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ABSTRACT

Eleven feasible stationary points have been located on the potential energy surface of the ground
electronic state of (CO), with shapes H, |, T, V, X, and Z. The global minimum has a planar, slipped,
antiparallel arrangement of the atoms with a CC contact. There is a secondary minimum with an OO
contact. The first-order transition state connecting the two minima has a CO contact. The remaining
feasible stationary points are higher-order transition states. At intermediate levels of electronic struc-
ture theory, one can easily become lost in the web of polytopism. The relative energies of the most
important stationary points were determined with the help of the focal-point analysis scheme. The
relative energies are based on calculations up to the CCSDT(Q) level of electronic structure theory,
basis sets up to aug-cc-pV6Z, and the inclusion of so-called ‘small’ corrections due to core-core and
core-valence correlation, relativistic effects, and the diagonal Born-Oppenheimer correction. The
electronic interaction energy of the global minimum is —(hc)136.8(15) cm™', while the electronic
energy difference between the global and local minima is (hc)17.1(25) cm~". A detailed interaction
energy analysis via symmetry-adapted perturbation theory suggests that the bonding in the dimer
arises primarily from dispersion rather than electrostatics.
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1. Introduction
especially the (high-resolution) spectra of the CO dimer

Notable features of loosely bound van der Waals (vdW)
complexes include not only the possibility of vanish-
ing energy differences and small barrier heights between
minima and other stationary points (SP) on their poten-
tial energy surfaces but also the exciting possibility that
even the lowest vibrational and the rotational motions
cannot be cleanly separated. Among the vdW com-
plexes, the CO dimer stands out as a fascinating system,
even called ‘mysterious’ by some high-resolution spec-
troscopists [1], that exhibits all the features mentioned.
The structure, the bonding, the nuclear dynamics, and

have intrigued the scientific community for decades
[1-41].

As for the experimental spectroscopic studies on the
CO dimer, the lack of clearly recognisable line patterns
in the observed high-resolution spectra suggested [1,
32] that the CO dimer is a highly nonrigid species;
thus, it might be considered a fluxional [42] or qua-
sistructural [43] molecule, a supposition confirmed by
sophisticated variational nuclear-motion computations
[24, 29, 33]. Millimetre-wave (MMW) spectroscopists
were able to identify rotational levels of both positive
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and negative parity [1, 14, 25, 29]. It is an intrigu-
ing historical fact that these levels were first incor-
rectly interpreted as the splitting, due to tunnelling,
of the vibrational ground state of a single (CO), iso-
mer [1, 25]. The correct picture arose from the analysis
of band intensity patterns, which indicated the pres-
ence of two nearly isoenergetic forms of the CO dimer
[21]. Further MMW measurements enabled the assign-
ment of numerous rotational levels and the identifica-
tion of several so-called ‘stacks’ of states [21]. Levels
of a single isomer with different rovibrational quan-
tum numbers and the same parity form the established
stacks. Infrared (IR) spectroscopy yielded lines in the
CO stretching fundamental region, between 2135 and
2155cm™! [1, 8, 11, 14, 16, 19, 44], and also provided
evidence for the presence of two overlapping isomers:
one was interpreted as a ‘C-bonded’ isomer, with an
intermolecular bond distance of ~4.4 A, and the other
as an ‘O-bonded’ isomer with a shorter intermolecu-
lar bond distance, 4.0 A [19]. The isomer with a CC
contact was found to be the lower-lying one, with an
energy difference between the ground vibrational states
of only 0.877cm™! [11]. The energy order of the iso-
mers reverses when the CO stretch is excited by one
quantum. The IR studies have been extended to isotopi-
cally substituted dimers as well, including the *C!°0
[19, 27] and the >C!30 monomers [26]. These stud-
ies revealed that the ground states of the two isomers
are separated by an energy difference that varies signif-
icantly with the isotopic composition, due to changes in
the zero-point vibrational energies (ZPVE). While for the
normal isotope, 12C16Q) the isomer with the CC con-
tact, hereafter called Z¢, and the isomer with the OO
contact, hereafter called Zo, are separated by 0.877 cm™!
[14, 26], for the 1*C!°0 and '2C!80 dimers, the separa-
tions are found to be somewhat larger, 1.285 cm™! [16],
and smaller, 0.64cm™! [29], respectively. To properly
account for these small differences, especially significant
from a spectroscopic point of view, an accurate varia-
tional calculation of the zero-point vibrational energies
is needed.

Computational searches [3,9, 12, 15,17, 18, 24, 28-30,
33] for the minima on the ground-electronic-state PES of
the CO dimer have often produced qualitatively contra-
dictory results, providing limited help to spectroscopists.
In 1994, Havenith et al. [6] published the first set of
experimental spectroscopic parameters for the CO dimer
and hypothesised that a single non-planar structure of
the dimer was consistent with their measurements. This
claim was made despite the fact that earlier approximate
calculations [3], using the multipole approximation and
neglecting electron correlation in the exchange-repulsion
energy, found a clear preference for planar structures.

Then, in 1998, based on the analysis of a somewhat
improved surface derived from that devised by van der
Pol and co-workers [3], Meredith and Stone [9] located
three minima and four first-order transition states, all
planar except for one slightly non-planar TS. Theyloosely
described the two lowest-energy planar minima as T-
shaped, with either the C- or the O-end of a monomer
pointing toward the other monomer (these shapes are
called Tc and To in this study, respectively), and dis-
missed the slipped antiparallel structure found by van der
Pol and co-workers [3] as a low-energy form of the dimer.
In a 1999 study [12], van der Avoird and co-workers
argued that higher-level variants of coupled cluster (CC)
theory, namely CCSD(T) (that is CC theory with sin-
gle, double, and a perturbative estimate of triple excita-
tions) and CCSDT (CC theory with single, double, and
triple excitations), still do not provide the correct asymp-
totic behaviour. Two further computational studies [17,
18] indicated that extended basis sets should be used to
obtain an accurate potential energy surface (PES). Vissers
et al. [24, 28] computed interaction PESs and suggested
that there are two planar, slipped minima of shape Z and
a first-order transition state of shape H connecting them.
A decade later, Dawes et al. [33] selected the all-electron
CCSD(T)-F12b level [45] without counterpoise correc-
tion [46] to determine a PES for the CO dimer. This PES
owes its apparent accuracy to the compensation for basis
set superposition error and the neglect of post-CCSD(T)
electron correlation effects. The global and local minima
on this PES correspond to shapes Z¢ and Zo, respectively.
Finally, it should also be noted that the description of the
interactions of molecules with triple bonds is known to
be particularly difficult [47].

The weakly bound (CO), dimer provides a nice
opportunity to address the use of two schemes designed
to improve basis set convergence toward the complete
basis set limit. The first is the Boys—Bernardi (counter-
poise, CP) correction [46], which corrects for the basis
set superposition error on the relative energies and struc-
tures of vdW complexes. Recall that for H-bonded sys-
tems, the effects of the CP correction on the structures,
the gradients (first geometric derivatives), and the Hes-
sians (second geometric derivatives) have been investi-
gated in considerable detail [48-50]. The second is the
use of explicitly correlated techniques of electronic struc-
ture theory; these R12 [51, 52] and F12 [45, 53-56]
techniques significantly improve basis set convergence
toward the complete basis set (CBS) limit [57, 58].

To summarise the previous computational studies on
(CO),, they revealed that (a) the ground-state electronic
structure does not require a multi-reference treatment,
single-reference techniques should be sufficient to obtain
accurate results; (b) electron correlation beyond CCSD



[59] is important; (c) large basis sets need to be used
to obtain reliable results; and (d) core-core and core-
valence correlation effects may not be neglected. The
difficulties and challenges mentioned motivated us to
survey, based on the highest feasible levels of electronic
structure theory, the stationary points of the ground elec-
tronic state PES of the CO dimer. The most important
characteristics of the present study are as follows: (a)
it systematically explores the stationary points on the
ground electronic state PES of the CO dimer, identi-
tying possible minima and transition states of different
orders that govern nuclear motions; (b) based on the
focal-point analysis (FPA) technique [60, 61], it provides
estimates for the interaction energies and the relative
energies of the stationary points with conservative uncer-
tainty estimates; (c) it investigates the advantages of using
the counter-poise correction scheme and explicitly cor-
related (F12) techniques [45, 53-56] for this challenging
and somewhat pathological case; and (d) several levels
of symmetry-adapted perturbation theory (SAPT) [62,
63] are used to deepen our understanding of the ori-
gin, strength, and directionality of the bonding in the
CO dimer and the energy order of the stationary points
through energy decomposition.

2. Methodological details

Stationary points on the ground-state PES of the CO
dimer have been searched for and identified at sev-
eral correlated levels of electronic structure theory, with
particular emphasis on the second-order Moller—Plesset
(MP2) [64] and CCSD(T) [65] levels. The interaction
energy of the CO dimer is small, and the PES is flat
along the intermonomer nuclear degrees of freedom. For
these reasons, and to avoid the ‘non-zero force dilemma’
[66, 67], unusually tight convergence criteria had to be
applied during the geometry optimizations and the com-
putation of the nuclear first and second derivatives. This
created a problem, especially for transition states with
lower point-group symmetry, whose energy is close to
that of other SPs or the first dissociation limit of the
dimer. Our extensive computations confirmed that the
CO dimer is a case where one can wonder in the web of
polytopism [68], while small changes in the methods and
basis sets are made.

The geometry optimizations were performed at the
single-reference MP2 [64], MP2-F12 [53], CCSD(T) [65],
and CCSD(T)-F12b [45] levels of electronic structure
theory. The T diagnostic values [69] of coupled-cluster
theory are between 0.015 and 0.020 for the stationary
points investigated; thus, single-reference techniques are
adequate for studying the electronic structure of the CO
dimer across large regions of the PES.
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The basis sets used in the electronic structure com-
putations of this study are restricted to the correlation-
consistent aug-cc-p(C)VXZ family of Dunning [70], with
X =2(D), 3(T), 4(Q), 5, and 6. The aug-cc-pVXZ basis
sets, abbreviated here as aXZ, have only been used for
frozen-core (FC) calculations, keeping the 1s orbitals of
C and O frozen, which leads to the correlation of the
10 valence electrons of each monomer unit. To estimate
the core-core and core-valence correlation effects, the
basis sets aug-cc-pCVXZ, with X = 2(D), 3(T), 4(Q),
and 5, abbreviated as aCVXZ, have been used in each
all-electron computation.

Correction for the basis set superposition error
(BSSE), especially for the smaller atom-centred, fixed-
exponent Gaussian basis sets, was achieved in this study
through the use of the Boys—Bernardi [46] counterpoise
correction scheme. The CP-corrected energy, Egg, for the
dimer AB composed of fragments A and B, is given by the
simple five-term expression

G =EAR - (B —ED) + (B - ED)].

where E4E is the energy of the full AB dimer in the full
AB basis set, EA? is the energy of fragment A in the full
(AB) basis (with fragment B as ‘ghost’), E% is the energy
of fragment A in its own basis set, and analogously for
ExB and EB.

