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ABSTRACT

Understanding the vibrational structure of the CO; system is important to confirm the potential energy surface and interactions in such van
der Waals complexes. In this work, we use our previously developed mbCO2 potential function to explore the vibrational structure of the
CO; monomer and dimer. The potential function has been trained to reproduce the potential energies at the CCSD(T)-F12b/aug-cc-pVTZ
level of electronic structure theory. The harmonic approximation, as well as anharmonic corrections using vibrational structure theories such
as vibrational self-consistent field, vibrational second-order Mgller-Plesset perturbation, and vibrational configuration interaction (VCI), is
applied to address the vibrational motions. We compare the vibrational results using the mbCO2 potential function with traditional electronic
structure theory results and to experimental frequencies. The anharmonic results for the monomer most closely match the experimental data
to within 3 cm™, including the Fermi dyad frequencies. The intermolecular and intramolecular dimer frequencies were treated separately
and show good agreement with the most recent theoretical and experimental results from the literature. The VCI treatment of the dimer
vibrational motions accounts for vibrational mixing and delocalization, such that we observe the dimer Fermi resonance phenomena, both in
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the intramolecular and intermolecular regions.
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I. INTRODUCTION

The extensive amount of scientific interest in the carbon diox-
ide molecule is due to the monumental impact it has on our everyday
lives. Most notably, CO; is a major greenhouse gas and thus a sig-
nificant cause of anthropogenic climate change. Also supercritical
CO; plays an important role in industrial applications as an environ-
mentally friendly solvent. Crucial to understanding these processes
is understanding the intra- and intermolecular interactions that gov-
ern this molecule. In particular, the weak van der Waals interactions
are quite difficult to describe but are necessary to explore large scale
interactions such as in clusters or in the condensed phase. Vibra-
tional spectroscopy represents one of the most sensitive techniques
to probe these relatively weak interactions. This approach, in all
of its different forms, can provide necessary information about the

potential energy surface (PES) of the complexes including the rota-
tional and vibrational dynamics and vibrational band shifts upon
complexation, all of which provide insight into the underlying
chemistry of the CO; system.

The vibrational degrees of freedom of the isolated carbon diox-
ide molecule have been extensively studied with a variety of spec-
troscopic experimental methods.' © The monomer has four normal
modes of vibration including the symmetric stretching mode, vi,
the asymmetric stretching mode, v3, and two degenerate bending
modes, v, and v;, which have been precisely identified in the lit-
erature. Even the accidental degeneracy of the symmetric stretch
fundamental and the first bending overtone (the textbook example
of Fermi resonance) has been explored at length in the experimental
literature.” ' Likewise, the dimer has long been the focus of experi-
mental investigations, mainly by infrared spectroscopy.'”™” What is
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especially interesting about this system is the large-amplitude inter-
molecular vibrations. The four fundamental intermolecular dimer
modes are the antisymmetric in-plane bend (v,), the out-of-plane
torsion (v},), the symmetric van der Waals stretch (v.), and the sym-
metric in-plane bend (v,). These motions are particularly difficult
to interpret since they exist in the low-frequency terahertz region of
the vibrational spectrum, and until recently, the experimental data
here were sparse. However, in the past few years, Moazzen-Ahmadi
and co-workers have described five intermolecular vibrations for
this species using a combination of theoretical and experimental
data. 18,19

Theoretical studies on the vibrational structure of the isolated
CO; monomer are as numerous as experimental studies. Often, a
quartic force field (QFF) PES, constructed at various levels of elec-
tronic structure theory, is used to explore this system.”” ** To date,
however, the best theoretical results were obtained with a Gauss-
Hermite quadrature grid using a PES computed at the coupled clus-
ter singles and double with perturbative triples [CCSD(T)]/complete
basis set (CBS) limit and accounting for vibrational anharmonicity.”
At this level of theory for the monomer, the vibrational energy lev-
els, including the Fermi dyad peak positions, were determined to
within only a few wavenumbers of the experimental band assign-
ments. For the CO, dimer, several theoretical techniques have been
used to describe the complex vibrational spectrum.”® " Specifically,
Bukowski et al. determined the intermolecular vibrational frequen-
cies using a PES derived from symmetry-adapted perturbation the-
ory.”' Also, the seminal paper by Chen and Light used a discrete vari-
able representation (DVR) in a spherical harmonic basis to address
these large-amplitude motions.”” Most recently, Wang et al. gen-
erated a rigid-monomer four-dimensional CO, dimer PES calcu-
lated at the (AE)-CCSD(T*)-F12b/CVQZ-F12 level and employed
a DVR basis to determine the anharmonic vibrational structure of
the intermolecular motions.”” Their results were used to help iden-
tify the combination bands in the asymmetric stretching region of
the infrared spectrum.'” The majority of the literature work for the
dimer is restricted to the rigid monomer motions and lacks a flexible
monomer treatment. As such there are few results that describe the
intramolecular region of the CO; dimer.

