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Calculating the Infrared Spectra of the Eigenion
using Anharmonic Vibrational Theory

(#1824 : Thomsen Bo)

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

Zundel ion motif (H:O-H*OH2), 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,
HoO4*, in the Eigenion, (H20)sHs0*, conformation
were used for determining the assignment of the
vibrations observed in experiment.

In this project the IR spectrum is calculated and
assigned for two isomers of the small protonated
water cluster HoO4*, using accurate potential energy
surfaces and second-order vibrational
quasi-degenerate perturbation theory (VQDPT2),
thereby surpassing the accuracy found in the
previous studies. Some controversy exists about the
ground state structure of this protonated cluster, as
the IR spectrum has both been assigned to have
character of a Eigen- and Zundelion[2].

While the investigated cluster is smaller than the

cluster considered in [1], the current investigation

still offers many insights into the spectrum of the
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free proton in water, and provides a good model for
determining important factors in accurate
calculations of the IR spectrum of larger protonated

water clusters.
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Fig. 1: The experimental (top) Eigenion motif
anharmonic calculated (middle) and trans Zundelion
anharmonic calculated (bottom) IR spectrum of
HoO4* 10n.

2. Specific usage status of the system and calculation

method

The structures of the trans-Zundelion, from here
on referred to as Zundelion, and Eigenion were
optimized at the B3LYP/aug-cc-pVTZ level of theory
and the harmonic frequencies and normal
coordinates were subsequently calculated. A quartic
force field was generated for each ion by fitting and
two

of the 24

extrapolating hessian information on a

dimensional grid. The coordinates
(Eigenion) and 27 (Zundelion) highest energy
vibrational modes were then optimized by
minimizing the vibrational self-consistent energy
with respect to rotation of coordinates.

A 24-mode potential energy and dipole grid
surfaces coupling up to three modes were then
constructed for each ion using the
B3LYP/aug-cc-pVTZ density functional and basis set
combination. The couplings found in the quartic
force field were used to determine the strong
couplings in the potential and the 2 and 3-mode
coupled surfaces were only constructed for the
structure

strongest couplings. These electronic
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calculations were carried out in Gaussian09. To
improve the accuracy of the 1-mode potential energy
surfaces (PESs) a higher level calculation using the
CCSD(T)-F12/aug-cc-pVDZ method was carried out
in Molpro along the 1D grids to enhance the accuracy
of the PESs.

The anharmonic calculations were carried out

using a basis of the 10 harmonic oscillators per mode.

The VQDPT algorithm was used, where the number
of generation was set to three and the k value was
chosen to four. The IR spectra were calculated for the
states using the

resulting vibrational

B3LYP/aug-cc-pVTZ surfaces.
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Figure 2: The experimental (top) anharmonic
(middle) and harmonic (bottom) IR spectrum of the
Eigen motif. The labeled peaks are assigned in table
1.

3. Result

The calculated IR spectra for the Eigen- and
Zundelion are given in figure 1. From the high wave
number end of the spectrum it seems clear that the
Eigenion spectrum 1is the best fit for the
experimental spectrum. Especially the hydrogen
stretch pattern, 3600-3800 cm!, seen for the water
molecules surrounding the hydronium ion largely
favors the eigen motif. The picture is however not
complete without considering the rather broad
features around 1000 cm! in the experimental
spectrum. In this case the Zundelion fits better to the
experimental spectrum. This discrepancy between
the Eigen- and Zundelion spectrum can potentially
be explained by the fact that we are neglecting the

lowest, with respect to energy, 6 degrees of freedom
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in both models. Including these motions in the
calculation might lead to a significant broadening of
the Eigenion spectrum in this region.

We will now focus on the calculated spectrum of
the Eigenion. The inclusion of anharmonicity in the
spectrum is as seen in Figure 2 needed for an
accurate description of the spectrum, both with
relation to peak positions and intensities. The most
drastic effect is though the inclusion of overtones and
combination bands, which makes up most of the
region from 1600-3500 cm™1.

A tool to facilitate the assignment of the individual
vibrations was developed. It converts the wave
function amplitudes to molecular motion through the
linear coordinates used to describe the potential
energy surface. 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 for the Eigenion, shown in Table 1,
matching both with the previous results [3] for the o*
peak and the harmonic results for the surrounding
water molecules.

The assignment of the peaks around 2700 cm
does not agree with the normal or optimized
coordinate picture, 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 calculated Eigenion
spectrum in Figure 2, the VQDPT2 label signifies
cmh

our calculated peak positions given in
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Experimental data are reported in a) Fournier et al

[1] b) McCoy et al [3].

12 940 In plane frustrated rotations of hydronium (E Sym.)

13 1095 10882 Hydronium umbrella bend (A Sym.)

14 1590 16092,1615°  Waters bending (E Sym.)

16 1638 16092,1615*  Hydronium bend (E Sym.)