The FPA [60, 61] energy estimates were obtained at
fully optimised at the frozen-core,
counterpoise-corrected aug-cc-pVQZ CCSD(T) level.
The FPA analyses of the present study involve both
CP-corrected and CP-uncorrected interaction energies.
Extrapolation to the CBS limit was performed separately
for the Hartree—-Fock energies [71] and the electron cor-
relation contributions [57, 72, 73] via the formulas

structures

HF[X,X+1]
AEint
HF,X+1 HF, X
_ AEHF’X-l- AEint - AEin’[
= int
" 1—(1+ gpexp {9 (VX - VX +1)}
(2)
and
5E_corr,X+1 _ 5E§orr,X
5Eicr(l)trr[X,X+l] _ 5Eic§:‘r,X + int - ;nt , (3)
1- ()
respectively.

The FPA analyses involve three so-called ‘small cor-
rection terms’ [60, 61], which were considered for
selected SPs. First, core-core and core-valence electron
correlation were estimated by conducting all-electron
and frozen-core computations using the aug-cc-pCVXZ
basis sets. Second, scalar relativistic corrections have
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been computed at the one-electron mass-velocity and
Darwin (MVD1) level [74, 75] using the all-electron aug-
cc-pCVTZ and aug-cc-pCVQZ CCSD(T) wave func-
tions. Knowing the extremely slow convergence of the
MVDI1 correction with respect to the basis set size
[75], no attempt was made to obtain these energy cor-
rections using even larger basis sets. Third, diagonal
Born-Oppenheimer (DBOC) [76, 77] energy corrections
were computed at the restricted Hartree-Fock (RHF),
MP2, and CCSD levels. No geometry optimizations were
performed that considered the relativistic or DBOC cor-
rections.

For weakly bound vdW complexes, such as (CO),,
the zero-point vibrational energy cannot be estimated
with sufficient accuracy using the harmonic-oscillator
approximation. Nevertheless, to check whether the SPs
determined are minima or transition states of different
orders, second-derivative computations have been per-
formed. Most SPs turned out to be transition states. In
this study, TS# refers to a nth-order transition state (TS0,
with a Hessian index of zero, is a minimum).

In the SAPT approach [62], the total Hamiltonian
of the dimer AB is separated into the Hamiltonians of
the isolated monomers A and B and the intermolecular
interaction operator,

Hap=Hy + Hp+ AV. (4)

This choice defines an expansion of the interaction
energy in a power series in V. An essential element of
SAPT is symmetry enforcement, whereby, to account
for Pauli (exchange) repulsion, the antisymmetrizer for
all electrons in the system is applied to the product
of monomer wave functions in the energy expressions.
For many-electron systems, SAPT cannot be used with
the exact monomer wave functions; thus, approxima-
tions are necessary. In the present paper, three variants
of SAPT are used for the analysis of interaction ener-
gies. In SAPTO, the intramonomer correlation is com-
pletely neglected, corresponding to the case where the
monomers are described at the Hartree-Fock level. In
the SAPT2+3(CCD) approximation, as denoted in the
PSI4 code [78] and described in Refs. [79, 80], one
includes full third-order SAPT for intramonomer corre-
lation in the first order in V' (electrostatics and exchange)
[81], while dispersion is given in the CCD approxima-
tion, as introduced by Williams et al. [82]. Finally, we
use SAPT(DFT) [83-85] based on gradient-regulated
asymptotic corrections with the PBEO functional [86],
which was recommended for use with SAPT [84, 87].
The electronic structure codes, in alphabetical order,
CFOUR [88], Gaussianl6 [89], MOLPRO [90], MRCC
[91, 92], and PSI4 [78] have been utilised during

this study. The counterpoise-corrected MP2 computa-
tions were performed with the codes Gaussianlé
and MOLPRO (when checked, they provided the same
answer; most of the time, the latter code used numer-
ical first- and second-derivative information). The
counterpoise-corrected geometry optimizations at the
CCSD(T) level used the MOLPRO package [90] and
numerically computed counterpoise-corrected gradients
[48, 49]. MOLPRO has been used for all the explicitly cor-
related F12 computations (the MP2-F12 energies used
in this study are referred to as MP2-F12/3C(F) in the
code). The XSURF package of MOLPRO [93, 94] was
used for some of the second-derivative tests. MRCC has
been used for the highest-level coupled-cluster computa-
tions. The package P ST 4 was used for the different SAPT
calculations.

3. Results and discussion

The electronic-structure computations yielded a substan-
tial amount of data. Geometry optimizations, followed
by second-derivative tests, were performed at the MP2,
MP2-F12, CCSD(T), and CCSD(T)-F12b levels for 12
shapes on the ground-electronic-state PES of (CO)s.
No stationary point was found for the shape V¢, with
an equilibrium structure of C,, point-group symmetry;
however, all other stationary points were found at several
levels of electronic structure theory, often with different
Hessian indices. For the remaining 11 stationary points,
Tables 1-3 include, at each level of theory considered,
the electronic energies of the stationary points, E|, and
the corresponding interaction energy estimates, AEins,
which are the differences between the energy of the sta-
tionary point and the two non-interacting monomers,
as well as the outcomes of the second-derivative tests,
whenever available, that determine the Hessian index n
of the stationary points, listed as TSn. These results are
reported both for calculations that did not consider the
counterpoise correction (‘no CP’) and for those in which
the counterpoise correction was considered (‘wCP’). In
a few cases, we observed clear convergence issues, espe-
cially during the numerical second-derivative calcula-
tions. These are noted in Tables 1-3. It is possible that
subtle numerical problems may have resulted in incor-
rect Hessian indices. Structural parameters of the refer-
ence geometries chosen for the focal-point analysis (FPA)
of the electronic interaction energies characterising the
stationary points on the ground electronic state poten-
tial energy surface of (12C!60), are given in Table 4;
these structural parameters are highly similar to those
obtained at other levels of theory. Accurate interaction
energies and conservative uncertainty estimates for spe-
cific SPs, obtained using the FPA scheme [60, 61], are



provided in Tables 5 and 6 for some of the station-
ary points. Table 7 lists interaction energy components
obtained at various levels of SAPT approximations; they
help to understand the bonding characteristics of the
CO dimer. The two tables of the Supplementary Material
provide additional data supporting the FPA and SAPT
analyses.

3.1. Stationary points

To the best of our knowledge, no computational stud-
ies, perhaps with the exception of those by Meredith and
Stone [9], have systematically surveyed stationary points
other than minima on the ground electronic state poten-
tial energy surface of the CO dimer. The present compu-
tations were carried out not only to fill this gap but also
to aid in determining the appropriate level of electronic-
structure theory required for an accurate description of
the full-dimensional PES, which is planned to be con-
ducted in the future, upon which detailed nuclear motion
computations [95] can be performed to better under-
stand the dynamics and the ‘mysterious’ spectroscopy of
isotopologues of the CO dimer.

The previous computational studies [3, 9, 12, 15, 17,
18, 24, 28-30, 33] on the ground electronic state PES
of the CO dimer have usually identified two isomers
with similar energies; however, these isomers differed in
their shapes and relative energies. In recent years [33],
it has been widely accepted, based on CCSD(T)-type
computations that occasionally correlated all the elec-
trons, that both isomers have a planar, slipped, antipar-
allel arrangement of the atoms, which is referred to in
this study as shape Z (see the figures in Table 1). Some
of the earlier studies [3] have found T-shaped minima,
referred to here as Tc and To (see the related figures
in Table 2). As for experimental studies yielding struc-
tural estimates, Brooks and McKellar [11] supported the
concept that two isomers co-exist in their measurements
with almost the same relative energies, whereby T¢ was
assumed to be the ‘true global minimumn’. The difficul-
ties associated with locating minima on the PES of the
CO dimer have been acknowledged for decades; see,
for example, Figure 1 of Ref. [3]. The most important
statements related to this figure are as follows: (a) the
shape Ic is not a minimum (confirmed in this study; in
fact, at higher levels of theory, this stationary point does
not even exist); (b) the T¢ form may correspond to a
very shallow minimum; and (c) while several possible
shapes have been considered, the stable, slipped, antipar-
allel Z-shaped forms were not even considered due to
the relatively low levels of electronic structure theory
used.
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The simplest way to find stationary points is through
geometry optimizations aimed at finding minimum-
energy structures. These straightforward energy mini-
mizations along the geometric degrees of freedom might
not yield minima but rather transition states of different
orders once (a) appropriate symmetry constraints are in
place and (b) changing the initial point-group symme-
try is not permitted. This is how the linear structures, the
supposedly fourth-order transition states Ip, Ic, and Iy,
have been optimised in this study (see Table 3). Transition
states can also be searched for using specialised algo-
rithms, such as versions of eigenvector-following tech-
niques [96, 97]. Exploration of minima and first-order
transition states, as well as the connecting pathways, is
built into several electronic structure packages. In the
fourth column of Tables 1-3, searches for minima and
transition states are denoted by the letters ‘M’ and “T’,
respectively.

Systematic geometry optimizations, searching for
minima and transition states in the chosen subspace,
yielded stationary points corresponding to several feasi-
ble shapes of the CO dimer. The starting point was our
computational study of the N, dimer [73], whereby sta-
tionary points with shapes Z, H, T, X, and I were obtained.
In this study, the shape V was added to this list. Com-
pared to the N, dimer, an important feature of the CO
dimer is that one loses the equivalence of the two atoms
within the two monomer units of the dimer, which usu-
ally doubles or even triples the number of feasible initial
structures. This fact is reflected in the naming convention
applied in this study: for each shape, we need to distin-
guish at least two cases, depending on which atoms of the
monomers are in closest contact. This means, for exam-
ple, that there are two highly symmetric Z-shaped forms,
namely Z¢ and Zo (see the graphical images in Table 1).
These names are formal and do not reflect the bonding
situation in the dimer: Z¢ is more favoured than Zg due
not simply to the more favourable arrangement of the
two small dipoles of the monomers, as they are antipar-
allel in both Z¢ and Z, but to subtle interaction effects
(see Section 3.4 below). Furthermore, there is a third Z-
shaped structure, Zy; (subscript M means mixed), when
the C and O atoms of the two monomers, with opposite
partial charges, happen to be close to each other (note
that the form Zy; appears only when attempting to locate
a transition state). Similarly, there are three possible lin-
ear (I-shaped) arrangements of the two CO monomers:
two of which have D, point-group symmetries (either
the two oxygen atoms, in the case of Io, or the two carbon
atoms, in the case of I¢, are in contact) and one, I, with
an equilibrium structure of Cy, point-group symme-
try, when the partial charges are aligned in a favourable
fashion.
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Table 1. Results of geometry optimizations yielding stationary points of shape Z9.