Recently, one of the current authors developed a flexible-
monomer two-body potential energy function (PEF) for carbon
dioxide.” This new potential, termed mbCO2, was constructed by
fitting permutationally invariant polynomials to CO, monomer and
dimer configurations calculated at the CCSD(T)-F12b/aug-cc-pVTZ
level of electronic structure theory. This procedure has recently
shown to be effective at accurately describing the PES for many small
molecular systems, including water,”” " methane,”’ and the hydro-
nium ion”' to name a few. Here, the mbCO2 potential has been
shown to accurately predict the PES of small clusters of CO, much
larger than the dimer and thus is appropriate to predict the vibra-
tional structure of CO, systems as well. Again, given the sensitivity
to not only the relative energy but also the shape of the PES, vibra-
tional structure prediction points toward the true accuracy of the
PES.

The most straightforward vibrational structure approach is
the harmonic approximation since it treats each normal coor-
dinate as a non-interacting harmonic oscillator. This frame-
work provides a reference solution, which neglects both the
anharmonicity in the one-dimensional PES and the coupling
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between vibrational degrees of freedom. Fortunately, modern vibra-
tional structure methods, especially those that explicitly treat
the correlation between modes (vibrational correlation meth-
ods), can remedy this deficiency. These methods, including vibra-
tional self-consistent field (VSCF) theory, vibrational second-order
Moller-Plesset perturbation (VMP2) theory, and vibrational con-
figuration interaction (VCI) theory, are constructed in similar
ways to their electronic structure counterparts and represent
a hierarchy of increasing accuracy. The choice of coordinate
space is also crucial for an accurate depiction of the vibrational
degrees of freedom. In most cases, rectilinear (Cartesian) coordi-
nates can be employed. This choice is especially effective when
addressing rigid intramolecular motions; however, the slow, floppy
motions of the intermolecular region are best described by curvi-
linear coordinates.”” " In this work, we use both internal and
Cartesian coordinates to separately treat the large-amplitude low-
frequency motions and the rigid intramolecular vibrations, respec-
tively. This article focuses on combining these existing meth-
ods with the recently developed mbCO2 potential in order to
fully understand the vibrational structure of the carbon dioxide
monomer and dimer. We also employ a hierarchy of vibrational
structure methods paired with different PES approximations in
order to make the most accurate predictions of the vibrational
frequencies.

Il. METHODOLOGY

A. Potential energy surface

The majority of the potential energy calculations in this work
were performed with a variant of the previously developed flexible-
monomer two-body potential function, mbCO2.” Instead of the
fifth-degree polynomial function used for two-body interactions,
however, a slightly less flexible, fourth-degree polynomial poten-
tial energy function (PEF) was employed. This substitution was
due to two factors: (1) the new PEF is more efficient, which, given
the number of CO, energy calculations, amounts to a substantial
speedup and (2) the fourth-degree polynomial is smoother, ensuring
the higher numerical derivative terms are stable and non-divergent.
This new PEF can be found in the supplementary material. Con-
tour plots of the dimer PES are shown in Fig. 1 along the four
characteristic coordinates (01, 62, ¢, R), where the global energy
minimum is found at 6; = 6, = 58.3°, ¢ = 0°, and R = 3.66 A.
The CO, monomer and dimer were optimized using this poten-
tial, and the harmonic vibrational frequencies were obtained. For
both the geometry optimizations and the vibrational frequency cal-
culations, numerical energy derivatives were performed with the
central difference approach and a step size of 5.0 x 107> A. Also,
ab initio electronic structure calculations at the CCSD(T)-F12b
level of theory were performed on the carbon dioxide monomer
and dimer with the aug-cc-pVQZ basis sets using the MOL-
PRO software package.”” Again, each of these molecules was opti-
mized, after which the harmonic frequencies were numerically
calculated.

