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Calculating the infrared spectra of the Eigen ion
using anharmonic vibrational theory

(#2%4 : Thomsen Bo)

1. Background and purpose of the project
The Eigen ion motif (H30%) is, along with the

Zundel ion motif (H2O-H+OHy), is a model system
for the free protons interacting with water in acidic
solutions. The properties and motions of these ions
micro solvated in water are therefore an important
tool for modeling and predicting the properties of
bulk acidic solutions.

Recently an accurate infrared (IR) spectrum has
been reported for the (H20)20Hs0* cluster[1]. Here
the experimental spectrum of a smaller cluster,
(H20)sHs0+, and anharmonic models for the cluster,
based on the properties of the optimal structure only,
were used for determining the assignment of the
vibrations observed in experiment.

In this project, we calculate and assign the IR
spectrum of the small Eigen ion cluster, (H20)sHsO*,
using an accurate potential energy surface and a
second-order vibrational quasi-degenerate
perturbation theory (VQDPT2), thereby surpassing
the accuracy found in the previous studies.

The investigated cluster has a pyramidal
structure with strong hydrogen bonds connecting the
hydrogen atoms of the Eigen ion with the oxygen of
the surrounding waters. While being significantly
smaller than the cluster considered in [1], it still
offers many insights into the spectrum of the free
proton in water, and provides a good model for
factors in  accurate

determining  important

calculations of the IR spectrum of larger clusters

containing the Eigen ion motif.

Absorption(Arb. units)

| L4

1
1000 1500 2000 2500 3000 3500 4000
Frequency(cm™')

Fig. 1: The experimental (top) anharmonic, our
calculation (middle) and harmonic (bottom)
spectrum of the Eigen ion.

2. Specific usage status of the system and calculation
method

The 1initial

calculations, 1i.e., the geometry
optimization and the coordinate determination et

cetera, were done using the resources in our group.

However, calculating the anharmonic potential
energy  surface using multiple molecular
conformations requires a large amount of

computational resources. Nevertheless, the efficient

use of super computational resources are
straightforward in this case, since the problem is
easily formulated as an embarrassingly parallel
process by calculating each conformer energy or
hessian as a separate job, thereby making it an ideal
use of the RICC resources. In the current study,
2,179 points hessian and 143,041 points of energy
were calculated using Gaussian09 with the B3LYP
functionals and the aug-cc-pVTZ basis set. The
combined cost of the -calculations was around
200,000 core hours.

The vibrational Hamiltonian included all
intramolecular degrees of freedom and the highest
frequency intermolecular modes for the cluster. The
anharmonic vibrational theory calculations were
done locally as these are much less cost intensive

than the potential generation step.

3. Result

It is found that the calculated spectrum matched
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the experimental one very well as seen in Fig. 1. The

peak positions compare favorably to the
experimental results, furthermore we can recover
the overtone and combination bands in spectral
range from 1800cm ™ to 3200cm . The peak positions
and intensities indicate with high certainty that the
experimental spectrum is indeed that of the Eigen
ion cluster.

To facilitate the assignment of the individual
vibrations, an analysis tool for converting the wave
function amplitudes to molecular motion through the
coordinates used to describe the potential energy
surface was developed. This tool enables a detailed
analysis of the movement and visualization of the
vibrational states responsible for the absorption.
Using this information the assignment of each
vibrational band has been done as shown in Table 1,
which match both with the previous results for the a
peak and the harmonic results for the surrounding
water molecules.

The assignment of the peak around 2600cm™! does
not agree with the harmonic result, which predicts
that the peak is the fundamental of the O-H
stretches of H30*. Our calculation and data analysis
reveal that, although there are still signs of this
motion in the vibrational states in this region, the
motion is strongly coupled to the intermolecular
motions of the cluster. This is not, while different
from the harmonic result, entirely unexpected, as the
stretching of the O-H of H30*, which eventually leads
to a proton transfer process to one of the surrounding

water molecules, would induce a rather radical

reorganization of the intermolecular framework.

Table 1: The assignment of the spectrum in Fig. 1,
the VQDPT2 label signifies our calculated peak
positions. Experimental data are reported in a)
Fournier et al [1] b) McCoy et al [2].

Label VQDPT2 Exp
7 1090.1 1088*

Assignment
Hydronium umbrella bend (A Symmetry)

I3 1262 Combination band of frustrated rotation of hydronium
and oxygen-oxygen stretch
8 1562.9 1609°,1615"  H-O-H(water) bend (E Symmetry)
10 1614.4 1609°,1751*  H-O-H(hydronium) bend (E Symmetry)
5 1800-1940 - Combination band between H-O-H bends(hydronium and water)
and oxygen-oxygen stretch
B 1904-2040 - The combination band of the out of plane rotations
and umbrella motion of the hydronium ion
B 2040-2230 - The combination bands of A and the oxygen-oxygen stretches
a 2260 2237° 2245"  The combination band between hydronium bending
and the in plane frustrates rotation of hydronium
a® 2294 2303%,2299°  The combination band between H-O-H bending
and the in plane frustrates rotation of hydronium
3

R T,

2364 23447, 2331°  The third overtone® of the frustrated rotations
+ 2400-2580 - The combination band between H-O-H bends (hydronium
and water) and the out of plane frustrated rotation motions

X 2580-2730 - The heavily correlated O-H stretches of the hydronium ion
X' 2730-3100 - The combination bands of y and the oxygen-oxygen stretches
13 3605.2 3637%, 3645  Sym. O-H(water) stretch(E Symmetry)

14 3607.6 3637, 3645°  Sym. O-H(water) stretch (A Symmetry)

15 3678.6 3730°, 3731 Asym. O-H(water) stretch (E Symmetry)

16 3680.1 3730%, 3731 Asym. O-H(water) stretch(A Symmetry)

4. Conclusion

We have confirmed that our model potential
generated an IR spectrum accounting for the peaks
found in the experimental spectrum of Fournier et al
[1]. Furthermore we have assigned the molecular
motions and uncover the nature and the shift of the
band, around 2600 cm’, often associated with the
O-H stretch of H30*.

Calculation of the anharmonic potential energy
surfaces for both the intra- and intermolecular
degrees of freedom is shown to be of significant
importance for obtaining the desired accuracy both in
terms of spectral positions and assignments in the
studied molecule. This is especially important for the
motion of hydrogen involved in strong hydrogen
bonds. We suggest that this finding also apply to the
larger clusters. We will study this hypothesis in the

future work on the larger systems.

5. Future plans

Our future plans include working on larger
clusters containing the Eigen ion motif. Furthermore
we will use the experience gained and methods
constructed in this project to benefit future projects
involving the wvibrational theory of molecular

clusters.

[1] Fournier et al, Science 344, 2014, p1009
[2] McCoy et al, Phys. Chem. Chem. Phys. 14, 2012,
p7205.
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