Stationary point(symm.)  Level of theory  Basis M/T EnoP /g, AE®®P/em="  TSn(symm.) EXP/E, AE"®/em™"  TSn
Z-shaped, Z¢(Cap) MP2 aDz M —226.110969 —2259 1(By) —226.110538 —-1313 0
aCvDz M —226.265 864 —245.2 1(By) —226.265 351 —132.6 0
‘” J’ alz M —226.285 684 —189.2 0 —226.285 469 —141.9 0
aCVvTZ M —226.494701 —184.8 0 —226.494 511 —143.1 0
aQz M —226.346 642 —174.9 0 —226.346 527 —149.5 0
aCvQz M —226.570622 —171.7 0 —226.570529 —151.3 0
a5z M —226.368 641 —161.6 0 —226.368 602 —152.6 0
aCv5z M —226.596 481 —162.1 0 —226.596 448 —154.8 0
a6Z M —226.377 459 —163.6 0 —226.377 438 —158.9 0
MP2-F12 aDz M —226.362 800 —164.1 0 —226.362739 —150.6 0
arz M —226.374528 —160.5 2 —226.374499 —154.1 0
aQz M —226.385 271 —158.7 0 —226.385 258 —155.8 0
a5Z M —226.388353 —157.7 0 —226.388336 —154.0
CCSD(T) aDz M —226.149 047 —206.6 1(By) —226.148 590 —106.4 1
aCvDZz M —226.309957 —2259 1(By) —226.309418 —107.6 1
arz M —226.325138 —164.8 1(By) —226.324 931 —1194 1
aCvVT1Z M —226.540990 —159.6 1(By) —226.540811 —120.3 1
aQz M —226.381418 —148.3 0 —226.381321 —126.9 1
aCvQz M —226.611997 —145.5 0 —226.611918 —128.2
a5z M —226.399 173 —136.0 1(By) —226.399 148 —1304
aCv5Z M —226.633450 —135.8 —226.633426 —130.6
a6Z M —226.405 381 —133.7 b —226.405373 —131.7
CCSD(T)-F12b aDz M —226.358 209 —142.9 1 —226.358 097 —118.3 1
alz M —226.386 456 —142.0 1 —226.386 389 —127.3 1
aQz M —226.404 080 —137.9 1 —226.404 049 —131.0 1
a5z M —226.409 506 —134.4
Z-shaped, Zo(Cyp) MP2 aDzZ M N/A(Zo— lo) - - —226.110 460 —-114.2 0
o f aCvDz M N/A(Zo— lo) - - —226.265 269 —114.6 0
") alz M —226.285637 —178.8 0 —226.285403 —127.6 0
aCvVT1Z M —226.494 640 —171.6 0 —226.494 440 —127.5 0
aQz M —226.346 552 —154.9 0 —226.346 443 —130.8 0
aCvQz M —226.570527 —150.8 0 —226.570439 —131.6 0
a5Z M —226.368 564 —144.2 0 —226.368518 —134.7 0
aCV5Z M —226.596 395 —143.1 0 —226.596 356 —134.5
a6Z M —226.377 378 —145.8 1(Ay) —226.
MP2-F12 aDz M —226.362 754 —154.0 0 —226.362 680 —137.8 0
alz M —226.374 462 —146.0 0 —226.374434 —139.9 0
aQz M —226.385183 —139.3 0 —226.385172 —136.9 0
a5Z M —226.388 268 —139.0 1 —226.388 259 —137.1 b
CCSD(T) aDz M —226.148 926 —180.1 1(By) —226.148 533 —93.7 1
aCvDz M —226.309792 —189.7 1(By) —226.309 352 —93.1 1
alz M —226.325 141 —165.4 0 —226.324 901 —112.8 1
aCVT1Z M —226.540930 —146.4 1(By) —226.540774 —112.2 1
aQz M —226.381379 —139.8 1(By) —226.381279 —-117.9 1
aCvQz M —226.611934 —131.7 1(By) —226.611867 —-116.9 1
a5z M —226.399 135 —127.7 0 —226.399 104 —120,9
aCv5Z M —226.633 398 —124.3 -
a6Z M —226.405 341 —124.8 —
CCSD(T)-F12b abz M —226.358 158 —131.7 1 —226.358 050 —108.0 1
arz M —226.386416 —133.1 0 —226.386 364 —-121.9 1
aQz M —226.404 034 —127.8 1 —226.404 009 —122.2
a5z M —226.409 466 —125.7 —226.409 455 —123.2
Z-shaped, Zy(C;) MP2 aDz T —226.110691 —164.7 1(A) —226.110347 —89.2 1
aCvDz T —226.265 552 —176.8 1(A") —226.265 154 —89.5 1
‘” " arz T —226.285472 —142.6 1(A) —226.285 286 —101.8 1
aCvT1zZ T —226.494 492 —138.9 1(A) —226.494 327 —102.8 1
aQz T —226.346 430 —128.4 1(A") —226.346334 —-107.3 1
aCvQz T —226.570412 —125.6 1(A) —226.570332 —108.0
a5z T —226.368 446 —118.7 1(A) —226.368 408 —1104
aCv5Z T —226.596 279 —117.7 —226.596 248 —-110.9
a6Z T —226.377 262 —120.4 -
MP2-F12 aDz T —226.362 594 —118.9 1 —226.362 538 —106.7 1
alz T —226.374333 —117.7 1 —226.374 306 -111.9 1
aQz T —226.385073 —115.2 1 —226.385 063 —112.9 1

(continued).



Table 1. Continued.

MOLECULAR PHYSICS e 7

Stationary point(symm.)  Level of theory  Basis M/T ENoCP/E, AEPP/em="  TSn(symm.) EYCP/E, AEYP/em™  Tsn

a5z T —226.388 156 —114.5

CCSD(T) aDz T —226.148912 —177.0 1(A) —226.148 550 —97.5 1
aCvDz T —226.309792 —189.7 1(A) —226.309 366 —96.3 1
arz T —226.325075 —150.9 1(A) —226.324 884 —109.1 1
aCVvTZ T —226.540927 —145.6 1(A) —226.540760 —109.1 1
aQz T —226.381 361 —135.9 —226.381 263 —114.4 1
aCvQz T —226.611927 —130.2 —

CCSD(T)-F12b aDz T —226.358 144 —128.6 1 —226.358 041 —106.0 1
alz T —226.386 396 —128.8 1 —226.386 335 —115.6 1
aQz T —226.404029 —126.7 —226.404 004 —121.2
a5z T —226.409 446 —121.1 —

Note: @ All geometry optimizations with the aug-cc-pVXZ (‘aXZ') basis sets [70], X = 2(D), 3(T), 4(Q), 5, and 6, were performed within the frozen-core approxima-
tion, while in the case of the aug-cc-pCVXZ (‘aCVXZ') basis sets, X = 2(D), 3(T), 4(Q), 5, all of the electrons were correlated. MP2 = second-order Mgller-Plesset
perturbation theory, CCSD(T) = coupled cluster theory with singles, doubles, and perturbative estimates of triples. Basis = atom-centred, fixed-exponent,
Dunning-type [70] Gaussian basis sets. CP = counterpoise correction [46]. E2|° P and AEYP are the computed total energies without and with CP, respectively.

int

Similarly, AERP and AEYCP are the relative interaction energies without and with CP, respectively, computed with respect to the total energies of two CO
monomers at the given level of theory. TSn = nth order transition state (where the n = 0 value of the Hessian index indicates a minimum). For first-order TSs
the symmetry of the imaginary mode is given in parentheses. N/A = The stationary point corresponding to this shape could not be located. M/T = Searching

for a minimum (M) or a transition state (T). ® Numerical stability issues.

High-energy stationary points on the [C,C,0,0] PES,
such as the linear arrangement O=C=C=0, a cova-
lent dimer of carbon monoxide [98-100], also called
ethylenedione, were not considered in our final analy-
sis, although geometry optimizations were performed for
them. Therefore, we can note that O=C=C=0 is a
first-order transition state (TS1) at the frozen-core MP2
level, with all the basis sets aug-cc-pVXZ, X =D, T, Q,
and a relative energy that is much larger than the first
dissociation limit of the vdW CO dimer.

It should also be mentioned that, at certain levels of
electronic-structure theory, further curious high-energy
stationary points have been located on the CO dimer PES.
For example, for the Ip shape, in frozen-core optimiza-
tions without CP correction, one can obtain stationary
points other than the one presented in Table 3. In these
spurious stationary points, either the monomer CO bond
length or the intermonomer OO distance becomes sig-
nificantly longer, resulting in high relative energies. Even
more curiously, these SPs can be minima at that level of
theory. These results emphasise the difficulties that lower
levels of theory have in properly describing the electronic
structure of even the ground electronic state of the CO
dimer. Further difficulties are expected for the excited
electronic states of the CO dimer, where the highly stable
carbon dioxide plus a carbon atomandanO=C=C=0
structure may become competitive in energy with true
vdW-dimer-like shapes.

At all the electronic structure theory levels used in
this study, the shape Z¢ is a minimum. Nevertheless,
the shape Z¢ with point-group symmetry Cyp,, Zc(Cop),
which has been considered the global minimum in a
number of recent studies, is not a minimum when the
aug-cc-pVDZ basis set is used, either at the traditional
MP2 or CCSD(T) levels. Somewhat more disturbingly, at

the traditional frozen-core aug-cc-pVXZ CCSD(T) lev-
els, Zc(Cyp) is a minimum only for X = Q. The inclusion
of core correlation does not change the situation. The use
of the counterpoise correction clearly changes the stabil-
ity situation at the MP2 level, as all the MP2 optimizations
yield minima for Zc(Cy,) when the CP correction is
included. This observation also highlights how careful
one must be with the results obtained at intermediate
levels of electronic-structure theory for the CO dimer.
When the Z¢ and T¢ entries of Tables 1 and 2, respec-
tively, are compared, it is clear that when the Zc(Cyp)
structure is a transition state, a slightly distorted struc-
ture, called Tc, is a minimum with essentially the same
relative energy. This minimum-energy structure could as
well be called Z¢(C), as the structure is much closer to
a Z shape than to a T shape. In summary, based on all
geometry optimizations, Z¢ is clearly the shape of the
global minimum on the ground electronic state PES of
the CO dimer, though the point-group symmetry of the
equilibrium structure, Cy, vs. Cs, remains unclear.

Similar comments apply to the Zg isomer as they do
to the Z¢ one; the shape Zo(Cyp) is @ minimum in only
about half of the cases (see Table 1). There is a dras-
tic difference, though: when the Zo(C,y,) transition state
structure is relaxed and the point group is C;, the opti-
mised structure is better described as having the shape
To rather than Zp. Based on the experimental spec-
troscopic findings, one must choose To (or Zo) as a
low-energy isomer of the CO dimer.

We searched for the first-order transition state con-
necting the two minima. It was found that the shape Zy;,
where the shortest intermonomer distance is between an
O and a C atom, is a transition state at all levels of the-
ory, and it has C; point-group symmetry. It proved to
be straightforward to locate this transition state (see the
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Table 2. Results of geometry optimizations yielding stationary points of shape X, H, T, and V.