For the vibrational structure calculations, we approximated
the full PES of the CO, monomer and dimer using both a quartic
force field (QFF) and Gauss-Hermite quadrature (grid). The QFF
is defined as a Taylor series expansion of the minimum energy
geometry truncated after fourth-order and is written as
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FIG. 1. Intermolecular potential energy surface of the CO, dimer near the minimum energy structure (—522.8 cm=") with a contour spacing of 20 cm~". The fourth degree
mbCO2 potential function®* was used. In each plot, all other coordinates, including the intramolecular bond distances, are held fixed.

n 1 n 1 n
VI = v+ Y @i+ 5 2 hiQiQ + ¢ 3 tirQiQQ
i if

ijk

1 n
t o > uiQiQ Q. 1)

ijkl

The Q terms represent the mth normal coordinate, and the units
are in A u"?. The gi> hijy tijx, and wy terms represent the lin-
ear, quadratic, cubic, and quartic force constants, respectively.
These were obtained numerically using the mbCO2 potential with

a step size of 5.0 x 10> A. One, two, and three mode coupling
representations (IMR, 2MR, and 3MR, respectively) were also
employed. The Gauss-Hermite quadrature representation takes the
following form:

VOIS STVHQ) + D Vi(Qu Q) + Y Vir(Qu @ Qe), ()
i=1 i<j i<j<k

where

Vi(Q) =V(Q1=0,...,Qi,...,Q, =0), (3)
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Vi(Qi) =V(Qi=0,...,Qp...,Qjs...,Qu = 0), (4)

and

Vijk(Qijk)EV(Ql:O,...,Q,‘,...,Qj,...,Qk, .,ano). (5)

Thereby, the PES is expanded along the normal coordinate axes,
including up to the three mode coupling representation. Each
expansion term includes 11" grid points, where 7 is the number
of coupled modes. Thus for the V(Qi, Qj, Qx) normal coordinate
potential, 1331 grid points were evaluated for each unique combina-
tion of mode triplets. The mbCO2 function was used to evaluate the
single point potential energies at each grid point.

B. Coordinate system

Two separate coordinate systems were exploited in this study:
rectilinear Cartesian coordinates and general curvilinear internal
coordinates. The reason for the two distinct coordinate frames was
to address the different types of vibrational motions. In partic-
ular, the large-amplitude floppy motions exhibited by the inter-
molecular modes are best-suited for a curvilinear description. Con-
versely, the rigid motions of the intramolecular vibrations can be
described straightforwardly by Cartesian coordinates. Furthermore,
the degeneracy of bending modes poses problems for the internal
coordinate description.”® The linear structure of the CO, molecule
results in singularities in the kinetic energy operator of the curvi-
linear frame Hamiltonian causing the discrete variable approxima-
tion to break down. Also in the Cartesian frame, the rovibronic
couplings are typically ignored for efficiency; however, neglecting
the rovibronic energy levels is not feasible with general internal
coordinates.

The rectilinear normal coordinates were computed in terms
of mass-weighted Cartesian displacements. This coordinate frame
has consistently been shown to reliably treat the intramolecular
rigid motions of isolated small molecules. When the interactions
between vibrational motions are considered (e.g., with vibrational
structure methods), the calculated frequencies closely match exper-
imental band positions.” For the energy level calculations of the
monomer and the dimer intramolecular vibrations, we employ rec-
tilinear normal coordinates implemented in the SINDO***" and
MAVTI’"”* programs.

For the intermolecular dimer frequencies, general curvilinear
internal coordinates were employed using the NITROGEN pro-
gram.” The reduced-dimensional treatment of the dimer vibra-
tions is justified due to the small coupling between the intra- and
intermolecular modes. This has been remarked on by many pre-
vious studies, especially in the case of water molecules, 7>
and the same reasoning applies here. The reduction in the number
of degrees of freedom also benefits computation efficiency, allow-
ing for the implementation of higher levels of vibrational structure
theory.

