approximate normal modes are determined
which supply a full set of optimized vibrational coordinates
that represent the fundamental modes;** details are given
in the Supporting Information.

As will be demonstrated, the interpretation of the
complex messenger spectra requires explicit inclusion of the
tagging species. Anticipating our key results, we show how
messenger species qualitatively change IR spectra of adducts
and how this renders their intuitive assignment based on the
parent spectra ambiguous. Specifically, for the fluxional
Zundel cation, [H,O-H-OH,]", an interpretation of messenger
spectra in terms of a weighted mixture of tightly bound
H;0,"H, and weakly bound H;0,"-H, adducts, instead of
symmetry-breaking [H,O-H-~OH,]*H, due to tagging,! is
shown to consistently explain the different action spectra.
This concept will be of broad relevance beyond this specific
case.

First insights into messenger-induced changes to spectra
are provided by the well-understood hydronium cation*23
(Figure 1). The calculated IR spectrum of bare H;O" (black in
Figure 1a) spans a broad frequency window of about 250 cm ™!
in the O-H stretching region. It convincingly matches the
range and shape of the experimental rovibrational absorp-
tions of the asymmetric stretching modes (blue).”! The power
spectra of the two asymmetric stretching modes v, and v,
(blue, green) yield narrow bands, both at 3506 cm ™!, which is
very close to the measured effective stretching frequencies of
3519cm™ and 3536 cm™. The IR-inactive symmetric
stretching mode v, is found at 3418 cm™" (red). Thus, the
coupling to overall rotation significantly broadens the
absorption of the asymmetric stretches to the range observed
in experiment.

A strikingly modified IR spectrum is observed for the
H;0"-(H,), adduct. The computed spectrum in Figure 1b
again convincingly reproduces the experimental spectrum in
all respects. In particular, only one band remains in the
stretching region of the parent, H;O", which can be reliably
assigned to the free O-H stretching vibration!" v;: its power
spectrum (red) coincides with the IR peak. However, upon
attaching two H, species, two new, red-shifted bands emerge
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Figure 1. Comparison of a) the O-H stretching vibration region of the
bare hydronium ion to b) the microsolvated H;0-(H,),. Black lines
are the theoretical IR spectra at 150 K. The blue line in (a) is a
broadened absorption spectrum obtained by convoluting the resolved
rovibrational resonances® (yellow) by small Gaussian functions; the
blue spectrum in (b) is the experimental predissociation action spec-
trum!™ of H;0™-(H,),. The remaining lines are power spectra of linear
combinations of internal coordinates (see text and insets), and
triangles mark the harmonic frequencies using the same color code.

at 3151 and 3234cm™', which are again close to the
experimental peaks at 3180 and 3275 cm™'. Intuitively, it is
tempting to assign them to the remaining two H,-bonded
individual O-H stretching modes v, and v,’,*! but their power
spectra (peaks at 3162 and 3141 cm™!; green and blue)

contribute exclusively to the prominent band at 3151 cm™,

whereas they yield no bands at 3234 cm™'.

The correct assignment is only obtained after considering
the frequency-doubled bend §, (fundamental at 1633 cm™")
involving the H,-bonded protons in the core. Its position and
width (purple line) closely matches the prominent sideband
around 3234 cm™', which we thus assign to a bend overtone.
All this demonstrates that even in a small and quasi-rigid
molecule, the addition of messenger molecules induces intri-
cate modifications of the IR spectrum of the parent molecule.

What are then the messenger-species-induced changes for
the tagged Zundel ion H;O,"-H,, in which the parent Zundel
ion is a fluxional molecule? The AIMD reference spectrum
for bare H;O," and the assigned modes in the O-H stretching
region are shown in Figure 23. The two AIMD IR bands
feature the same shape as the IR multiphoton dissociation
(IRMPD) data® of bare H;O,", but they are slightly red-
shifted, whereas the MCTDH spectrum®®!l is slightly blue-
shifted (Figure 2a). The AIMD-based mode analysis™®*!
readily yields the gerade vy, and ungerade v, combination
of the symmetric stretching mode of both water moieties and
the degenerate combinations of the asymmetric stretching
modes v, and v, alike the MCTDH assignment.(*!]