Stationary point (symm.)  Level of theory ~ Basis ~ M/T EnoP /g, AER®/em™"  TSn(symm.) NP /E, AEC fem ™! TSn
X-shaped, X(C3) MP2 aDz T —226.110 646 —155.0 1(A) —226.110278 —74.2 2(A,B)
T —226.110603 —145.6 2(A,B)
aCvDz T —226.265 487 —162.5 1(A) —226.265 086 —745 2(A,B)
{ LS alz T —226.285 400 —126.6 2(A, B) —226.285 207 —84.4
aCvTz T —226.494 423 —123.8 2(A, B) —226.494 269 —90.0
MP2-F12 abDz T —226.362720 —146.5 —226.362465 —90.6 1
alz T N/A(X— Zp) - —226.374244 —982 1
aQz T —226.385157 —133.6
a5z M N/A(X— Zp) -
CCSD(T) aDz T —226.148722 —135.3 1(A) —226.148 550 —-97.7
aCvDz T —226.309602 —148.0 1(A) —226.309 602 —148.1
arz T —226.324 882 —108.6 2(A, B) —226.324901 —112.7
acv1iz T —226.540737 —104.1 2(A, B) —226.540737 —104.0
aQz T —226.381110 —80.8 2(A,A) —226.381182 —96.6
actvQz T —226.611 694 —79.0
CCSD(T)-F12b aDZz M N/A(X— Zo) -
T —226.357 889 —72.7
arz M N/A(X— Zp) -
T —226.386 135 —71.6
aQz T —226.403 862 —90.0
a5z M —226.409 452
H-shaped, Hu(Cap) MP2 aDz T —226.110289 —76.6 2(Ag,Au) —226.109 990 —-11.0 2
aCvDz T —226.265 151 —88.8 Z(Ag, Au) —226.264 800 —11.7 2
4 4 alz T —226.285083 —57.3 2(Ag,Ay)
aCvTz T —226.494113 —55.8 2(Ag,Au)
aQz T —226.346 067 —48.7 Z(Bg,Au)
atkvQz T —226.570057 —47.6
a5Z T —226.368 099 —42.6
aCvsz T —226.595936 —425
MP2-F12 aDZz M N/A(Hu— Z¢)
aDz T —226.362 244 —42.1 2 —226.362 194 —31.2 2
alz T —226.373 981 —40.5 2 —226.373963 —36.4 2
aQz T —226.384729 —39.6 —226.384721 —37.8 2
a5z T —226.387 814 —394
CCSD(T) aDZz T —226.148 655 —120.4 Z(Ag,Au) N/A(Hm— Zo)
aCvDz T —226.309539 —134.2 Z(Ag,Au) N/A(Hw— Zo)
alz T —226.324776 —85.5 2(Ag,Ay) N/A(Hw— Zo)
atviz T —226.540633 —381.1
aQz T —226.381074 —72.7 Z(Ag,Au)
CCSD(T)-F12b aDz T —226.357 885 —-71.8 2 —226.357784 —49.7 2
alz T —226.386119 —68.1 3 —226.386 072 —57.8 3
aQz T —226.403749 —65.3
T-shaped, Tc (C) MP2 aDz M —226.110969 —225.9 0 N/A(Tc— Z¢)
aCvDz M —226.265 866 —245.6 0 N/A(Tc— Z¢)
e % alZ M —226285682°  —1887 N/A(Tc— Zc)
aQz M —226.346 638° —174.0
a5z M —226.368 638" —160.9
aClviz M —226.494 698 —184.2 0 N/A(Tc— Z¢)
MP2-F12 aDz M N/A(Tc— Z¢) N/A(Tc— Z¢)
alz M —226.374529 —160.7 0 —226.374434 —139.9 0
aQz M N/A(Tc— Z¢)
CCSD(T) aDz M —226.149 079 —213.7 0 —226.148 593 —107.0
aCvDz M —226.309998 —235.1 0 —226.309 421 —108.3
alz M —226.325178 —173.5 0 —226.324 931 —119.3
aCtviz M —226.541 004 —162.7 0 —226.540810 —120.1
aQz M —226.381423 —149.4 —226.381319 —126.6
CCSD(T)-F12b aDz M —226.358219 —145.1 0 —226.358 099 —118.8 0
alz M b —226.386 388 —127.1 0
aQz M —226.404 081 —137.9 0 —226.404 048 —130.9
T-shaped, To (C;) MP2 aDz M N/A(To— lo) —226.110435 —108.6 0
alz M N/A(To— lo) —226.285375 —121.4 0
aQz M N/A(To— Zo) —226.346 411 —1241 0
oo 3 MP2-F12 asz M N/A(To— Zo)
CCSD(T) abDz M —226.148 997 —195.7 0 —226.148 549 —97.3 0
actvbz M —226.309 889 —-211.0 0 —226.309372 —97.1 0
alz M —226.325 141 —165.4 0 —226.324 898 —1121 0
aClviz M —226.540 952 —151.0 0 —226.540773 —112.0 0
aQz M —226.381379 —139.8 0 —226.381276 —1171
CCSD(T)-F12b aDz M —226.358 204 —141.8 0 —226.358 060 —110.2 0
alz M —226.386434 —137.2 0 —226.386 376 —124.5 0
aQz M —226.404 039 —128.9 0 —226.404 000 —120.3 0

(continued).
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Stationary point (symm.)  Level oftheory ~ Basis ~ M/T ENOP/E, AEPP/em=1  TSn(symm.) EYP/E, AEYP/em™  Tsn
V-shaped, Vo (Cyy) MP2 aDZ M N/A(Vo— lp) —226.110425 —106.5 1
alzZ M N/A(Vo— lo) —226.285375 —121.3 0
@ ? aQz M —226.346 510 —145.8 1 —226.346 413 —1244 0
> ¢ a5z M —226.368 532 —137.7 0 —226.368 486 —127.5
MP2-F12 aDz M —226.362713 —145.0 0 —226.362 647 —130.7 0
alz M —226.374434 —139.9 0 —226.374409 —1344 0
aQz M —226.385 147 —131.5 0 —226.385138 —129.5 0
a5z M —226.388 235 —131.7 2
CCSD(T) aDz M N/A(Vo— lo) —226.148 248 —31.1 2
alz M N/A(Vo— lo) —226.324621 —513 1
aQz M —226.381 065 —70.9 2 —226.380999 —56.4
CCSD(T)-F12b aDz M —226.357 879 —70.5 1 —226.357 786 —50.1 1
alzZ M —226.386 127 —69.8 1 —226.386 083 —60.3 1
aQz M —226.403 742 —63.7 1 —226.403722 —59.3 1
a5z M —226.409178 —62.3
V-shaped, V¢ (Cay) MP2-F12 abZ M N/A(Vc— Vo)
% & azZ M N/A(Vc— Vo)
aQz M N/A(Vc—) Vo)

Note: @ See footnote a to Table 1. % Numerical stability issues.

related entries in Table 1). It is important to emphasise
the very small energy difference between the Zo(Cyp)
and Zy; (C,) forms, pointing toward a late transition state.
This, along with the problems mentioned for Z¢/T¢ and
Zo/To, should present considerable difficulties for the
generation of a spectroscopically accurate ground-state
potential energy surface [101, 102] for the van der Waals
dimer (CO),.

It emerged from geometry optimizations searching
for minima that a rectangular H-shaped form with C
point-group symmetry is not a minimum for the CO
dimer. Optimizations toward a minimum, whether using
a parallel or antiparallel initial H-shaped structure, have
always resulted in stationary points with shapes differ-
ent from H (e.g. linear (I) or Z). However, when a search
was conducted for a TS, a stationary point with Cy
point-group symmetry could be found. These H-shaped
stationary points turned out not to be first-order but
rather second-order transition states. One of the imagi-
nary modes connects the planar Z¢ and Zg forms, while
the other mode corresponds to an out-of-plane displace-
ment of the two monomer units, pointing toward shape
X.

Based on the results obtained for the H-shaped
second-order transition state (see Table 2), we were also
searching for a first-order non-planar transition state of
shape X. It has been found in the form of a stationary
point having C, point-group symmetry. As expected, the
electronic energy of the X-shaped form is always lower
than that of Hy; (see Table 2). However, the X-shaped
form is not always a first-order transition state; some-
times, it is a second-order one. Optimising the dihedral
angle, even with the C, symmetry constraint, turned out
to be difficult at a number of levels due to the flatness of

the potential. Sometimes two nearly isoenergetic station-
ary points were found (see Table 2). It is also remarkable,
again due to the flatness of the PES, how different the
optimised dihedral angle can be.

The T-shaped form To, with Cs point-group symme-
try, is @ minimum when the corresponding Zo form,
with Cy;, point-group symmetry, is a first-order transi-
tion state. This occurs, for example, at the aug-cc-pVDZ
CCSD(T) level. Similar comments can be made about the
T¢-shaped SPs (vide supra); they are mostly included in
Table 2 in cases when the ‘corresponding’ Z¢ is not a
minimum.

Curiously, at the standard frozen-core aug-cc-pVTZ
MP2 level, the Io form is determined to be a mini-
mum, while the other two forms, I¢ and I, are fourth-
order transition states (see Table 3). Inclusion of the
counterpoise correction in the energy calculation results
in mostly fourth-order transition states. At the aug-cc-
pV5Z MP2 level, there is no SP corresponding to Ic
anymore, in accordance with the changes in E° CP Even
more interesting is the fact that, with the CP correction,
one cannot find an SP for the shape Ic. Thus, this pro-
vides another example of the dangers of using incomplete
basis sets and lower levels of electronic structure the-
ory for drawing conclusions during the determination of
the SPs of the CO dimer. Clearly, at the highest levels of
electronic structure theory, only two of the three possi-
ble linear forms, Io and Iy, exist, and they appear to be
higher-order transition states (we consistently obtain this
picture when the CP correction is considered, though this
picture is blurred somewhat by the F12 results). When
the linear SPs have a Hessian index of four, they are char-
acterised by two doubly degenerate, imaginary bending
modes; only the stretching modes are real.
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Table 3. Results of geometry optimizations yielding linear (shape I) stationary points?.