B 1980 19142 Combination of out of plane frustrated rotation and
umbrella bending of hydronium

o 2270 22372, 2245 Combination of in plane frustrated rotation and
bending of hydronium

a 2340 23032, 2299 Combination of In plane frustrated rotation of
hydronium and water bends

X 2707 26642 Heavily correlated O-H stretches of the hydronium ion

X 2800- The combination band of x and oxygen - oxygen stretch

3150
19 3651 36372, 3645  Symmetric O-H stretch of waters (E Sym.)
22 3720 37307, 3731 Asymmetric O-H stretch of waters (A Sym.)

4. Conclusion

The calculated spectrum of the Eigenion is found
to match well with the experimental measurement.
While there are differences these can highly likely be
explained through approximations in the mode space.
Furthermore the molecular motions underlying the
spectrum of the Eigenion have been assigned, and
the nature of the band, around 2700 cm’, often
associated with the O-H stretch of HsO*, has been
decoded.

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 both
isomers. This is especially important for the motion
of hydrogen involved in strong hydrogen bonds.
Without the anharmonic calculation the true nature
of the bands between 1900-3500 cm™ would be

impossible to determine.

5. Future plans
The theoretical IR spectrum of the Zundelion

calculation needs to be analyzed in detail to reveal
the fundamental differences between the motions of
the two proton motifs. Secondly the study can be
extended to larger protonated hydrogen clusters to
predict the change of the loose proton peak and the
reason for it changing. Third the issue of providing a
better way of assigning the motions of complex

spectra still remains, such as the diffuse proton peak
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around 2600 cm'l. It is currently only possible to
state that the motions are more complex than the
harmonic picture suggests. A better analysis based
on the change in dipole or other electrical properties
between the states might reveal a better picture of
the motions responsible for the spectral peak.

[1] Fournier et al, Science 844, 2014, p1009

[2] Kulig et al, J. Phys. Chem. B, 118, 2014, p278

[3] McCoy et al, Phys. Chem. Chem. Phys. 14, 2012,
p7205

Calculating the Difference Spectrum Arising from
Hydration of a Nylon 6 Membrane
(#2124 : Thomsen Bo)

1. Background
The behavior of water inside polymer membranes

has 1implications in both polymer design and
application, as water can drastically alter the
physical properties of a polymer. The interactions
between polymer and water can be probed using
infrared (IR) difference spectroscopy, targeting the
change in strongly absorbing vibrational bands as
water 1s introduced into the membrane. The
assignment of these spectra is difficult and cannot be
done without aid from computation. Computation of
the IR difference spectra allows for an in depth
analysis, revealing the atomistic origins of the
vibrational motion. Thereby allowing an atomistic
view of the interactions between water and the
polymer membrane.

The problem in calculating the IR spectra of large
molecular systems is the sheer size and degrees of
freedom of the system. Using harmonic theory it is
possible to calculate the vibrational frequencies and
intensities for a system with around one hundred
atoms. While considering the anharmonic potential
and vibrational wave function can only be done for
systems containing around 10 atoms. To circumvent

(MD)

simulation is in this study coupled with a series of

these limitations molecular dynamics
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anharmonic cluster calculation to generate the
difference IR spectrum between a wet and dry
polymer system.

In the current study the nylon 6 water system is
investigated as a test system to determine the
accuracy of the calculation method. The interactions
of water and nylon 6 have many real world
applications as the water content has a strong
influence on the wear and tear of nylon 6 used in
everyday commodities. The goal of the investigation
is to determine the interactions between water and
nylon 6 giving rise to the difference IR spectrum
between a wet nylon 6 membrane and a dry
membrane. This will allow for verification of the
statistics and by extension atomistic view of the
Iinteraction between nylon 6 and water produced by

conventional MD methods.

2. Specified usage status of the system and

calculation method

To facilitate the calculation of the large polymeric
system and water a unique calculation scheme
combining molecular dynamics (MD) simulation and
calculation of anharmonic IR spectra for a series of
molecular clusters is adopted. The MD trajectory is
used to generate statistics based on clustering water
and amide groups with respect to their first
hydration shells. The most abundant hydration shell
clusters are then modeled using quantum mechanics
and the vibrational spectrum for the central water or
amide group is calculated using anharmonic theory.
The abundance of the clusters is then combined with
the spectroscopic information of the -cluster
calculations to calculate the absorbance for a given
wave number, V, through the following equation,

a()=acds i) O
=,

where 7'is the number of clusters included in the
calculation, ¢: is the time averaged concentration of

the cluster £ s: include all the vibrational states

calculated for cluster ¢ S _ is the absorption

IR

coefficient for a given cluster and vibration, vy, is
the transition wave number for state s. I' is here a
uniform lorentzian broadening function for all
vibrational states.

Five water membrane systems were prepared
containing 0, 32, 63, 126 and 252 water molecules,
corresponding to a water weight percentage of 0 wt%,
2.3 wt%, 4.6 wt%, 8.6 wt% and 15.6 wt% respectively.
All systems contained 4 nylon 6 chains with 54
repeating units each. The MD simulation is
conducted using a combination of parameters from
CHARMM 22 force field and the sphingomyelin force
field[1]. The equilibration and production run were
carried out wusing NAMD. Subsequently the
structures of the first hydration shells around water
and amide groups are clustered with regard to the
hydrogen bonds formed between the central
molecule/group its first hydration shell.