C. Vibrational Schrédinger equation

The literature describing vibrational structure theory is very
thorough, and the reader is directed there for a more exhaus-
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tive explanation of the methodology.” ™ A brief introduction is
included here as a refresher.
The aforementioned potential energy surfaces (QFF, grid) are

included in the following vibrational Hamiltonian:

1 &
=32 5q HV(Q: (6)

This formalism neglects the rovibrational couplings of the com-
plete Watson Hamiltonian®’ but has proven very effective at accu-
rately addressing the vibrational frequencies of many molecular sys-
tems.””"*°! Here, we use the vibrational structure formalism within
the SINDO™’ and the MAVI programs.”’ However, one of the
drawbacks of this Hamiltonian is that it performs poorly when com-
puting the large amplitude motions typically found in intermolecu-
lar vibrations. For such cases, the complete Watson Hamiltonian is
preferred.

Solving the above truncated Hamiltonian and the more com-
plete Watson Hamiltonian can be performed using a suite of
vibrational structure methods. The vibrational self-consistent field
(VSCF) method® ™ is inexpensive and exact when the Hamilto-
nian is additively separable. More accurate vibrational correlation
methods, including vibrational second-order Moller-Plesset pertur-
bation theory (VMP2)"">”" and vibrational configuration inter-
action (VCI),” " explicitly account for the interactions between
molecular vibrations. All of these procedures are constructed and
implemented in similar ways to their electronic structure counter-
parts. For instance, the VSCF wavefunction is represented as the
product of modes as

Q) = [Tl (Qu) 7)
k

where n represents the quantum number of the kth mode. Solving

the VSCF equation below yields the one-mode function, go,,k , and

the energy, egk), as

o) - 052, @
i#k j*k

Again since the VSCF approach does not explicitly account for
mode-mode coupling, it is typically less accurate than the vibra-
tional correlated methods. Also, it fails to describe phenomena aris-
ing from mode-mode coupling, e.g., Fermi resonance. The equations
for VMP2 and VCI can be obtained straightforwardly from here and
are found elsewhere in the literature.””>”"** %

Ill. RESULTS
A. Monhomer

We first present the vibrational structure results of the CO,
monomer to showcase the spectroscopic accuracy of the mbCO2
potential compared to the best available theoretical and experimen-
tal data.” Previously, the best theoretical estimate” was obtained by
a mixed QFF and quadrature PES obtained at the CCSD(T) com-
plete basis set extrapolated level of theory with vibrational corre-
lation accounted for by the VCI method. The vibrational frequen-
cies of the isolated CO, molecule are outlined in Table I, where
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TABLE I. The low-lying vibrational energy levels in cm—" of the CO, monomer obtained with the harmonic approximation,
VSCF and VCI methods compared to the best theoretical and experimental estimates.

Method v2(01'0) v1(10°0) v3(02%0) v3(02°0) v3(00°1)
CCSD(T)-F12b/aVQZ/HAR 673.4 1354.4 1346.8 2396.4
mbCO2/HAR 673.0 13522 1346.0 2393.4
mbCO2/QFF/VSCFE 668.5 1340.2 1337.0 2350.9
mbCO2/grid/VSCF 668.8 1340.4 1341.7 ... 2352.0
mbCO2/QFF/VCI 667.3 1284.0° 1334.6 1388.1° 2346.0
mbCO2/grid/VCI 667.8 1284.7 1336.9 1388.7° 2346.7
Rodriguez-Garcia et al.” 669.1 1288.9" 1339.6 1389.3" 2349.2
Expt." 667.4 1285.4° 1335.1 1388.2° 2349.2

*Fermi doublet.
YReference 25.
“Reference 4.

results at the VSCF and VCI levels are displayed using both the QFF
and quadrature (grid) potential surfaces. The VMP2 results and a
more exhaustive set of VSCF and VCI frequencies can be found in
the supplementary material.

For the frequencies obtained at the harmonic approximation,
the bending and asymmetric stretching modes agree fairly well when
compared to experimental results. The difference in energy is less
than six wavenumbers for the degenerate bending modes (experi-
mentally observed at 667.8 cm™') and about 45 wavenumbers for
the asymmetric stretch mode (found experimentally at 2349.2 cm™),
which amount to percent errors of just over 2%. The lack of
mode-mode coupling in this approximation prohibits the descrip-
tion of Fermi resonance between the symmetric stretch fundamen-
tal and bending overtone. Instead, the harmonic approximation