Stationary point (symm.)  Level of theory Basis M/T ENOCP/E, AER®/em="  TSn ENP /E, AEY®/em™"  TSn
I-shaped, lo(Doon) MP2 aDz M —226.110934 —218.2 0 —226.110 381 —96.9 4
%0 o0 aClVDZ M —226.265814 —2344 0 —226.265188 —96.9 4
atz M —226.285626 —176.5 0 —226.285 297 —104.2 4
alviz M —226.494 534 —148.2 4 —226.494327 —102.7 4
aQz M —226.346 480 —139.3 4 —226.346322 —104.7 4
atvQz M —226.570418 —127.0 4 —226.570313 —103.9 4
asZ M —226.368439 —116.8 4 —226.368 387 —105.8 4
atvsz M —226.596 263 —114.2 4 —226.596 222 —105.1
a6Z M —226.377 241 —115.8 —226.377219 —111.0
MP2-F12 aDz M —226.362678 —137.3 0 —226.362543 —107.7 0
alz M —226.374303 —111.1 4 —226.374305 —111.5 —b
aQz M —226.385054 —111.0 2 —226.385033 —106.4 —b
aszZ M —226.388128 —108.3 —b  _226388123 —107.2 -
CCsD(T) aDZ M —226.148 740 —139.2 0 —226.148 203 —214 1
aCVDZ M —226.309638 —155.9 0 —226.309028 —220 1
alz M —226.324830 —97.2 2 —226.324548 —353 1
alviz M —226.540596 —73.1 2 —226.540426 —35.8 0
aQz M —226.381032 —63.7 2 —226.380918 —386 0
atvQz M —226.611588 —55.7 2 —226.611514 -394 0
asZ M —226.398766 —46.7 —226.398735 —39.9 2
atVsz M —226.633 040 —458 —b —226.633016 —40.6
CCSD(T)-F12b aDzZ M —226357918 —78.0 0 —226357719 —354 0
aTz M —226.386034 —494 2 —226.386 002 —424 —b
aQz M —226.403 677 —494 —b 226403628 —387
asZ M —226.409 090 —43.1 —226.409 080 —40.8
I-shaped, Im(Coov) MP2 aDZ M —226.110283 —754 2 —226.109 923 3.7 4
%0 oo aCvDZ M —226.265 153 —89.2 2 —226.264732 32 4
alz M —226.285029 —454 4 —226.284835 —28 4
alviz M —226.493 993 —294 4 —226.493 876 —38 4
aQz M —226.345971 —27.7 2 —226.345872 —57 4
atvQz M —226.569936 —21.1 4 —226.569 871 —6.8
asZ M —226.367 965 —13.1 4 —226.367936 —6.8 4
atvsz M —226.595 801 -127 4 -
a6Z M —226.376782 —15.0 -
MP2-F12 aDZ M —226.362 154 -223 2 —226.362 089 —-8.1 3
F1p4 M —226.373868 —15.6 —b —226.373835 —84 —b
aQz M —226.384 594 -10.2 —b —226.384577 —63 —b
a5z M —226.387 674 —86 —b —226.387 670 -78 2
CCsD(T) aDz M —226.148 580 —104.2 2 —226.148 181 —16.5 3
aClvDZz M —226.309 468 —1186 2 —226.309001 —16.1 3
alz M —226.324 694 —67.3 4 —226.324483 -21.0 3
alviz M —226.540 482 —48.1 4 —226.540 356 —20.5 3
aQz M —226.380935 —423 4 —226.380°844 —224
alvQz M —226.611495 —353 4 —226.611434 —220
asZ M —226.398679 —27.6 4 —226.398 657 —22.8
atVsz M —226.632950 —26.1 -
CCSD(T)-F12b aDZ M —226.357763 —45.0 2 —226.357 647 —19.6 3
alZ M —226.385978 —37.2 3 —226.385914 —23.1 —b
baQz M —226.403 586 —294 —b —226.403 554 —224 b
asZ M —226.409 006 —24.7 —b —226.408 998 -229
I-shaped, Ic(Doon) MP2 aDz M —226.110037 —214 4 N/A(dissoc.)
0o %0 atvDZz M —226.264 880 —293 4 N/A(dissoc.)
alz M —226.284 900 —17.1 4 N/A(dissoc.)
aCvVTZ M —226.493 871 2.7 4 N/A(dissoc.)
aQz M N/A(dissoc.) - - N/A(dissoc.)
acvQz M N/A(dissoc.) - -
a5z M N/A(dissoc.) - -
aCvsZ M N/A(dissoc.) - -
CCsD(T) aDz M —226.148 225 —26.2 4
atvDZz M —226.309 096 —37.0 4
alz M —226.324 481 —20.5 4
alViz M —226.540 278 —6.2 4
aQz M N/A(dissoc.) - -

Note: @ See footnote a to Table 1. ® Numerical stability issues.
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Table 4. Structural parameters (distances r and R, angles £ and ¢, total dipole moment 01, and rotational constants A, B, and C) of the
reference geometries used during the focal-point analysis of the electronic interaction energies characterising stationary points on the
ground electronic state potential energy surface of (2C'60); (the bond length of the free monomer, at the same level, is 1.1318 A).

Structural parameter Zc(Cop) Zo(Cop) X(G) lo(Dosoh) IM(Coov)
I’monomer/A 1.1317 1.1320 1.132 1.1318 1.1320
Zcom-com—c/o/deg 46.92 62.89 180.0 - -
Rcom—com/A 4.246 3723 3.887 4372 5.036
$/deg 180.0 180.0 258 - -

Htot 0.0 0.0 0.14 0.0 0.23
Alcm™! 1.959 1.186 0.970

B/cm™! 0.061 0.089 0.079 0.062 0.047
C/em™! 0.059 0.083 0.074

Table 5. Focal-point analysis (FPA) table of the electronic interaction energies characterising the two Z-shaped forms, Z¢ and Zp, and
the first-order transition state, Zy, connecting the two stationary points on the ground electronic state potential energy surface of the

CO dimer, both with and without the consideration of the counterpoise (CP) energy corrections.

Isomer CP corr. Basis AE.[HF] J[MP2] J[CCSD] J[CCSD(T)] o[CCSDT] o[CCSDT(Q)] AE[FCI]
Z¢, global minimum no aug-cc-pVDZ +32.96 —248.68 +51.26 —36.22 —2.53 —1.49 —204.71
(Con) aug-cc-pVTZ +55.40 —241.63 +56.85 —34.47 [—2.53] [—1.49] [—167.88]
‘) J’ aug-cc-pVQz +62.18 —234.43 +59.23 —34.81 [—2.53] [—1.49] [—151.85]
aug-cc-pV5Z +67.59 —227.48 +58.77 —34.69 [—2.53] [—1.49] [—139.84]
aug-cc-pV6Z +67.98 —225.38 +58.25 —34.76 [—2.53] [—1.49] [—137.93]
CBS(3-4) +63.04 —233.53 +59.53 —34.85
CBS(4-5) +68.49 —226.32 +58.69 —34.68
CBS(5-6) +68.06 —224.94 +58.15 —3478 —2.53 -1.49 —137.53
unc(3-4) 0.86 0.91 0.30 0.04
unc(4-5) 0.90 1.16 0.08 0.02
unc(5-6) 0.08 0.43 0.1 0.01
yes aug-cc-pVDZ +66.69 —193.87 +50.52 —26.89 —2.85 -1.73 —108.12
aug-cc-pVTZ +69.64 —210.50 +53.54 —31.94 [—2.85] [-1.73] [—123.85]
aug-cc-pVQz +68.55 —217.04 +54.95 —33.65 [—2.85] [-1.73] [—131.77]
aug-cc-pV5Z +68.04 —219.81 +55.72 —34.29 [—2.85] [—1.73] [—134.91]
aug-cc-pV6Z +68.04 —221.24 +56.20 —34.58 [—2.85] [-1.73] [—136.17]
CBS(3-4) +68.41 —217.86 +55.13 —33.87
CBS(4-5) +67.96 —220.27 +55.85 —34.40
CBS(5-6) +68.04 —221.54 +56.30 —34.64 —2.85 -1.73 —136.42
unc(3-4) 0.14 0.82 0.18 0.22
unc(4-5) 0.08 0.46 0.13 0.1
unc(5-6) 0.00 0.30 0.10 0.06
Zo, local minimum no aug-cc-pVDZ —3.42 —161.09 +14.76 —33.07 +5.38 —1.59 —179.03
(Can) aug-cc-pVTZ +23.81 —159.09 +18.25 —32.16 [+5.38] [—1.59] [—145.40]
aug-cc-pVQz +31.99 —154.86 +20.08 —32.23 [+5.38] [—1.59] [—131.23]
f f aug-cc-pV5Z +36.27 —151.86 +20.45 —32.20 [+5.38] [—1.59] [—123.57]
aug-cc-pV6Z +36.56 —148.90 +19.49 —32.17 [+5.38] [—1.59] [—121.23]
CBS(3-4) +33.03 —154.33 +20.31 —32.24
CBS(4-5) +36.98 —151.36 +20.51 —32.20
CBS(5-6) +36.62 —148.28 +19.30 —32.17 +5.38 -1.59 —120.74
unc(2-3) 2.25 0.17 0.29 0.08
unc(3-4) 1.03 0.53 0.23 0.01
unc(4-5) 0.72 0.50 0.06 0.00
unc(5-6) 0.06 0.61 0.20 0.01
yes aug-cc-pVDZ +30.29 —108.55 +11.24 —25.02 +5.43 —1.75 —88.35
aug-cc-pVTZ +34.34 —131.80 +14.40 —29.86 [+5.43] [-1.75] [—109.24]
aug-cc-pvVQZz +36.68 —139.48 +16.01 —31.15 [+5.43] [—1.75] [—114.27]
aug-cc-pV5Z +36.70 —142.69 +16.89 —31.70 [+5.43] [—1.75] [—117.13]
aug-cc-pV6Z +36.63 —144.62 +17.46 —31.98 [+5.43] [—1.75] [—118.83]
CBS(3-4) +36.97 —140.45 +16.21 —31.32
CBS(4-5) +36.70 —143.23 +17.04 —-31.79
CBS(5-6) +36.62 —145.02 +17.57 —32.03 +5.43 -1.75 —119.18
unc(3-4) 0.29 0.97 0.20 0.16
unc(4-5) 0.00 0.54 0.15 0.09
unc(5-6) 0.01 0.40 0.12 0.06

Note: @ The symbol J denotes the increment in the relative energy AE, with respect to the preceding level of theory in the hierarchy HF - MP2 — CCSD — - - - —
FCl. CBS = complete basis set, FCI = full configuration interaction. The basis set extrapolations are described in the text, they are based on the cardinal
number X of the bases. unc(i,j) = uncertainty, based on extrapolation with energies obtained with basis sets of cardinal number i and j. The final energy values
corresponding to the CBS limit are boldfaced. The final uncertainties are given in parentheses. All energy values are in (hc) cm~".
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Table 6. Focal-point analysis table of the electronic interaction energies characterising further high-symmetry stationary points on the
ground electronic state potential energy surface of the CO dimer (Ip and Iy are transition states of order 4).

