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We develop a new flexible-monomer two-body ab initio potential energy surface (PES) for the Ar—CO, complex.
The accuracy of this new potential function is validated by its agreement in the vibrational spectrum of
the complex. Vibrational self-consistent field theory (VSCF) and vibrational configuration interaction (VCI)
theory were employed to solve the complete vibrational Hamiltonian, including both intermolecular and
intramolecular degrees of freedom. We observe excellent agreement with theoretical and experimental results
for the vibrational energy levels in the Terahertz region. In the intramolecular region, we confirm the slight
splitting of the bending modes of the CO, monomer, where the in-plane bend is 0.83 cm_; less energetic than
the out-of-plane mode. We also explore the combination bands in the asymmetric stretching region of the
CO, monomer that involve the intermolecular motions, and show that these results compare favorably to the

fundamental intermolecular vibrational energy levels.

1. Introduction

Due to its importance in atmospheric and environmental chemistry,
the carbon dioxide molecule and its van der Waals complexes have
been the focus of numerous experimental and theoretical studies [1-5].
In particular, the argon—carbon dioxide complex has been of interest
since it represents the model system for these weak, yet non-trivial
interactions. The minimum energy structure for the Ar—CO, complex
has been determined experimentally to be the classic T-shaped structure
with C,, symmetry [6]. Recently, a linear structure was also been found
with a theoretical approach [7]. Vibrational spectroscopy represents
an invaluable technique for analyzing the potential energy surface
(PES) and dynamics of such chemical complexes, given its sensitivity to
these specific types of interactions. Further, for probing the interactions
that occur within molecules, infrared spectroscopy is ubiquitous and
essential. It can even be used to explore the intermolecular interac-
tions through combination bands in the intramolecular region of the
vibrational spectrum.

The vibrational frequencies for the Ar—CO, complex show charac-
teristic differences compared to the isolated carbon dioxide molecule.
In the monomer system, the four fundamental vibrational motions —
two degenerate bending modes, a symmetric stretch and an asymmetric
stretch — have been precisely and extensively studied by experimental-
ists and theoreticians alike [8-20]. Also, of particular interest in the
vibrational spectrum is the familiar Fermi resonance, or the accidental
degeneracy of the symmetric stretch fundamental and the overtone of
the degenerate bending modes, which is observed through Raman spec-
troscopy [21-26]. For the argon complex, an overwhelming amount of
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research is focused on the van der Waals interactions [27-31]. Here,
two fundamental vibrations, the intermolecular bending mode and
the intermolecular stretching mode are observed experimentally with
energies of 27.818 cm~! and 37.5 cm~!, respectively [6,28]. Recent
theoretical investigations have confirmed these results [7,32]. Yet until
recently, few studies examined the intramolecular frequency shifts in
the complex [33]. One such recent experimental study explored the
intramolecular bending frequencies for the complex and observed a
slight symmetry breaking for the modes in the monomer due to the
presence of the Ar atom [34]. This splitting amounted to about a
0.87 cm™!, where, using experimental and simulated rotational spec-
troscopy, they observed the in-plane bend as slightly lower in energy
than the out-of-plane motion.

In order to correctly describe such fine vibrational structure, an
accurate potential energy surface is critical. Previously, we employed
permutationally invariant polynomials fit to electronic structure ener-
gies calculated at the CCSD(T) level of theory and aug-cc-pVTZ basis
set to develop a one-body carbon dioxide monomer potential energy
function (PEF), as well as a flexible-monomer two-body carbon dioxide
dimer potential [35]. Combined, these two PEFs were implemented
to determine the stable isomers for clusters of CO, molecules up to
and including the tridecamer [35]. Additionally, the accuracy of the
PEFs was confirmed through vibrational structure computations of the
CO, monomer, dimer and two trimer isomers (i.e., the barrel-shaped
and cyclic trimers) [36]. In the case of the monomer and dimer, our
previous data agreed quite well with the vast amount of experimental
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band assignments and energy levels. This agreement was extended even
to the Fermi dyad peaks in both the monomer and dimer [20]. For
the cyclic trimer, we were able to reassign a pair of intermolecular
vibrational motions that were previously incorrectly ordered based on
experimental observations. For the barrel-shaped isomer, we presented
the first theoretical or experimental exploration of the vibrational
modes using these new PEFs.

