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ABSTRACT

The C,y and Cs ground and low-lying states of doublet CuO, are examined for a series
of different density functionals (pure, hybrid, and meta-hybrid) and CCSD(T) methods.
The effect of changing the B3LYP functional a, parameter is also explored. CCSD(T)
results at the complete basis set limit show that the relative stability of the different
electronic states is 2A2(Czv) < 2A’’(Cs) < ?B2(Cav) < ?A’(Cs) << 2A1(Ca) < ?Bi(Ca).
Unlike CCSD(T), all DFT methods analyzed in this work erroneously predict the end-
on 2A” state as the ground state for CuO; irrespective of the type of functional and
percentage of Hartree-Fock (exact) exchange included in the B3LYP-like functional.
Among the different functionals tested, B3LYP gives the best geometries and relative
energies for the different electronic states when compared to CCSD(T) results. As to the
effect of the a, parameter is concerned, it is found that the B3LYP-like functional
yielding better geometries contains 20% of exact exchange, although somewhat
unexpectedly, for relative energies the B3LYP-like functional with a larger contribution

of exact exchange (90%) is the one giving the smaller standard deviation.
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INTRODUCTION

Copper, despite its toxicity in pure form, is fundamental for the activity of many
enzymes, which are important in oxygen transport and insertion, electron transfer, redox
processes, and so forth.1> One of the most important enzymes in humans that contains
copper in the active site is the superoxide dismutase (SOD).6 This enzyme provides
cellular defense against the oxidative stress by catalyzing O>~ disproportionation into

the less toxic dioxygen and hydrogen peroxide:

2027+ 2H" > 02 + H20, 1)

The copper site is at the heart of the enzymatic active site of the SOD protein. The
catalysis is a two-step process: one molecule of superoxide first reduces Cu?* to form
dioxygen and then a second molecule of Oz~ reoxidizes Cu® to form hydrogen peroxide
(See Figure 1).78

Figure 1, here

In order to study theoretically the mechanism for the toxic superoxide radical
disproportionation by SOD, it is necessary to employ methods that describe correctly
the interaction between copper ions (Cu* and Cu?*) and the superoxide radical (O2").
Most of the articles that study catalytic mechanisms computationally in enzymes use
density functional theory (DFT) methods.®>*? DFT is the usual method of choice for
studies of enzymatic or organometallic catalytic reaction mechanisms because the
current hybrids or meta-GGA functionals provide, in general, similar or even better
results on geometries and relative energies compared to correlated ab initio calculations
such as MP2 while using less computer time.>*? Unfortunately, however, this is not
always the case. For instance, recently, some of us showed that many DFT methods fail
to predict the correct ground electronic state of Cu?*-H.0. This is due to the fact that,
in certain electronic states, there is an important charge and spin delocalization. These
situations, as for two center-three electron (2c-3e) bond systems,'#1® have been shown
to be overstabilized by most pure density functionals. For this reason, it was also found
that the relative stability of the different electronic states in Cu?*-H,O strongly depends

on the degree of mixing of exact HF and DFT exchange functional.'* Among the



different functionals tested in that work,'® the BHandHLYP functional was found to be

the one that provides better results compared to CCSD(T).

Before starting the investigation of any reaction mechanism involving Cu*- or
Cu?*-O," species with DFT methods, it is convenient to make a detailed study of the
performance of different DFT methods for the description of the geometry and
energetics of the ground and low-lying states of CuO2 and CuO". This is the main goal
pursued by the present paper. Hartree-Fock (HF) and coupled cluster with single and
double excitations!’ with the perturbation theory to include the effect of triple
excitations'® (CCSD(T)) calculations with a complete basis set (CBS) extrapolation will
be also carried out to get reference values to which our DFT results can be compared.
Preliminary calculations of the singlet and triplet CuO>"* species show that, qualitatively,
the DFT relative energies of the ground and low-lying electronic states follow the same
trends as those provided by the CCSD(T) method. For this reason, the present paper is
focused on the capability of DFT to provide the right energetic order and geometry
(end-on Cs or side-on Cay, Figure 2) of the ground and low-lying states of the doublet
CuOz. Quartet states of CuO2 have not been considered here because they are basically
van der Waals complexes far less stable than doublet states.!®? For doublet CuO;
species, we will also analyze the effect of changing the amount of HF exchange
included in the B3LYP functional. Let us mention here that several benchmarks on the
performance of different functionals for the study of inorganometallic and

organometallic complexes are available in the literature.?