Stationary point CP corr. Basis AE.[RHF] J[MP2] o[CCSD] J[CCSD(T)] Jo[CCSDT] J[CCSDT(Q)] AE[FCI]
I-shaped, lp no aug-cc-pVDZ +29.99 —230.19 +76.49 —16.85 —10.35 +2.39 —148.52
(Doon) aug-cc-pVTZ +71.94 —223.23 +77.49 —15.11 [—10.35] [+2.39] [—96.87]
aug-cc-pvVQzZ +93.54 —219.69 +80.43 —16.14 [—10.35] [+2.39] [—69.82]
: aug-cc-pV5Z +97.26 —206.94 +78.70 —15.54 [—10.35] [4+2.39] [—54.47]
aug-cc-pVe6Z +97.81 —203.38 +77.63 —15.53 [—10.35] [+2.39] [—51.44]
CBS(2-3) +75.41 —222.65 +77.57 —14.97
CBS(3-4) +96.27 —219.25 +80.80 —16.27
’ CBS(4-5) +97.88 —204.80 +78.41 —15.44
*) CBS(5-6) +97.92 —202.65 +77.40 —15.53 —10.35 +2.39 —50.82
unc(2-3) 3.47 0.58 0.08 0.14
unc(3-4) 2.73 0.45 0.37 0.13
unc(4-5) 0.62 213 0.29 0.10
unc(5-6) 0.11 0.73 0.22 0.00
yes aug-cc-pVDZ +99.86 —186.50 +74.89 —-9.11 —9.70 +2.21 —28.35
aug-cc-pVTZ +98.86 —196.36 +75.37 —13.40 [—9.70] [+2.21] [—43.02]
aug-cc-pvVQZ +97.64 —196.89 +75.21 —14.66 [—9.70] [+2.21] [—46.19]
aug-cc-pV5Z +97.88 —198.12 +75.50 —15.14 [—9.70] [4+2.21] [—47.36]
aug-cc-pVeZ +97.96 —198.74 +75.62 —15.35 [-9.70] [+2.21] [—48.01]
CBS(2-3) +98.78 —197.18 +75.41 —13.76
CBS(3-4) +97.48 —196.95 +75.19 —14.82
CBS(4-5) +97.92 —198.32 +75.55 —15.22
CBS(5-6) +97.97 —198.87 +75.65 —15.39 —-9.70 +2.21 —48.13
unc(2-3) 0.08 0.81 0.04 0.35
unc(3-4) 0.15 0.07 0.02 0.16
unc(4-5) 0.04 0.21 0.05 0.08
unc(5-6) 0.02 0.13 0.03 0.04
I-shaped, Im no aug-cc-pvVDZ +31.03 —111.53 +2.38 —23.89 +8.03 —4.20 —98.18
(Coov) aug-cc-pVTZ +54.71 —99.17 +3.10 —20.64 [+8.03] [—4.20] [—58.17]
3 aug-cc-pvVQz +68.34 —96.06 +7.26 —20.41 [+8.03] [—4.20] [—37.05]
aug-cc-pV5Z +72.31 —86.17 +6.22 —-19.73 [+8.03] [—4.20] [—23.53]
aug-cc-pVeZz +72.86 —84.04 +5.78 —19.66 [+8.03] [—4.20] [—21.22]
CBS(2-3) +56.67 —98.15 +3.16 —20.37
, CBS(3-4) +70.06 —95.67 +7.79 —20.38
@ CBS(4-5) +72.98 —84.51 +6.05 —19.62
CBS(5-6) +72.97 —83.60 +5.70 —19.64 +8.03 —4.20 —20.74
unc(2-3) 1.96 1.02 0.06 0.27
unc(3-4) 1.72 0.39 0.53 0.03
unc(4-5) 0.67 1.66 0.17 0.11
unc(5-6) 0.011 0.44 0.09 0.02
yes aug-cc-pVDZ +73.67 —72.92 +0.37 —17.46 +8.11 —4.58 —12.80
aug-cc-pVTZ +72.97 —77.24 +2.13 —19.02 [+8.11] [—4.58] [—25.73]
aug-cc-pVQzZ +72.70 —79.22 +3.54 —19.31 [+8.11] [—4.58] [—26.87]
aug-cc-pV5Z +72.93 —80.26 +4.08 —19.46 [+8.11] [—4.58] [—27.29]
aug-cc-pVez +72.97 —80.71 +4.31 —19.52 [+8.11] [—4.58] [—27.54]
CBS(2-3) +72.91 —77.60 +2.28 —-19.15
CBS(3-4) +72.67 —79.47 +3.72 —19.34
CBS(4-5) +72.97 —80.43 +4.17 —19.49
CBS(5-6) +72.98 —80.80 +4.35 —-19.53 +8.11 —4.58 —-19.45
unc(2-3) 0.06 0.36 0.15 0.13
unc(3-4) 0.03 0.25 0.18 0.07
unc(4-5) 0.04 0.17 0.09 0.03
unc(5-6) 0.01 0.09 0.05 0.01

As for shape V, with an equilibrium structure of C,,
point-group symmetry, the initial V¢ arrangement of the
atoms has never resulted in a SP of this shape, the opti-
mizations always ended up with shape V. Shape Vg has
turned out to be a minimum at certain levels of theory
and a relatively low-energy one (see Table 2). When linear
Io is a minimum at the MP2 level, the SP corresponding
to Vo could not be located (this Vo — Ig rearrangement

is allowed within the C,, point group). Curiously, this is
not the case at the MP2-F12 level.

As expected, the convergence of the interaction ener-
gies obtained with the explicitly correlated (F12) calcu-
lations toward the CBS limits is significantly faster than
that of the traditional results; however, in many cases, the
convergence is not smooth. The differences between the
traditional and the F12 results are especially notable for



Table 7. Interaction energy components at various levels of SAPT
approximations (aug-cc-pV5Z basis set) for selected stationary
points of the CO dimer (Z¢, Zo, Zm, and Tp) in its ground electronic

state, all results are in (h¢) cm™".

Zc(Con) Zo(Can) Zn(Gy) To(G)
Electrostatics
SAPTO —81.5 —107.5 —66.7 —94.2
SAPT(DFT) —-111.5 —62.2 —62.1 —73.6
SAPT2+-3(CCD) —108.4 —60.5 —63.9 —68.5
Exchange
SAPTO 178.9 138.5 156.0 1234
SAPT(DFT) 200.0 149.4 174.0 152.0
SAPT24-3(CCD) 185.0 148.9 167.9 144.2
Induction
SAPTO —23.7 —8.6 —14.1 —13.3
SAPT(DFT) —23.1 —6.4 —12.0 —10.3
SAPT2+3(CCD) —233 -85 —14.0 —13.3
Dispersion
SAPTO —203.7 —218.5 —2211 —198.4
SAPT(DFT) —208.9 —201.0 —2135 —187.6
SAPT2+-3(CCD) —213.6 —209.1 —221.8 —1933
Total
SAPTO —130.0 —196.2 —146.0 —182.5
SAPT(DFT) —143.6 —120.1 —113.6 —119.5
SAPT2+-3(CCD) —160.3 —129.2 —131.8 —130.7

the smallest (DZ and TZ) basis sets. It is also worth noting
that by the time the QZ basis sets are used, the difference
between the CP-uncorrected and the CP-corrected F12
results diminishes: for example, with the aug-cc-pV5Z
basis set, at the MP2-F12 level, the absolute differences
for the Z¢, Zo, 1o, and Iy shapes are 5.6, 1.9, 1.1, and
0.8cm™!, respectively. The CCSD(T)-F12b differences
are often larger than those characterising the MP2-F12
results.

As expected [60, 61], and as a rule, core-core and core-
valence electron correlations do not play a qualitative role
in the character of the stationary points (see Tables 1-3).
All-electron treatments somewhat change the relative
energies of the SPs, but as the basis set gets larger, the
relative energy differences between the frozen-core and
all-electron treatments become rather small (though they
remain slightly larger than 1 cm™!). The most important
exceptions are the cases of Z¢ with DZ-type basis sets and
Io with TZ-type basis sets, whereby the frozen-core treat-
ment finds a spurious transition state and a minimum at
the MP2 level, respectively. These unphysical results are
‘corrected’ at the all-electron level.

In summary, the following conclusions can be drawn
about the stationary points, which are relevant for a
future accurate calculation of a ground electronic state
PES for the CO dimer: (a) there are two nearly isoen-
ergetic minima on the PES, Z¢/T¢ and Zo/To; (b) at
levels of theory where the Z¢ and Zp forms with an
equilibrium structure of Cy, symmetry are not minima,
there is a nearly isoenergetic nearby minimum with C
point-group symmetry; (c) the equilibrium structure of
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the first-order transition state connecting the two min-
ima, Zy;, has C, point-group symmetry; (d) correction
for BSSE through the CP (Boys-Bernardi) scheme is
important and yields significantly better relative energies
and qualitatively correct stationary points; (e) considera-
tion of explicit (F12) electron correlation provides results
that converge rapidly to the complete basis set limit;
and (f) core-valence and core-core correlations are not
important from a qualitative point of view and are barely
important quantitatively.

3.2. Structural results

Reference [103] lists a large number of accurate ab ini-
tio results for the lengths of CO bonds in a variety of
molecules. This reference provides a discussion of the
effects that the augmentation of the basis set with dif-
fuse functions, as well as the core-core and core-valence
contributions, has on the CO bond lengths. The conclu-
sions of Ref. [103] are clearly in line with the geometry
optimisation results of this study. Careful studies of the
equilibrium structure of van der Waals dimers also exist;
see, for example, Ref. [104].

Selected structural parameters of the reference geome-
tries, obtained at the frozen-core, CP-corrected aug-cc-
pVQZ CCSD(T) level following complete geometry opti-
mizations and used during the FPA analysis, are provided
in Table 4. Table 4 also contains structural parameters
used during the SAPT analysis of the bonding in the CO
dimer (see also the supplementary tables to this paper).

The well-accepted value of the equilibrium bond
length [105], 7, for the monomer CO is 1.1287 A [103,
106]. As usual, the larger the Gaussian basis set used, the
shorter the optimised bond distance. At the MP2 level,
the bond distance of the CO monomer in the Z-shaped
dimers, in A, changes between 1.1502 (frozen-core, aug-
cc-pVDZ) and 1.1316 (all-electron, aug-cc-pCV5Z). At
the CCSD(T) level, the comparable values are 1.1473
(frozen-core, aug-cc-pVDZ) and 1.1284 A (all-electron,
aug-cc-pCV5Z). Core-core and core-valence correlation
decrease the bond length by 0.0027 and 0.0025A at
the MP2 and CCSD(T) levels, respectively, more or less
irrespective of the cardinal number of the basis. Close
agreement with r.(CO) = 1.1287 A is obtained at the
all-electron aug-cc-pCVQZ CCSD(T) level, where the
optimised bond length is 1.1293 A.

It is of interest to discuss the extent of the change in
the monomer CO bond distance upon dimer formation.
Irrespective of the actual shape of the stationary point, the
change in the CO bond length is minuscule. For exam-
ple, at the all-electron aug-cc-pCVQZ CCSD(T) level, the
monomer’s e bond length is 1.1293 A, whileitis1.1291 A
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and 1.1295 A in the Z¢(Cyp,) and Zo (Cyy,) forms, respec-
tively. Thus, there is a small but definitive contraction
and elongation of the CO bond in the possible global
and local minima, respectively. This observation holds
for the reference geometries used for the FPA study, as
well (see Table 4). It is also important to point out that
even in the case of transition states, the monomer bond
lengths change by a relatively small amount, significantly
less than 0.001 A (see Table 4).

While the relative energies and characteristics of the
minima and the different-order transition states change
at different levels, the bond lengths change rather lit-
tle (see Table 4). Furthermore, the COM-COM dis-
tances, Rcom—coms of the Z¢(Cyy) and Zo(Cyp,) forms
are significantly different, see Table 4, and the values
are rather similar at other levels of electronic structure
theory. As observed earlier [33], the COM-COM dis-
tance is significantly larger at the global minimum than
at the local minimum (see the further discussion in
Section 3.4).