the Fermi resonance phenomenon can be predicted. Two vibrational
bands arise from this phenomenon at 1284.0 and 1388.1 cm ™" with
the QFF potential and at 1284.7 and 1388.7 cm™' with the grid
potential. Somewhat fortuitously, these values more closely predict
the experimental energy levels than the theoretical best estimate. We
assume this is due to error cancellation from lack of basis set com-
pleteness. The reader is referred to Fig. 1 in Ref. 25, which shows the
convergence of each mode as a function of basis set size. Further-
more, the VCI wavefunctions of the Fermi doublet can be written to
show the strength and locality of mode coupling. According to the
results using the mbCO2 potential and the grid potential approxima-
tion, the VCI wavefunctions are described as a linear combination of
VSCF wavefunctions as

results predict the near degeneracies of these energy levels as YYo= —0.74\}’1\,’1SCF — 0.48(W)>CT + WIPH), 9)
expected, although the bending overtone agrees well with the unper- : ’

turbed 02°0 bending overtone found theoretically and experimen- and

tally. There is no direct experimental comparison for the symmetric Pyel - O.GSWXSCF _ 0.52(‘1’:%5@ " ‘I’X;CF). (10)

stretch frequency; however, the theoretical best estimate using the
VSCF method in Table I of Rodriquez-Garcia et al. was found to be
1343.0 cm™". This frequency is nearly identical to those of the VSCF
calculation performed in this work. Both the QFF and quadrature
procedures agree to within 4 cm™" at the VSCEF level of theory for
the symmetric vibration, and this excellent agreement is echoed for
the remaining fundamental and overtone frequencies when com-
pared to the experimental and theoretical best estimates. The dyad
peaks remain elusive, however, and require a vibrational correlation
treatment.

The VCI treatment represents the most complete depiction of
the mode-mode coupling of these vibrational motions and shows
improved accuracy compared to the harmonic and VSCF results
with respect to the experiment. The frequencies computed at this
level differ by no more than 4 cm~! from the observed frequencies,
even in the high frequency asymmetric stretch region (2346.0 cm™"
for QFF and 2346.7 cm ™! for grid). This amounts to about 0.1% error
for the VCI treatments. The slight improvement in the quadrature
procedure is attributed to the accurate description of the monomer
PES, where specifically 7825 unique grid points were evaluated. In
each VCI approach, since mode correlation is explicitly described,

Here, v and v, are the degenerate bending modes. The contribu-
tions from the v1 mode to each of the Fermi dyad wavefunctions
also helps explain the shared intensity of these vibrational peaks in
the Raman spectrum.””’’ The monomer data highlight not only the
systematic improvability of the vibrational structure methods but
also of the PES: the harmonic approximation is less accurate than
the QFF, which appears slightly less accurate than the quadrature
treatment. These facts will be used to accurately predict vibrational
energy levels of the intramolecular and intermolecular CO, dimer
modes.

B. Dimer intermolecular frequencies

For the vibrational motions of the minimum energy dimer,
we first focus on the low-frequency intermolecular modes. These
degrees of freedom are particularly difficult to describe due to their
large-amplitudes and delocalized nature. Nonetheless, their char-
acterization is crucial to understanding the van der Waals inter-
actions in the current system, as well as the combination bands
near 2400 cm™"."” The four fundamental intermolecular modes are
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FIG. 2. The four intermolecular fundamental vibrational modes of the CO, dimer
are shown. The antisymmetric in-plane bend-B, (a), the out-of-plane torsion-A,
(b), the symmetric van der Waals stretch-Ay (c), and the symmetric in-plane bend-
Aq (d) are qualitatively depicted.

shown in Fig. 2 and refer to the antisymmetric in-plane bend (v,),
the out-of-plane torsion (v;), the symmetric van der Waals stretch
(v¢), and the symmetric in-plane bend (v,;). The vibrational energy
levels of relevant modes in this intermolecular region, including
combination and overtones, were computed at various levels of the-
ory and reported in Table II alongside the theory and experiment
from the literature. The VSCF, VMP2, and complete list of VCI
results can be found in the supplementary material.