Figure 2, here

The CuO. species has been extensively studied both experimentally and
theoretically. It is known that a Cu(O2) (hereafter referred as CuOz) weakly bound
complex is formed when Cu reacts with Oz in rare-gas matrices.??6-3 The linear OCuO
dioxide that is formed after irradiation in the ultraviolet** is more strongly bound but it
is less stable and will not be studied in the present work. Interestingly, the global
minima on the M + O potential energy surfaces (PESs) of all first-row transition metals
correspond to the dioxide structure, the only exception being the CuO: with a
superoxide structure.®® Mitchell has determined that the bond dissociation in the ground

state angular CuO; is 15 + 5 kcal mol.3® On the other hand, EPR experiments?®!



indicate two magnetically inequivalent oxygen atoms and this has been interpreted in
terms of an end-on Cs coordination (see Figure 2) for the ground state of CuO,. HF¥
and DFT(B3LYP)¥20:38 stydies reinforce this result by showing that the end-on Cs
structure is about 10 kcal mol™* more stable than the side-on Cay species. However, at
the ab initio correlated level (MRCI,*® CASPT2,3" and CCSD(T)*%#! calculations) the
side-on structure is found to be the ground state, with the end-on isomer being almost
isoenergetic (only about 1 kcal mol™ less stable). One of us* attributed the difference
between EPR results and theoretical predictions by high level calculations to matrix
effects taking place in EPR experiments that could either change the relative stabilities
or produce an external magnetic field that cause the oxygen atoms of the Cay side-on
structure to be magnetically inequivalent. More recent calculations by Roos et al.*’
provided further support for the larger stabilization of the Cs as compared to the Cay

structure in rare-gas matrices, due to its larger dipole moment.

As said before, in the present work we address the effect of varying the fraction
of exact HF exchange included in hybrid B3LYP-like functional on the relative energy
and geometry of the ground and low-lying states of doublet CuO.. The effect of
changing the amount of HF exchange included in the B3LYP functional in the
molecular  structure,*>*’  vibrational  frequencies,**#’  first-order  density,*
thermochemistry and energy barriers,*>4%°3 jonization potentials,** hydrogen bond
infrared signature,® and nuclear resonance shielding constants®® of several species has
been discussed in previous works.*>°® Furthermore, Reiher and co-workers®’ have
analyzed the importance of the admixture of exact HF exchange in the functional on the
relative energy between electronic states of different multiplicities. These authors have
shown that high-spin states in Fe(ll)-sulfur complexes are stabilized when the degree of
exact HF exchange is increased and that the energy splitting between low-spin and high-
spin states depends linearly on the coefficient of the HF exchange admixture. Because
of problems with the B3LYP functional® for providing the spin ground-state of iron-
sulfur complexes, Reiher and co-workers®’ therefore proposed to lower the amount of
HF exchange in B3LYP to 15%. This reparametrized functional, called B3LYP*, was
indeed shown to afford better relative energies between electronic states as compared to
B3LYP, but still failed for spin-crossover systems.>® More recently, validation studies

of DFT functionals®® have shown the excellent performance of the OPBE and OLYP%!-



83 functionals for these spin-state splittings. These functionals will be included in our

study.

Up to date, the CuO, molecule has been studied by DFT methods with only the
B3LYP?°38 and the PW GGA-II functionals.’® In the present work, we will consider a
wider series of functionals of different types (pure, hybrid, and meta-hybrid) as well as a
set of B3LYP-like functionals with different degree of HF exchange incorporation.