The two Z-shaped forms on the PES of the CO dimer,
Zc(Cyp) and Zo (Cyp), are asymmetric tops (see Table 4),
and the forms Tc(C) and To(C;) are also asymmet-
ric tops. The A rotational constants are relatively large:
1.98 and 1.19cm™! for Zc(Cyp) and Zo(Cyp), respec-
tively. However, the B/C rotational constants are small,
only 0.061/0.059 and 0.089/0.083 cm™! for Z¢ and Zo,
respectively. The B and C rotational constants are almost
equal, indicating that the isomers are nearly symmetric
tops.

Using a simplified model, rotational constants B
have been deduced experimentally for several so-called
‘stacks’ of rotational transitions; [1, 21] these con-
stants have been found to be about 0.060-0.064 and
0.072-0.078 cm™! for the two isomers. The model val-
ues are in reasonable agreement with the calculated ones.
Note that at the harmonic-oscillator approximation level,
both the Zc(Cy) and Zo(Cyy) forms have one very
low vibrational wavenumber of B, symmetry, about 4
and 8 cm™!, respectively. It is worth noting that while
the shape To(Cs) is drastically different from the shape
Zo(Cyp), To(Cs) is also a nearly symmetric-top form
with B and C rotational constants of about 0.075cm™1,
which is very close to the experimentally-deduced B
value of the secondary minimum. The A rotational con-
stant of To (Cs), at about 1.98 cm ™1, is very different from
that of Zo (Cyp).

3.3. FPA analyses of the interaction energies

Two types of FPA analyses have been performed in this
study to determine the relative energies of the selected
stationary points on the ground electronic state PES of

the CO dimer. Following the traditional FPA method
(see, for example, Refs. [102, 107-110]), no CP correc-
tion was considered in the first set of calculations. Then,
following Ref. [73], CP-corrected energies have also been
obtained at all levels of theory considered, namely HE,
MP2, and various versions of the coupled-cluster tech-
nique. The FPA results obtained are given in Tables 5
and 6 for the high-symmetry Z- and I-shaped forms,
respectively.

As indicated by previous studies, at the traditional
Hartree-Fock level, the energies of the stationary points
on the PES of the ground electronic state of the CO
dimer do not necessarily indicate binding. Nevertheless,
the convergence of the relative energies to the physically
incorrect CBS HF limit is usually as rapid as that for
molecules with simpler electronic structures. It is only at
correlated levels of electronic structure theory that the
stationary points, with or without consideration of the
counterpoise correction, become bound (i.e. have nega-
tive electronic interaction energies, see Tables 5 and 6).

It is important to point out that the traditional and
the CP-corrected relative interaction energies, obtained
using different basis sets at the MP2 level, converge to
the CBS limit from different directions. The convergence
of the CP-corrected relative energies is also significantly
faster than that without the CP correction. All this is in
accordance with the results of Ref. [50]. An important
result of the geometry optimisation on the CO dimer is
that it is preferable to use counterpoise correction dur-
ing the geometry and quadratic force field computations,
as this is seemingly a good way to ensure the qualita-
tive correctness of the computed results, both at the MP2
and CCSD(T) levels, when basis sets of limited quality are
used.

It is particularly interesting to study the effect of the
counterpoise correction on the interaction energies and
their convergence toward the complete basis set full con-
figuration interaction (CBS FCI) limit [102]. The expec-
tation is that as the basis sets get larger, the CP correction
becomes less and less important. This holds in the present
case as well. By assigning a two times larger weight to
the CP-corrected CBS FCI value due to its faster conver-
gence, the frozen-core electronic interaction energy of Z¢
is —(hc)136.8(15) cm™!. This value is significantly dif-
ferent from that of some earlier computational studies;
for example, Rode et al. [12] reported —(hc)157 cm™,
which has a difference of 15% from the present value. The
frozen-core electronic interaction energy of the Zg iso-
mer is —(hc)119.7(20) cm™!; thus, the electronic energy
difference between the two isomers of the CO dimer
is —(hc)17.1(25) cm™!. As expected, both interaction
energy values are somewhat larger than the electronic
interaction energy of the isoelectronic nitrogen dimer,



—(hc)109.3(26) cm ™! [73]. The relation of these values
and that of the heterodimer CO-N; has been discussed
in Ref. [23].

Most of the time, core-core and core-valence correc-
tions provide a very minor, almost negligible contribu-
tion to the relative energies. Thus, this small correction
term could be excluded during the generation of an accu-
rate PES for the CO dimer.

The scalar relativistic corrections (MVD1) [75] turned
out to be negligible for the relative energies of the sta-
tionary points. For example, the MVD1 energy correc-
tion to the energy difference between the global (Z¢)
and local (Zp) minima, computed at the all-electron
aug-cc-pCVTZ CCSD(T) level, is (hc)0.14 cm™!. For all
the interaction energies, the relativistic contribution can
be estimated as (hc)0.0(0.2) cm™!, where the expanded
(two-sigma) uncertainty is given in parentheses. Thus, it
is clear that the relative relativistic energy corrections can
be practically neglected when the ground-state PES of the
CO dimer is generated.

Since the CO dimer is a relatively heavy system, it is
expected that the diagonal Born-Oppenheimer correc-
tion (DBOC) will not change significantly along the PES.
This has been checked at the RHE, MP2, and CCSD levels
of electronic structure theory using several basis sets. It
has always been found that while the DBOC energy cor-
rection is large, approximately (/c)1800 cm™L, the cor-
rection differences for the stationary points are small,
sometimes much smaller than (hc)0.1 cm~L. Thus, the
relativistic and DBOC corrections can safely be ignored
during the survey of the relative energies of the station-
ary points on the ground electronic state PES of the CO
dimer, their combined effect is only (hc)0.0(2) cm™!.

The largest remaining uncertainty in the relative ener-
gies comes from the zero-point vibrational energies,
which cannot be determined accurately from the har-
monic force fields computed in this study [73]. Never-
theless, it is of interest to observe how much the relative
ZPVE corrections change as the level of theory changes.
Harmonic ZPVE values are compared at the MP2 level.
One can clearly establish that the Z¢ isomer always has
a larger ZPVE value by about (hc)30 cm™! than the Zo
isomer. Due to the four large-amplitude motions of the
dimer, which cannot be adequately described by the har-
monic oscillator approximation, this value has a large
uncertainty but suggests that the well around the global
minimum is tighter than that around the local one. This
also means that the ZPVE correction on the relative
energies has the opposite sign of the pure electronic dif-
ference, suggesting that the energy difference between
the two isomers could indeed be minuscule, as observed
experimentally.
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3.4. SAPT analysis

It is of general interest to develop a physical interpreta-
tion of the intermolecular interactions and forces present
in the CO dimer in terms of electrostatics, as well as
exchange, induction, dispersion, and intramonomer cor-
relation effects. For this energy decomposition, elements
of symmetry-adapted perturbation theory [62, 80, 111]
can be used.

The CO dimer has already been the subject of SAPT
investigations and has become a standard model for
testing increasingly sophisticated many-electron SAPT
formulations. Rode and co-workers [12] performed the
first detailed SAPT analysis of the interaction energy,
highlighting the strong geometry dependence of the
electrostatic term and its important role in determin-
ing the preferred orientations of the dimer, as well as
its high sensitivity to intramonomer correlation effects.
Vissers et al. [28] employed SAPT(DFT) to construct
a four-dimensional potential energy surface to supple-
ment microwave spectroscopy studies of the CO dimer.
In their work, the SAPT(DFT) potential was found to
be somewhat deeper around the global minimum than
the corresponding CCSD(T) surface obtained using the
same basis set. No decomposition of the SAPT interac-
tion energy into individual components was reported. In
several studies, individual SAPT components have been
examined at selected geometries. For example, Korona
et al. [20] demonstrated that effects usually regarded as
small, such as orbital relaxation in the density matrices
entering the SAPT expressions, can contribute as much
as 30% of the exchange energy, corresponding to about
20% of the total interaction energy. Here, we are revisiting
the SAPT analysis, including newly calculated station-
ary points of the CO dimer. The results are compared
with those of the FPA analysis based on the best ab initio
methods. The discussion below refers to Table 7, which
collects the results of SAPT calculations using SAPTO,
SAPT2+3(CCD), and SAPT(DFT), all obtained with the
aug-cc-pV5Z basis set.

A qualitative understanding of the relative energy
order of at least some of the stationary points on the
PES of the CO dimer, as well as the energy order of
the two minima, must be based on the alignment of the
small dipole moments of the two monomer CO units.
Based simply on the electronegativities of C and O, one
expects that, in the CO monomer, the partial positive
charge is on the carbon atom and the partial negative
charge is on the oxygen atom. In contrast to this sim-
plified picture, which mixes scalar quantities (charges)
with vectorial ones (dipole moments), the direction of the
small dipole moment of CO, 0.122 D [112], arises from
the carbon atom carrying the negative end. This can only
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be explained by the careful use of molecular orbital the-
ory; a highly educational account of this can be found in
Ref. [113]. Actually, for our discussion, it is only impor-
tant to note the charge separation in the CO monomer,
which affects how two (or more) CO units can inter-
act. It is therefore convenient to start the discussion of
the interaction mechanism from the electrostatic contri-
bution, which is usually a key factor responsible for the
differences in the energies between the stationary points
of vdW dimers.

The value and direction of the electric dipole moment
of the CO molecule are notoriously sensitive to the level
of ab initio description [113, 114]. Consequently, the elec-
trostatic term in SAPT is strongly affected by the choice of
monomer densities, and the differences between SAPTO
and the correlated variants, in this case SAPT(DFT) and
SAPT2+3(CCD), are substantial. For the Z¢ configura-
tion, SAPTO, which represents electrostatics computed
from Hartree-Fock densities, recovers only about 73%
of the SAPT(DFT) and SAPT2+3(CCD) electrostatic
energy. For the Zo configuration, the effect is opposite
and even larger: the HF-based electrostatic energy over-
estimates the correlated value by roughly 70%. Since the
dipole moment of CO is rather small, the long-range
interaction, viewed purely as a multipole-multipole inter-
action in the region of the minima, is also modest. The
dominant electrostatic contribution arises instead from
short-range charge-penetration effects due to the close
proximity of the monomers. The electrostatic interac-
tion also varies substantially among the stationary points:
when evaluated using DFT or correlated wave-function
densities, it is nearly twice as attractive in Z¢ as in
Zo. This behaviour is consistent with a more diffuse
and overlapping electron density on the carbon end of
CO, which enhances charge-penetration effects in the Z¢
minimum.