In Table II, the two lowest frequency modes, the in-plane
bend and the out-of-phase torsion (v, and v,,), are found within
4 cm™" of each another across all levels of theory and experiment.
The large majority of these reported values place the bending fre-
quency slightly lower in energy; however, the CCSD(T)-F12b/aug-
cc-pVQZ and mbCO2 harmonic data indicate the opposite ordering.
The results at the harmonic level are also significantly blueshifted

ARTICLE scitation.org/journalljcp

from the theory and experiment in the literature. The best experi-
mental estimate for these vibrational bands indicate energy levels at
22.26 and 23.24 cm™,"” which agree remarkably well with our VCI
results at 22.6 and 24.2 cm ™, respectively. Also, the energy differ-
ence is strikingly similar and slightly improved compared to other
theoretical studies.

Next, we consider the most energetic of the fundamental inter-
molecular vibrations: the symmetric in-plane bend. Experimentally,
this mode is found at 92.25 cm™", and most theoretical results that
account for some deviations from the harmonic approximation can
reproduce this frequency value to within 3 cm ™. For example, our
mbCO2/VCI results show an energy of 93.9 cm™" for this vibra-
tional motion. The harmonic approximation, on the other hand,
substantially overestimates the frequency of this mode. In partic-
ular, the mbCO2/HAR result (107.2 cm™) exhibits a 16% error
compared to the experimental value. This fact suggests the signifi-
cant anharmonicity of this vibrational motion. Furthermore, since
the mbCO2/VSCF frequency for this mode is 94.12 cm™!, which
closely agrees with the experimental result, it appears to exhibit rel-
atively weak coupling with the other motions in the intermolecular
region. In fact, the VCI wavefunction confirms this result (see the
supplementary material).

Finally, we explore the van der Waals stretch fundamental, v,
and the overtone of the antisymmetric in-plane bend, 2v,. These two
modes are grouped together because of their accidental degeneracy,
indicated in our VCI results. According to the mbCO2/HAR results,
the stretching mode has a frequency of 46.2 cm™", and even though
the bend fundamental is found at 30.0 cm™, placing the overtone
frequency near 60.0 cm™!, the CCSD(T)-F12b/aug-cc-pVQZ/HAR
and mbCO2/VSCF results suggest that this mode is significantly
less energetic. In fact, twice the mbCO2/VSCF antisymmetric bend
frequency amounts to 48.8 cm™, slightly more energetic than the
stretching vibrational energy level. These two modes also share the
same Ag symmetry. Thus, strong coupling would be expected as is
the case for the Fermi dyad in the CO, monomer. And in fact, we
see just that: two peaks are observed at 34.4 cm™ and at 49.6 cm™,
according to the mbCO2/VCI theory.

TABLE . The low-lying intermolecular vibrational energy levels in cm—" of the CO, dimer obtained with the harmonic
approximation, VSCF and VCI methods compared to the experiment and recent theoretical literature. The Fermi dyad peaks
are shown as v_ and v+ and are composed mainly of the 2v, and v modes.

CCSD(T)-F12b/avVQZ mbCO2 mbCO2  Chen and
Assignment HAR HAR VCI Light" Wangetal.”  Expt.
va(By) 22.5 30.0 22.6 19.69 20.64 22.26
vp(Ay) 19.9 26.6 24.2 22.62 24.44 23.24
v+(Ag) 42.2 49.6 48.6 40.84 46.07
Va + v5(Bg) . 455 41.01 4327
2v,(A,) 473 4435 48.20 .
v_(Ay) 34.4 29.45 32.34 31.509
va(Ag) 106.7 107.3 93.9 90 93.23 92.25

Reference 32.
PReference 33.
“Reference 19.
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This analysis is confirmed by interpreting the VCI wavefunc-
tions of the two motions

¥y = 07495 — 05195, 4o, (11)
and
¥y = 0.58% 5 +0.5293,F —0.39%, F - (12)

Even though substantial mixing is observed for the v_ and v, modes,
the leading contributions to the VCI wavefunctions of both are the
bending overtone and the symmetric stretch fundamental VSCF
wavefunctions. This is strikingly similar to the Fermi doublet for
the CO, monomer. The two main differences here are the magni-
tude of the splitting and the number of modes that contribute. It
should be noted that the VCI wavefunctions in Eqgs. (11) and (12)
only show VSCF contributions from modes with coefficients above
0.3. Also, care should be taken in interpreting these results since
these specific VCI eigenvectors are quite sensitive to small changes
in the computation (e.g., the PES, the level of theory, or the sepa-
rate treatment of intermolecular and intramolecular modes). Addi-
tional theoretical investigations would be helpful to confirm these
results. However, this mixing has also been observed in other studies
and makes combination mode assignment ambiguous.'”"" Since,
the v. VSCF wavefunction contribution to the v_ VCI wavefunc-
tion is larger than to the v, VCI wavefunction, one could reason-
ably refer to these modes as the v. and 2v, modes, respectively.
However, we have rejected this characterization due to the sub-
stantial mode delocalization and also due to the existing literature
classification.