The choice of vibrational structure approach also plays an important
role in the accuracy of the theoretical vibrational energy levels. Often,
a hierarchy of vibrational structure methods - including the harmonic
approximation, vibrational self-consistent field (VSCF) theory, and vi-
brational configuration interaction (VCI) theory - is applied [37].
This choice amounts increasingly rigorous solutions to the vibrational
Hamiltonian. The accurate PEF and hierarchical vibrational structure
methods can be used to simulate the vibrational spectrum of the
chemical system. In this article, we develop a new flexible-monomer
two-body PES using a model function constructed from permutationally
invariant polynomials. This function is trained against ab initio energies
of the Ar——CO, complex. We then integrate this potential function
into the vibrational Hamiltonian and determine the vibrational energy
levels solved at the VSCF and VCI levels of theory.

2. Computational details
2.1. Potential energy surface

The potential energy function (PEF) used in the present work was
constructed using permutationally invariant polynomials fit to the elec-
tronic energies of the carbon dioxide monomer and the argon—carbon
dioxide dimer. Previously, we developed the one-body PEF for the
CO, monomer using a sixth-degree symmetrized polynomial function
fit to over 170,000 configurations of CO, monomers computed at the
CCSD(T)-F12b level of theory with the aug-cc-pVTZ basis set [35]. This
combination of theory and basis set approaches the most accurate theo-
retical computations for the molecule. In the current work, we develop
the two-body PEF for the Ar—CO, dimer by employing a fifth-degree
polynomial function consisting of intramolecular and intermolecular
exponential functions for each of the six interatomic distances in the
complex. Nonlinear coefficients (k) for unique interatomic interactions
were also included in the exponential functions below:

ékim‘ra = ekinlmd (l)

Einter = eFinerd /d. )

The fifth-degree function built from a linear combination of 222 unique
symmetrized polynomials was generated from these exponentials, along
with linear coefficients. Thus the two-body potential not only accounts
for the intermolecular dynamics in the Ar—CO, complex, but also for
the intramolecular degrees of freedom of the CO, molecule. The entire
function can be found in the authors’ GitHub repository.

A training set of 66,336 unique Ar—CO, configurations was com-
puted at the CCSD(T)-F12b/aug-cc-pVTZ level of theory and basis set
with the Molpro software package [38]. The training set was gen-
erated using a three-dimensional grid (the grid parameters included
the intermolecular distance, the intermolecular bend angle, and the
intramolecular carbon-oxygen distance), projections along the normal
and combination modes of vibrations from the global minimum energy
(T-shaped) structure, and random configurations where both the in-
termolecular and intramolecular parameters were varied. The shortest
argon-carbon distance in the training set was 2.5 A and the longest
distance was 6.0 A. The most repulsive configuration had an interaction
energy of 492.2 kcal mol~!. All of the configurations can be found in
the authors’ GitHub repository.

This training set was used to fit the flexible-monomer two-body
PEF. Linear and non-linear coefficients were optimized via Tikhonov
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Fig. 1. The intermolecular potential energy surface of the Ar-CO, complex is shown
with a contour spacing of 10 cm~'. The minimum energy (—195.96 cm™!) structure is
located at R = 3.436 A and 6 = 89.99°. Intramolecular CO, bond distances are held
fixed.

regularization,[39] minimizing the weighted sum of the squared errors
according to the following equation:

7= Z w, [Vmo‘lel(n) - me(n)]2 +I 2 ci. 3
n k

Here, k runs over the list of linear coefficients, n runs over the list of
training set configurations, and I" represents the regularization term,
set to 5.0 X 1072, which mitigates overfitting. The model and reference
energies for the nth configuration are given as V™% (n) and V' (n),
respectively. The weighting factor (w,), which stresses configurations
with lower total energies, is expressed as:

2
_ AE
w(E)_<E—E +AE> ’ @

min
where E,.;, is the minimum energy value, and AE, set to 10 kcal
mol~!, is the energy range for selecting the subset of emphasized
configurations.