H, tagging induces an overall red-shift of the H;O,"-H,
stretches (Figure 2 0). The symmetry-breaking that is induced
upon adduct formation localizes the symmetric and asym-
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metric stretches on the H,-bonded (vg,, v,,) and free (v, V,p)
water moieties. This mode assignment (red, violet, green, blue
lines) reproduces all of the band positions and shapes of the
calculated IR absorptions in Figure 20 well. However, the
experimental messenger spectrum of H;O,"H, (Figure 2¢;
blue line, shaded region) features a much richer lineshape and
looks qualitatively different: only the o, and o; peaks match
the calculated symmetric and asymmetric vibrations, respec-
tively, including their band shapes due to sub-bands corre-
sponding to bonded and free water; vy, and v merge into one
skewed peak (corresponding to o) at elevated temperatures.
In contrast, the remaining peaks o, and o, come close to the
stretching vibrations of the bare Zundel ion,"! both in AIMD
and IRMPDP! (Figure 2 and 2a, respectively). Thus, tenta-
tively, the experimental messenger spectrum of the H,-tagged
species might be explained by assuming a mixture of tightly
bound H;O,"H, and weakly bound H;O,"-H, adducts,
where the latter would essentially contribute the same
signal as bare H;O," ion.

This hypothesis differs distinctly from the tentative earlier
interpretation, which assigned the four peaks o; to o, to the
four stretching modes of a single tightly bound adduct. This
predicts a splitting of 89 cm™ for the symmetric stretching
assigned to o; and o, due to H, tagging, whereas AIMD yields
only 40 cm™!, and earlier harmonic estimates give a value of
53 cm~'P?, Experimentally it has been observed that in the H,
adduct, the shared proton is systematically shifted away from
the H, bond side, that is, the free water acquires some
hydronium ion character: [H,O-H--OH,]|*-H,. However, from
AIMD, the free energy minimum of the shared proton
displayed in Figure 2e) is only negligibly shifted (by ca.
0.01 A) in that direction. Moreover, such a nearly symmetric
proton-transfer profile does not support a substantial shift
due to zero-point motion either.

Figure 2¢ also shows that the stretching region of the
Ar-tagged complex matches the H;O,"-H, messenger spec-
trum strikingly closely,'® whereas the Ne-tagged complex
recovers the IRMPD spectrum®® of bare H;O,"."%! It should
be noted that AIMD simulations of the Ar-tagged complex
also yield only two IR absorption peaks in the O-H stretch
region.®® Thus, also for the Ar-tagged Zundel complex, our
findings predict a similar mixture of tightly and weakly bound
adducts, whereas the Ne-tag apparently does not noticeably
perturb the bare Zundel ion spectrum.!®

Similar effects are observed for the doublet structure at
about 1000 cm™' (Figure 2e), which has been assigned by
MCTDH for the bare Zundel ion to a Fermi resonance of the
proton-transfer fundamental and a combination of lower
frequency modes!” (see Figure 2e and 2a). This observation
matches the measured Ne messenger spectrum well. In stark
contrast, the spectrum of the Ar-tagged species features one
additional sideband for each doublet peak.'® Akin to the
O-H stretching region, the position and shape of two of these
peaks closely agree with those of the spectrum for the
Ne-tagged species,'®! which again hints to a mixture of tightly
and weakly bound species for the Ar-Zundel ion adduct.