C. Dimer intramolecular frequencies

Finally, we focus on the intramolecular modes of the CO,
dimer, whose frequencies are shown in Table III. The eight vibra-
tional motions are associated with in-phase and out-of-phase com-
binations of the four monomer modes. For instance, the two vibra-
tional frequencies in the asymmetric stretching region correspond
to motions where the CO, molecules are undergoing stretches

ARTICLE scitation.org/journalljcp

in-phase and out-of-phase. For the bending modes, two additional
categories of motions exist: parallel to the plane of symmetry (para.)
and perpendicular to the plane of symmetry (perp.), as depicted in
Fig. 3.

Starting with the mbCO2 harmonic results, the vibrational fre-
quencies of the dimer correspond well with the frequencies of the
monomer, especially if one accounts for the symmetry of the dimer
vibrations. That is, when a dimer mode has a similar symmetry
to the isolated molecule (e.g., Ag and Z;,r), the frequencies coin-
cide. For example, in the asymmetric stretching region, the in-phase
mode (B, symmetry) corresponds nearly exactly to the monomer
harmonic vibrational energy level (3} symmetry), 2392.0 cm™
and 2393.4 cm™, respectively, while the more symmetric out-of-
phase mode is observed more than 6 cm™' lower. The in-phase
symmetric stretching frequency at 1350.9 cm™' is compared to
13522 cm™! for the monomer, while the out-of-phase motion is
10 cm™ lower in energy. The in-phase parallel bend with simi-
lar symmetry to the monomer has a nearly identical energy to the
monomer motion, 673.4 and 673.0 cm™!, respectively. The remain-
ing bending frequencies show larger deviations. The in-phase per-
pendicular bend mode appears at 681.3 cm ™", while the out-of-phase
parallel and perpendicular bend are found at 672.5 and 668.6 cm™",
respectively.

Next, we present the fundamental VSCF and VCI intramolecu-
lar vibrational energy levels with the QFF and grid approximations.
These were also calculated at the 3MR level using the VSCF, VMP2,
and VCI methodologies, each with a QFF and grid PES. A complete
compilation of the results at all levels of theory can be found in the
supplementary material. Starting with the asymmetric modes, a red-
shift of the vibrational frequencies is observed compared to the har-
monic counterparts. Also, both potential approximations at the VCI
level show less energetic frequencies compared to the monomer. The
symmetric stretching fundamental frequencies are less affected by
the anharmonic treatment. We focus on the harmonic and VSCF
results here due to the Fermi splitting. Both the harmonic and grid
results show phase splitting of over 10 cm™ in this region, but the
QFF potential splitting is half of that, with values within the range
of the harmonic frequencies. Notably, the CCSD(T)-F12b/avVQZ

TABLE lIl. The intramolecular vibrational energy levels for the CO, dimer obtained with the harmonic approximation, VSCF

and VCI. Values are shown in cm—".

CCSD(T)-F12b/aVQZ  mbCO2 mbCO2 mbCO2 mbCO2 mbCO2
Mode Harmonic Harmonic QFF/VSCF Grid/VSCF QFF/VCI Grid/VCI
v1(Bg) 671.8 668.6 667.5 667.3 665.3 666.5
v2(Ay) 672.4 672.5 670.1 670.3 667.5 671.5
v3(By) 669.5 673.4 671.3 671.4 668.5 672.5
v4(Ay) 675.9 681.3 679.5 679.7 677.3 681.5
vs5(By) 1353.5 1340.0 1329.6 1329.8 1276.5" 1280.2°
ve(Ay) 13534 1350.9 1341.1 1341.4 1281.8" 1286.7"
v7(Ba) 1386.6°  1387.8"
vs(Ag) . . . . 13955°  1399.8"
V9(Ag) 2392.5 2385.8 2354.3 23554 2346.1 2336.0
v10(Bu) 2397.8 2392.0 2360.6 2361.6 2352.3 2342.2