The exchange (Pauli) repulsion tracks the extent of
intermonomer density overlap, and its large magnitude
in the minimum confirms the strong charge-penetration
character of the interaction. Its magnitude is larger in
the Z¢ configuration (~ (hc)200 cm™!) than in the Zo
(= (hc)150 cm™!) configuration, which confirms our
conclusion regarding the electrostatic interaction: the
electron’s overlap is stronger when the carbon ends are in
contact. The exchange interaction is less sensitive to the
description of intramonomer correlation, and the devi-
ations of both SAPT(DFT) and SAPT2 from SAPTO are
within 10%.

In the CO dimer, the induction effects, calculated
here as the sum of induction and exchange-induction,
are modest. This can be attributed to the small polar-
isability of this molecule: benchmark calculations [115]
at the aug-cc-pVTZ CCSDT level yield 11.843 for oy, =

ayy and 15.497 for a... Nonetheless, given the signifi-
cant cancellation of many effects in the CO dimer, the
induction energy, despite being small, contributes signif-
icantly to the difference in the depths of the Z-shaped
minima.

As far as the main binding mechanism is concerned,
the CO dimer is stabilised predominantly by dispersion
interactions, which provide the main attractive contribu-
tion, whereas electrostatic interactions play a secondary
role in determining the overall depth of the potential.
As illustrated in Table 7 and Figure 1, the attractive dis-
persion term is fairly insensitive to the geometry and
to the SAPT variant: for all stationary points and all
three levels of theory, it lies between about —(hc)190
and —(hc)220 cm™!, with SAPT2+43(CCD) yielding the
most attractive values. The SAPT(DFT) dispersion ener-
gies are systematically intermediate between SAPTO and
SAPT2+3(CCD) and track the correlated CCD-based
results closely, typically within a few tens of (hc) cm™!.
This confirms that dispersion sets the overall scale of the
CO dimer binding, while the differences between station-
ary points must arise primarily from other components,
most notably from the interplay between electrostatics
and exchange.

Note also that the polarisability of CO is not nearly
as sensitive to the level of ab initio theory as its dipole
moment: at the Hartree-Fock level, the polarisability
underestimates the CCSDT reference by only about 6%,
whereas MP2 and CCSD reproduce it to within about
1% (cf. Table IIT of Ref. [115]). This explains the rela-
tively weak dependence of the second-order induction
and dispersion corrections on the detailed treatment of
intra-monomer correlation.

The wave-function-based SAPT interaction energies
do not agree well with the supermolecular bench-
marks. In particular, the overestimation of the inter-
action energy at the SAPT2+3(CCD) level, compared
to CCSD(T), is unexpectedly large and suggests that
further improvements in the SAPT treatment of intra-
monomer correlation and/or higher-order contributions
are required for truly high accuracy.

The exchange (Pauli) component is especially sen-
sitive to the treatment of intra-monomer correlation:
the SAPT(DFT) exchange term is more repulsive than
the SAPT2+3(CCD) value by about (hc)15 cm™!. This
trend is consistent with coupled-cluster benchmarks for
exchange reported by Korona [116], who showed that
SAPT(DFT) can be comparable in accuracy to wavefunc-
tion approaches based on CCSD density matrices (which
are not available in the present PSI4 implementation).

Furthermore, SAPT2+43(CCD) relies on estimated
third-order contributions that remain sizable. For exam-
ple, the Hartree-Fock correction ég% is on the order of
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Figure 1. Interaction energy components for nine stationary points on the ground electronic state potential energy surface of the CO
dimer. The plot shows the electrostatic, exchange, induction, and dispersion terms obtained using the SAPT(DFT) with the PBEO functional
and the aug-cc-pV5Z basis set. For reference purposes, total interaction energies calculated at the frozen-core aug-cc-pVQZ CCSD(T) level
with counterpoise correction are presented for each stationary point.

(hc)14cm™! (not shown in the tables). Because 51(_%% is

defined at the HF level, it does not incorporate intra-
monomer correlation, which may therefore remain a
non-negligible source of error in both wave-function
SAPT and SAPT(DFT). In contrast, SAPT(DFT)/PBEO
yields significantly better agreement with CCSD(T),
overbinding by 4.3% for Z¢ and by less than 1% for Zo.
Finally, let us try to rationalise why the Zy; struc-
ture, despite the preferential interaction between the
negative and positive ends of the monomers, is the
least stable among the Z-shaped configurations. At
the SAPT(DFT) level, the electrostatic stabilisation of
Znm, —(he)62.1cm™!, is essentially identical to that
of Zo, —(hc)62.2cm™!, even though the monomer
dipoles are oppositely aligned in the two structures. Zy
benefits from additional attractive contributions aris-
ing from induction, —(hc)12.0cm™!, and dispersion,
—(hc)213.5 cm™ L, both of which are stronger than in
Zo, —(hc)6.4 and —(hc)201.0 cm™1, respectively. How-
ever, these favourable effects are more than offset by
a substantially larger exchange repulsion term in Zy,
+(hc)174.0 cm ™!, compared to +(hc)149.4 cm™! for Zo.
This increase is consistent with a greater overlap of
the intermolecular electron densities and, consequently,
stronger Pauli repulsion. The exchange energy of Zy falls
between those of Z¢ and Zo, as expected for an inter-
mediate degree of electronic-cloud overlap. As a result

of this delicate balance among interaction components,
the total SAPT(DFT) interaction energy of Zy is the least
negative in the series, —(hc)113.6 cm™L, rendering it the
least stable Z-shaped configuration. It is worth empha-
sising that the cancellation among the individual inter-
action energy components is subtle: while SAPT(DFT)
correctly predicts Zy; to be the least stable Z configura-
tion, in agreement with high-level CCSD(T) benchmark
results, SAPTO and SAPT2+43(CCD) fail to reproduce
this ordering.

4. Conclusions

The principal aim of this computational study was to
conduct a comprehensive survey of the stationary points
on the ‘mysterious’ CO dimer’s ground electronic state
potential energy surface. In total, a dozen stationary-
point shapes were investigated. Numerical results are
presented for 11 feasible geometrical motifs, where ‘fea-
sible’ denotes structures that were identified as stationary
points (minima or transition states with nonzero Hessian
indices) by the electronic-structure methods employed.
For this tetratomic dimer, the geometrical motifs are
denoted in this study by the letters H, I (linear), T, V, X
(the only non-planar stationary point), and Z, listed in
alphabetical order. Because the monomers contain two
non-equivalent atoms, each motif admits two or three
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distinct variants, which are distinguished by subscripts
indicating the atoms in closest contact (C for carbon-
carbon, O for oxygen-oxygen, and M for mixed carbon-
oxygen). Occasionally, the point-group symmetry of the
equilibrium structure is indicated in parentheses.

The electronic structure of carbon monoxide (CO),
featuring a triple bond that is unusual for both con-
stituent atoms, has long served as a testing ground for
modern chemical-bonding theories [113]. Likewise, the
complex electronic structure of the CO dimer poses sig-
nificant challenges for (a) the determination and char-
acterisation of the stationary points on the ground elec-
tronic state, as it suffers from a polytopic [68] landscape:
at some levels of theory, the shapes Zc(Cyp), Zo(Con),
Tc(Cs), To(Cs), Vo(Cyy), and Ig(Dyop) are all found
to be minima, and (b) a qualitative understanding of
its bonding. Notably, not only the MP2 but even the
gold-standard CCSD(T) calculations can yield ambigu-
ous conclusions regarding whether a given stationary
point should be considered a minimum or a transition
state. The application of counterpoise corrections and the
use of explicitly correlated (F12) methods help to resolve
most of the stability issues, but not all of them.

Consistent with recent high-level ab initio studies, our
results confirm the existence of two isomers of the CO
dimer, the global minimum adopting a Z-shaped, pla-
nar, slipped, antiparallel arrangement, Z¢. The Zc(Cyp)
structure is often predicted to be a first-order transi-
tion state, leading to an almost isoenergetic minimum,
which can be described as Z¢(C;). As for the additional,
secondary minimum, for Zo(Cyy,) the situation is some-
what similar to that of Z¢(Cyp,); however, in this case, the
equilibrium structure with C; point-group symmetry is
better described as having a shape To(Cs). Comparison
of the calculated and experimentally derived rotational
constants suggests that the secondary minimum has the
shape To(Cy). A third Z-type configuration, Zy, features
a mixed CO contact. This structure is always a first-order
transition state with C; point-group symmetry, and it is
at the top of the pathway connecting the two minima.

Almost without exception, the further stationary
points identified on the ground electronic state surface
of (CO), have a Hessian index of at least 2. The only
non-planar form, X(C,), has a relatively large interac-
tion energy and it appears to be a second-order transition
state. The stationary point with the shape Vo (Cy,) also
appears to be a relatively stable one.

To achieve high accuracy for the relative energies
of the stationary points — and to obtain conservative
uncertainty estimates — the composite focal-point anal-
ysis (FPA) methodology was employed. Several sta-
tionary points on the ground electronic state of the
CO dimer were examined within this framework. The

most significant findings can be summarised as fol-
lows: (a) the inclusion of the counterpoise correc-
tion in the energy evaluations is essential for obtain-
ing even qualitatively correct stationary points at mul-
tiple levels of theory, including the gold-standard
CCSD(T) approach; (b) the counterpoise-corrected ener-
gies exhibit markedly improved convergence behaviour,
approaching the complete-basis-set limit from the oppo-
site direction relative to the uncorrected values; (c)
explicitly correlated (F12) calculations display substan-
tially better basis-set convergence than their conven-
tional counterparts; (d) because the monomers’ core
electrons undergo only negligible changes upon dimer
formation, core-core, core-valence, and relativistic con-
tributions to the ground-state PES can be safely neglected
for all practical purposes; and (e) although the diago-
nal Born-Oppenheimer correction is sizable, it varies
only minimally across the PES for this relatively heavy
four-atom system.

The electronic interaction energy of the global min-
imum is —(hc)136.8(15) cm™!, while the electronic
energy difference between the global and local minima
is only (hc)17.1(25) cm™! (the underlying calculations
were carried out at higher-symmetry reference struc-
tures). The harmonic zero-point vibrational energy cor-
rections computed in this study to characterise the sta-
tionary points are highly approximate; the accurate FPA
energy values can only be corrected for vibrational effects
by the results of variational nuclear motion computa-
tions.

The nature of the CO- - -CO intermolecular interac-
tions was elucidated with the help of three different lev-
els of symmetry-adapted perturbation theory: SAPTO,
SAPT2+3(CCD), and SAPT(DFT). The best SAPT com-
putations utilised the aug-cc-pV5Z basis set and were
performed for the following nine stationary points
(in alphabetical order): In(Cooy), Io(Doon)> Tc(Cs),
To(Cs), Vo(Cay), Zc(Can), Zm(Cs), Zo(Cap), and X(Cy).
A detailed interaction-energy analysis, involving elec-
trostatics, exchange, induction, and dispersion terms,
explains the bonding in the CO dimer as primarily aris-
ing from dispersion rather than electrostatics. The same
calculations indicate that the CO dimer provides a non-
trivial case for SAPT analyses; thus, further improve-
ments in the SAPT treatment of intra-monomer corre-
lation and/or higher-order contributions are required to
achieve truly high accuracy.
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