The 40 most abundant clusters are selected for
anharmonic calculation, where only the amide I-III
and A, and water bending and stretching of the
central amide group or water is considered. The
geometry of each cluster type is optimized, i.e. one
structure represents a given cluster type. The
normal coordinates are calculated at a 2-mode
potential and dipole surface are made based on this
cluster for the aforementioned modes of the central
molecule/group. The amide groups are represented
by N-Methylacetamide (NMA) and the atoms
terminal carbon groups are assigned the 3-61+g*
basis set. The 3-61++g** are used for all other atoms

structure

B3LYP

in the clusters and the electronic
calculations are carried out using the
functional in Gaussian09.

The vibrational calculations are carried out using
the

perturbation theory (VQDPT2) with a basis set of the

second order vibrational quasi-degenerate

ten lowest harmonic osscilators for each mode. Three
generations and a k value of three were used to
the targeted based on the

generate states

fundamentals, the dipole surfaces were used with
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Figure 1: Comparison of the harmonic, anharmonic
and theoretical difference spectrum of water and
nylon 6 (Top). The three panels depict the dominant
cluster types responsible for the numbered features
in the anharmonic spectrum (Bottom)

the calculated states to generate the IR absorption

coefficient for vibrational state for each cluster type.

R E

Finally the absorption wave number, absorption
coefficient and abundance of the cluster were
combined through equation (1) to generate the IR
spectra for the five systems with different water
concentration. The IR spectrum of the system
containing no water was subtracted from the spectra
of each the four other systems to generate difference

spectra.

3. Result

Combining the results of MD simulations and
anharmonic IR calculations as described above
allows for the calculation of the difference spectrum
shown in figure 1. Here we focus on the difference
spectrum between 8.6 wt% water in the system and O
wt% water in the range 3000-4000 cm'l. The
theoretical result is compared with the experiment of
Iwamoto et al. [2], where the spectrum were recorded
as the difference between a nylon 6 sample just
coming from a water bath to that of the same
membrane after 72 minutes of being exposed to dry
air.

Figure 1 shows the strong dependence on
anharmonic effects in calculating the spectrum of
hydrogen stretch motions and overtones, which are
not included in the harmonic spectrum. The
comparison between the calculated anharmonic and
the experimental difference spectrum is quite good
although it seems that the negativity of peak 4 is
overestimated. The reason for this might be the lack
of inclusion of nylon 6’s semi crystalline nature in
the MD simulations. Here we only consider the
amorphous phase, which makes the loss of amide —
amide hydrogen bonds seem more severe than it is in
a natural membrane. Thereby making peak 4 more
negative than it would be for a bulk system.

Figure 1 also contains representative structures of
the cluster types contributing strongly to each
spectral feature. These are found by analyzing a
combination of the absorption coefficient of the

specific motion and the change in abundance as
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water 1is introduced into the membrane. The
structures found in the MD simulation form the base
for the investigation of the behavior of a bulk wet
nylon 6 system, as it has been confirmed that the
MD simulations statistics are correct for reproducing
the difference IR spectrum.

In figure 2 two snapshots from 2.6 wt% and 8.6
wt% water in the membrane respectively has been
shown. Here it is clear that water seems to organize
itself in wires of waters connected by hydrogen bonds.
Secondly when more water is added the more space
1s added between the nylon 6 strands. This result in
two things 1) the polymer swells slightly during
hydration 2) The diffusion of water becomes much
stronger as more and longer water wires form. These
two phenomena are both observed in our simulation
and in experiment. We can therefore further validate

our MD model for the amorphous phase of the nylon

6 water system.

4. Conclusion

The difference spectrum can be calculated using

the statistics from MD simulation and the
anharmonic IR spectra calculated from the selected
clusters with high accuracy. The results are
comparable to experiment and aid in the assignment
of the spectra and by extension in understating the
water-nylon 6 interactions. By verifying the
statistics of MD through the calculation of the
difference IR spectrum, a model for waters behavior
inside nylon 6 could be determined.

The current IR difference spectrum results also
highlight the necessity for anharmonic calculation of
the hydrogen stretch motions to allow for accurate
assignment of the experimental spectra in this
region. While relying only on harmonic results would
lead to wrong conclusions about the absorption
spectrum and missing assignment of overtones

occurring in the investigated frequency range.

R E
(A) 2.3 wt% water in PA6

Figure 2: Snapshots from the MD trajectory of the

simulation containing 2.3 wt% water and 8.6 wt%

water.

5. Future plans

The method can without further modification be
applied to other polymers, were water-polymer
interactions are of interest. One such group of
polymers is used for reverse osmosis membranes,
responsible for cleaning water of ion contaminants.
Understanding the water-polymer interactions will
allow for creation of better and stronger membranes.
Furthermore the method could with modification be
used in the calculation of IR (difference) spectra in

simple biological systems, thereby giving insights
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into how the hydrogen bond contacts of a biomolecule

changes over times.

[1] Venable et al., Biophysical J., 107, 2014, p134.
[2] Iwamoto et al., J. Polym. Sci. B Polym. Phys., 41,
2003, p1722.
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