*Fermi doublets.
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FIG. 3. The eight intramolecular fundamental vibrational modes of the CO, dimer are shown. The out-of-phase perpendicular bend-By (1), the out-of-phase parallel bend—A,
(2), the in-phase parallel bend-B, (3), the in-phase perpendicular bend-A, (4), the out-of-phase symmetric stretch-B, (5), the in-phase symmetric stretch-Ay (6), the out-of-
phase asymmetric stretch-Ag (9), and the in-phase asymmetric stretch-By (10) are all qualitatively depicted. The perpendicular and parallel bends are relative to the plane

of symmetry.

bending mode frequencies are also consistent with those of the
monomer, at all levels of theory. Specifically, the modes are slightly
redshifted. The out-of-phase para. bend and the in-phase perp.
bend are situated near 674 cm™', while the out-of-phase perp.
bend and the in-phase para. bend are found more than 10 cm™
less near 661 cm™". The results for the mbCO2/grid/VCI show an
increase in energy, however. On average, this blueshift amounts
to 20 cm™".

The VCI vibrational energies and wavefunctions again allow
for the exploration of the Fermi resonance phenomenon. In particu-
lar, the mbCO2/grid/VCI wavefunction coefficients [Egs. (13)-(16)]
show the contribution to the dyad peaks from the VSCF wavefunc-
tions

Wi = 080, 0479, — 0379 4 (13)

Wy = —0.75%)°F — 037950 + 0.36¥50 "
+0.3293, 7 — 0.25%5,F + -, (14)
Wy = 0,609, +0.60%) 5y, +0.53%) 0 + -, (15)
and
P 20,649, - 0.51¥5, +0.34950
+0.34%3, 7 — 0.3295, + .. (16)

For each of the VCI wavefunctions, the symmetric stretch VSCF
eigenfunctions are the leading contributions. The A; symmetry dou-
blet (v¢ and vg) is much more delocalized than the B, symmetry
doublet since significantly more VSCF modes contribute to these
peaks. We again stress the sensitivity of these VCI eigenvectors
to small changes in the computation and the value of additional
theoretical and experimental investigations.

IV. CONCLUSIONS

The mbCO2 PEF has been shown to accurately predict the
vibrational energy levels, including anharmonic effects, of the CO,
monomer and dimer. In particular, the agreement with the exper-
iment obtained for the monomer resembles the best theoretical
methodology to date and is within a few wavenumbers of the
observed frequencies, including the Fermi dyad peaks. The dimer
frequencies were separated into the intermolecular and intramolec-
ular motions and were also shown to be accurate compared to
the existing experimental data. In the intramolecular region, the
vibrational energy levels correspond closely to those of the isolated
monomer, and again Fermi resonance is observed for the dimer,
this time resulting in a pair of dyads. Notably, the infrared-active
asymmetric stretching frequency is redshifted by about 10 cm™,
which could complicate combination mode assignment. However,
we assume much of this change in energy is an artifact of the
PEF. The intermolecular modes match recently published experi-
mental and theoretical frequencies. However, we are able to show
the extent of mixing and delocalization of the intermolecular vibra-
tions through the VCI wavefunction. In particular, the v, and v_
modes are composed mainly of the van der Waals stretch and anti-
symmetric in-phase bend overtone VSCF wavefunctions. Thus, the
similarities with the Fermi resonance in the monomer and dimer are
striking.

Future work on the CO, system will focus on the two nearly
degenerate trimer isomers. These two experimentally determined
structures have been explored experimentally, but few results are
currently available for their vibrational spectra. Just as is the case
for the dimer, theoretical work is imperative for experimental band
assignments in the larger clusters. However, the number of degrees
of freedom in these systems pushes the limit of the theoretical meth-
ods available. The mbCO2 PEF provides a robust and efficient means
to determine and validate the vibrational structure for these types of
homogeneous CO; systems.
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SUPPLEMENTARY MATERIAL

See supplementary material for the complete QFF force
constants, VSCF, VMP2, and VCI vibrational frequencies. Also,
all of the manuscript data, including the supplementary mate-
rial, can be generated from the author’s GitHub repository
(https://github.com/sodelab). This repository contains all of the
necessary code involved in this manuscript as well as instructions
for downloading the other required software.
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