The fit of the model potential, shown in Table 1 is strikingly accu-
rate with respect to the reference energies, especially in the low-energy
range. The optimized linear and nonlinear parameters resulted in a 2
value of 5.2600 (kcal mol~1)? and a mean absolute error of 6.362 cm™1.
The largest deviation from the training set energies within the low-
energy range was 37.5813 cm~!. The optimized model potential was
compared to a test set 11,533 configurations. The resulting agreement
between the model energies and the test set energies is also shown in
Table 1. Notably, the root mean squared error, mean absolute error,
and maximum error were comparable in the training and the test sets.

2.2. Vibrational Schrédinger equation

The argon—carbon dioxide complex PES is included in the vibra-
tional Hamiltonian with general curvilinear coordinates. This Hamilto-
nian is separable and can be decomposed into its kinetic energy and po-
tential energy terms [40,41]. In this article, we employ the notation in-
troduced by Strobusch and Scheurer [40,41] to refer to the many-body
expansion orders for Hamiltonian terms, as V(Oy)/T(Oy, Ok, Oyg,
OVg). These components refer to the potential energy term (V), on-
diagonal (M) and off-diagonal (K) elements of the kinetic energy
operator G' matrix terms, the VG term, and the pseudo-potential term,
commonly denoted as V,. For the Ar—CO, complex, we employ a
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Table 1
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The fitting accuracy for the Ar—CO, two-body energy function. The root mean squared error (RMSE), mean absolute error (MAE), and

maximum errors (MAX) are shown over the entire training and test set and for the low-energy configurations of each in units of cm

-1

The y? value has units of (kcal mol~')?. The low parameters only include structures with energies within the AE range. The RMS
errors, mean absolute errors and maximum errors are given in kcal mol~', and the y? term has units of (kcal mol~1)2.

Configs. RMSE RMSE low MAE Ve MAX MAX low
Training set 66,336 36.2628 1.45303x102 6.362 5.2600 1525.74 37.5813
Test set 11,533 42.4325 3.03390%103 6.705 - 1511.16 41.4812
reduced-dimensional vibrational Hamiltonian, V(3)/T(3,3,3,3). At the Table 2

VSCEF level, this reduced-dimensional Hamiltonian is nearly exact com-
pared to the full expansion, V(6)/T(6,6,6,6,6). Because of the accu-
racy in the vibrational Hamiltonian and the simultaneous consider-
ation of the intermolecular and intramolecular degrees of freedom,
our approach in this work is unique and an improvement over other
theoretical procedures.

To solve the vibrational Schrodinger equation, the vibrational self-
consistent field (VSCF) [42-45] and the vibrational configuration inter-
action (VCI) approaches [46—48] are employed alongside the harmonic
approximation within the NITROGEN software package [49]. The VSCF
approach is exact when the Hamiltonian is additively separable and de-
fines solutions to the Schrodinger equation wavefunctions as products
of one-mode functions. The VCI calculations allow for the explicit con-
sideration of mode-mode interactions, which can be quantified through
evaluating the contributions to the wavefunctions. In this work, only
configurations with a maximum sum of VCI quanta less than fifteen
(a total of 38,760 VSCF configurations) were considered. At this level,
the vibrational frequencies are well converged. Excited state energies
and VCI configuration amplitudes can be found in the authors’ GitHub
repository (http://github.com/sodelab).

3. Results and analysis
3.1. Structural parameters

The global minimum for the Ar—CO, complex is T-shaped and is
located at an argon—carbon distance of R = 3.436 A, an argon—carbon—
oxygen angle of # = 89.99°, and an intramolecular carbon—oxygen
distance of oo = 1.1622 A, with a well depth of —195.9603 cm™=!. This
minimum is observed near the middle of Fig. 1. The authors’ GitHub
repository includes the global minimum geometry, whose values are
also listed in Table 2, alongside theoretical and experimental results
from the literature for comparison. We compare our optimized Ar—CO,
structural parameters to those obtained from potential energy functions
developed by Cui et al. [32] and Zhao et al. [7], which show good
overall agreement with the global minimum energy structure. The
theoretical structural parameters refer to the equilibrium structure , but
the experimental structural parameters refer to the zero-point energy
structure. This helps explain the slight discrepancy between the theo-
retical and experimental results. A second energy-minimum is found at
the edges of Fig. 1 and has a linear geometry. Here, the intermolecular
distance between the carbon and argon atoms is equal to 4.620 A, and
the well depth is —115.4254 cm~!. For the linear structure, the two
intramolecular rc bonds are nearly identical, with a bond length of
1.1623 A. This distance is slightly longer than the intramolecular bond
lengths in the T-shaped complex and in the isolated CO, monomer,
which we have previously shown to have an intramolecular bond
distance of 1.1622 A [20].