More insights into the effects of tagging are gained by
analyzing the prominent doublet band of AIMD spectra of
the untagged versus tagged species. The AIMD reference
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Figure 2. Comparison of experimental and calculated vibrational spectra for bare and various messenger-tagged H;O," cations. The theoretical
AIMD IR spectra at 10 K for bare H;O," and the weakly bound (HsO,"---H,) and tightly bound (HsO,"-H,) adducts are shown by gray shaded
areas in (b/P), (c/y), and (d/d), respectively. Colored lines show power spectra of approximate normal coordinates: v ,; symmetric and
asymmetric O-H stretches, d,, gerade/ungerade combinations of the water bending modes, y; proton out-of-axis vibration, and v, proton-transfer
motion (marked with *); see text and Supporting Information for details. a/a) The MCTDHP! benchmark IR spectrum of bare H;O,* (black) and
the bare H;0," IRMPDP! OH-stretching region (red). e/€) Experimental messenger spectra for H;0,"-Ar (green),'® H;0,™-Ne (purple),'® and
HsO,"-H, (shaded area with blue outline)." The inset (e) is the computed free-energy profile AG along the proton-transfer coordinate

g = roms—ron- for the bare (black) and H,-tagged (red) Zundel cations from (b/f) and (d/d); for the latter, the axis labels H, and free (in red)
indicate towards which water moiety the proton is shifted. g) Normalized and symmetrized probability distribution p(R,6)/0max of H,~Zundel
adduct structures (in the plane spanned by R and cos@ as defined in (f)) obtained from a superposition of restrained AIMD runs (see the
Supporting Information for details). f,h) Typical structures of tightly bound and weakly bound adducts according to the most pronounced maxima

of p(R,0).

spectrum of the bare H;O," ion (Figure 2b) also has this
doublet at about 1000 cm™', which is assigned to proton-
transfer motion v, and merges to a single peak at higher
temperatures.”?”! We note that the other fundamental
vibrations found by AIMD in the fingerprint region as
assigned by MCTDH show similar character.”*"*34 How-
ever, tagging effects are found to be dramatic for the
1000 cm ™' proton-transfer mode (Figure 2d). The splitting is
significantly increased, and our mode analysis now reveals
two fundamentals: the in-phase and out-of-phase coupling of
the proton-transfer coordinate to the wagging mode of the
free water moiety, v, and v,_,, which are similar to the
coupling pattern revealed by MCTDH for the wagging
overtones of bare Zundel ions:®! for H;O,", a Fermi
resonance is found® that is beyond our AIMD-based
approach. In conclusion, the symmetry-breaking induced by
H, tagging directly couples the low-frequency wagging
motion to proton transfer.

Finally, what could the weakly bound adducts look like ?
In the tightly bound adduct, which clearly dominates the low-

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

temperature simulations (Figure 2d,0), the H, moiety
strongly interacts with one proton of a water molecule
(Figure 2 f). Starting from this structure, we conducted a
series of AIMD simulations at 150 K for which we restrained
the minimal distance of H, to any Zundel proton to a given
value, which is increased systematically to enforce explora-
tion of less favorable conformations (see the Supporting
Information for details). The resulting probability po(R,0) of
finding H, at a distance R from the center of the two Zundel
oxygen atoms and an angle 6 with respect to the O-O axis is
provided in Figure 2 g. The tightly bound adduct is found at R
~3.6 A and cosf~=+0.7, which corresponds to the global
maximum. Orthogonal to the O-O axis, that is, for cosf ~ 0,
we find indeed a significant local maximum near R~ 4.5 A; a
representative structure is given in Figure 2h). The corre-
sponding low-temperature IR spectrum and the mode assign-
ments are shown in Figure 2c,y. Indeed, the resulting
spectrum is essentially identical to the one of bare Zundel
ion in Figure 2b,p. Thus, the structure in Figure 2h is a
promising candidate for the postulated weakly bound adduct,
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being an intermediate explored by the H, moiety upon
dynamically exchanging one water molecule of the H;O,"
core by the other, and thus converting one tightly bound
adduct into a degenerate form.
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