3.2. Intermolecular vibrational frequency region

The frequencies for the first five intermolecular vibrations, along
with their assignments, for the T-shaped Ar—CO, complex are presented
in Table 3. Two fundamental vibrations are observed in this region: the
intermolecular bend (v,) and the van der Waals stretch (v,). We observe
the bend fundamental as the lowest vibrational excitation at all levels of

The structural parameters of the ground state minimum of the Ar—-CO, complex.
The experimental parameters refer to the zero-point energy structure, while the
other theoretical parameters are for the minimum-energy structure.

R 0 rco Energy
Cui et al. [32] 3.440 90.0 - -200.97
Zhao et al. [7] 3.432 90.0 - —199.38
This work 3.436 89.99 1.1622 —195.96
Experiment [6] 3.5032 82.95

theory. And, as the level of theory increases and more anharmonicity
is accounted for, this vibrational frequency decreases to 27.08 cm™!
with the VCI method. This value agrees well with the experimental
value of 27.818 cm~! for the intermolecular bend vibration. The stretch
fundamental vibration is more energetic, and likewise shows a decrease
in energy as the vibrational structure approach is improved. The VCI
frequency is computed at 33.61 cm™!. No direct experimental measure-
ment exists for this mode; however, an experimental estimate places
this frequency at 37.5 cm™!, slightly higher than our VCI value [6].
Our results more closely agree with the theoretical excitation energies
obtained by Cui et al. [32] and Zhao et al. [7], shown in Table 3,
which are both around 34 cm~!. Given the estimated nature of the
experimental result for this mode, the theoretical predictions are likely
closer to the true value. Furthermore, it should also be noted that
the experimental frequencies in this region were only observed by
exploring combination bands in the CO, asymmetric stretch region,
which we will discuss later.

Three combination and overtone vibrations, also found in the inter-
molecular region of the complex, are shown in Table 3. In increasing
energy, they are the intermolecular bend overtone (2v,), the bend and
stretch combination (v, + v,), and the van der Waals stretch overtone
(2v,). With VCI, the vibrational frequencies relax compared to VSCF
and are found at 51.60, 53.12 and 62.73 cm™!, respectively. Again,
these results agree well with the previous theoretical spectra proposed
by of Cui et al. and Zhao et al. although our frequencies are slightly
less energetic than theirs by no more than about 1 cm~!. The VCI
coefficients for each of these vibrational frequencies can be found in
the authors’ GitHub repository (http://github.com/sodelab).

3.3. Intramolecular vibrational frequency region

The frequencies in the intramolecular region of the T-shaped
Ar—CO, complex are presented in Table 4. The first eight frequencies
listed in the table belong to the intramolecular vibrations of the
CO, molecule alone. Four of these represent fundamental modes: the
in-plane intramolecular bend (v;), out-of-plane intramolecular bend
(v;), symmetric stretch (v;) and asymmetric stretch (v;). Additional
intramolecular vibrational frequencies — only a few of which are shown
— arise due to overtones, combinations and the Fermi resonance of these
fundamental vibrations. We also present combination bands consisting
of the intermolecular motions discussed in Section 3.2 with the asym-
metric stretch fundamental. These values provide a useful comparison
to the values from Table 3, especially in the case of experiment. A list
of all of the vibrational frequencies in this region is provided in the
authors’ GitHub repository (http://github.com/sodelab).

The two bending modes, shown in Table 4, are observed to have
frequencies around 668 cm™!, at the VCI level. Previously for the iso-
lated monomer, we found the degenerate bending modes at 667.8 cm ™!
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Table 3
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The intermolecular vibrational energy levels (in cm™!) of the Ar-CO, complex obtained with the harmonic
approximation, VSCF, and VCI methods are compared to experimental and theoretical values from the literature. The
intermolecular stretch frequency denoted below is not a direct experimental measurement, but instead a theoretical
estimation based on the approximate experimental structure.?

HAR VSCF VCI Expt [6,28]. Cui et al. [32] Zhao et al. [7]
A 33.19 28.98 27.09 27.818 28.074 27.781
Vg 42.93 37.10 33.61 37.5(7)* 34.186 34.012
2v, 54.69 51.60 52.857 52.276
vy + v, 64.37 53.12 54.040 53.497
2v, 69.17 62.73 63.250 62.722
Table 4

The intramolecular vibrational energy levels (in cm™!) of the Ar—CO, complex obtained with the harmonic
approximation, VSCF, and VCI methods. Note that unlike in the isolated CO, monomer, the bending modes, v?
and v}, are no longer degenerate. The Fermi dyad bands are denoted.® The experimental bending frequencies are
obtained by adding the energy splittings [34] to the free CO, monomer bending frequency [11].

HAR VSCF VCI Expt [28,34,50]. Zhao et al. [7]
Vi 672.08 669.59 667.60 667.380°
vy 673.05 670.28 668.43 668.257°
2v3 / 2v, 1284.982
2v, 1339.35 1337.47
2vy 1340.52 1337.47
v+ vy 1341.60 1337.46
vy 1352.43 1349.43 1388.72°
V3 2394.04 2353.10 2347.88 2348.673
Vit v, 2382.02 2374.81 2376.491 2376.4910
v3 + v 2390.21 2381.47 2382.685
v3 +2v, 2407.67 2399.50
V34 v, + v 2417.41 2401.55
vy +2v 2422.27 2410.80

at the same level of theory,[20], and they were observed experi-
mentally at 667.380 cm~! [11]. Notably, the bending modes are no
longer degenerate in the Ar—CO, complex, and a slight splitting of
the mode frequencies is observed at all levels of theory of about
1.0 cm~!. Additionally, the in-plane bend is less energetic than the
out-of-plane bend in all of our calculations, which agrees with a recent
experimental investigation on the matter. In this previous work, the
in-plane intramolecular bend frequency was observed 0.8773(1) cm™!
below the out-of-plane frequency [34]. The bending frequency values
in Table 4 are obtained by adding this difference to the energy level of
the experimentally determined isolated monomer bending mode. Our
current results show the same qualitative and quantitative agreement
for the sign and magnitude: at the VCI level, the in-plane frequency is
0.83 cm~! below the out-of-plane frequency.

The remaining fundamental frequencies in the intramolecular re-
gion remain mostly unchanged compared to the isolated CO, monomer.
The asymmetric stretch frequency in the complex is detected at
2347.72 cm~! at the VCI level, whereas in the isolated CO, molecule,
this excitation energy is found at 2346.7 cm~! with the same level
of theory. Experimentally, the asymmetric stretch fundamental for the
complex has a frequency of 2348.673 cm~!, while the frequency for
the isolated CO, monomer is 2349.2 cm™! [11,50]. Notably for the
experiment, the trend of the vibrational energies upon complexation is
inverted relative to the theoretical results. Even though VCI was applied
for both the isolated monomer and the complex, the choice of coordi-
nate frame was different. For the isolated monomer, the vibrational
Hamiltonian was solved using Cartesian coordinates, which essentially
eliminates the KEO expression compared to the more complicated form
of the Hamiltonian involving internal coordinates. For the latter, the
KEO must be solved explicitly, and it is likely that this difference
in treatment partially explains the inverted relative frequencies. That
said, the discrepancy is only a few wavenumbers in magnitude. In the
symmetric stretch region with VSCF, the fundamental frequency for
the complex is found at 1349.43 cm~!, compared to 1340.4 cm~! in
the isolated molecule [20]. Due to mode mixing, there is no experi-
mental comparison for this fundamental frequency, however its Fermi
resonance can be explored in detail.

Two Fermi dyad peaks are observed at 1284.98 cm~! and
1388.72 cm~! in the VCI spectrum. These frequencies correspond to
the accidental degeneracy of the bending overtones (2v5 / 2\/;) with
the symmetric stretch fundamental. There also are three other bending
overtones (shown at 1337.47 and 1337.46 cm~! in the VCI spectrum),
which due to their angular momentum about the molecular axis are
less symmetric and thus do not participate in mode splitting. The two
Fermi resonance frequencies are nearly unchanged from their values
in the isolated monomer, which we previously found to be 1284.7 and
1388.7 cm™! [20]. Clearly the slight splitting of the bending peaks has
little to no effect on the Fermi splitting. To confirm this, we show the
coefficients of the VCI wavefunction for the Fermi dyads below:

VeI _ VSCF VSCF VSCF
WU = 0T3S 4 0.47W0CT 4+ 040w T 4 oo )
and
ver o _ VSCF _ VSCF _ VSCF | .
T2v;/2vg = 0.68’{’vI 0.52T2V£ O.SITZV; + 6)

These coefficients are strikingly similar to those calculated for the
CO, monomer. The main difference, other than the non-degeneracy
of the bending modes, is that the mode contributions for the dyad
peaks are swapped. Here for the Ar—CO, complex, the more energetic
dyad (#)“") has more v, character than the less energetic dyad. The
opposite is true of the bending modes, which contribute more to the
less energetic dyad. For the isolated molecule, we observed the opposite
composition. Unfortunately, given the sensitivity of VCI coefficients
to the PES, the choice of coordinate frame, and the treatment of the
molecular Hamiltonian, broad conclusions are hard to draw from these
minute differences.

Since we have for the first time employed the complete PES for
the Ar—CO, complex in the vibrational Hamiltonian, we are able to
evaluate the combination bands between the intermolecular and in-
tramolecular interactions, notably in the asymmetric stretching region,
shown as the last five vibrational modes in Table 4. These combinations
bands can be compared to the intermolecular frequencies in Table 3,
once the asymmetric stretch frequency is accounted for. We observe
the same ordering of the intermolecular motions in the asymmetric
stretching region as in the intermolecular region: v,, vy, 2v,, v, + v,
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and 2v,. The resulting frequencies at the VCI level are the following:
26.93, 33.59, 51.62, 53.67, and 62.92 cm~!, respectively. The largest
discrepancy between the frequencies in the asymmetric region and the
intermolecular region is only about 0.5 cm~!. This data clearly points
to the effectiveness of the separate treatment of the intermolecular and
intramolecular frequencies for the complex, as well as to the overall
accuracy of our PES.

4. Discussion and conclusions

We have presented a new flexible-monomer two-body PES for the
Ar—CO, complex fit to the interaction energies of the system evaluated
at the CCSD(T)-F12b level of theory with the aug-cc-pVTZ basis set. A
T-shaped global minimum and a linear local minimum were found for
the complex. The vibrational structure of the T-shaped complex was
obtained using a many-body expansion of the vibrational Hamiltonian
solved at the VSCF and VCI levels of theory. In the intermolecular
region of the vibrational spectrum, the frequencies were accurately
reproduced compared to both experiment and previous theoretical
results. Also, we presented the first vibrationally correlated treatment
of the intramolecular frequencies in the Ar—CO, complex, including
the characteristic Fermi resonance and the symmetry breaking of the
non-degenerate bending modes. The in-plane bending mode was found
to have an energy 0.83 cm~! lower than the out-of-plane bend, which
nearly exactly matches with experiment. The remaining fundamental
intramolecular vibrations experience relatively small shifts from the
isolated CO, monomer of no more than one wavenumber. Lastly, the
intermolecular combination bands in the asymmetric stretch region are
only slightly shifted compared to the frequencies in the intermolecular
region, which is strong evidence for the viability of the separate treat-
ment of the intermolecular and intramolecular modes in the Ar—CO,
complex. Investigations of the van der Waals interactions in similar
rare-gas complexes of CO, are currently underway in our lab.
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