METHODOLOGY

HF, CCSD(T), and DFT calculations on geometries, energies, and harmonic
vibrational frequencies of the Cs 2A’’and 2A’ and Cay 2Az, B2, ?A1, and 2B electronic
states of the doublet CuO species have been performed within the unrestricted
formalism using the Gaussian 03 package program® for the HF and DFT methods and
with the Molpro 2006.1 for the CCSD(T) calculations.®® The S? expectation value (for
DFT, this value is obtained using a Slater determinant constructed with the Kohn-Sham
orbitals as approximate wavefunction) is, with few exceptions, close to the expected
0.75 value (see Table S1). CCSD(T) calculations have been done correlating all the
electrons except the 1s electrons of O and the 1s, 2s, and 2p electrons of Cu. The 6-
311+G(d) basis set as implemented in the Gaussian 03 has been used for all
calculations. For Cu, this basis corresponds to the (14s9p5d)/[9s5p3d] Wachters basis
set® with the contraction scheme 611111111/51111/311 supplemented with one s, two
p, and one d diffuse functions and one f polarization function.®” Moreover, single point
CCSD(T) energy calculations at the optimized CCSD(T)/6-311+G(d) geometry were
carried out with the Dunning’s aug-cc-pVTZ and aug-cc-pVQZ basis sets.®® From these
results we provide an estimation using the eq. (7) of reference 69 of the CCSD(T)
energy extrapolated to a CBS limit. This equation has been employed to extrapolate
both the HF and the correlation energy. For the two-lowest energy states, we have
performed additional geometry optimizations with the Dunning’s aug-cc-pVTZ and

aug-cc-pVQZ basis sets.®



For the DFT calculations, we have used the Lee, Yang, and Parr (LYP)™
correlation functional combined with the nonlocal hybrid Becke’s three parameter
exchange functional (B3).%® The B3 method was originally formulated as:*®

E,c = EX™ +a,(EX™ — EL™* )+ a, AEE™ + 2, AEP"™ vy

The Ex®@ Ex-SPA AEXB®, and AECPW! terms are the HF exchange energy based on
Kohn-Sham orbitals, the uniform electron gas exchange-correlation energy, Becke’s
1988 gradient correction for exchange,”* and the 1991 Perdew and Wang gradient
correction to correlation,’>" respectively. Commonly, this procedure is referred to as
the B3PW91 method. The coefficients ao, ax, and ac were determined by Becke®® by a
linear least-squares fit to 56 experimental atomization energies, 42 ionization potentials,
and 8 proton affinities. The values thus obtained were a, = 0.20, ax = 0.72, and ac =
0.81. In the Gaussian 03% implementation, the expression of the B3LYP functional is

similar to eq. (2) with some minor differences:®

E,. = ELoA _i_ao(Ee)zz(act B El)_(SDA)+aXAE§88 L EYWN +aC(AE(IEYP _ EXWN) (3)

In this equation, the Perdew and Wang correlation functional originally used by Becke
is replaced by the Lee-Yang-Parr (LYP)"® one. Since the LYP functional already
contains a local part and a gradient correction, one has to remove the local part to obtain
a correct implementation. This can be done in an approximate way by subtracting
EcYWN from AEc-"P. Note that in the Gaussian 03 implementation the VWN functional
is the one derived by Vosko et al. from a fit to the random phase approximation’’:"®
results. It is also worth noting that the set of parameters a, = 1.0, ax = ac = 0 does not
reproduce the HF results due to the presence of the EcVWN term in eq. (3).

Besides these functionals, others have also been tested. First, we have used the
pure exchange functional OPTX% combined with the LYP® (OLYP) and PBE®>"°
(OPBE) correlation functionals as well as the pure BLYP,”* G96LYP,® and
mPWPW91.8! Second, we have employed the hybrids B3LYP*>" which uses 15%
Hartree-Fock exchange compared to the 20% used in the original B3LYP, and Becke’s
half-and-half method (BHandH),® that also makes use of eq. (3) with a, = 0.5, ax = 0.5
and ac = 0. Finally, we have tested four meta-hybrid functionals, the M05,% VSXC,8



HCTH/407,% and TPSS® functionals. According to Zhao, Schultz, and Truhlar,®’ the
BLYP, G96LYP, PBE, mPWPW91, and MO05 are the most efficient functionals for the
description of transition metal-ligand and transition metal-transition metal bond

energies.

RESULTS AND DISCUSSION

Cu® is one of the two most common ions formed by copper. Its electron
configuration is 4s°3d'° and it is a diamagnetic ion. The superoxide anion is the product
of the one-electron reduction of dioxygen, which occurs widely in nature. With one
unpaired electron, the superoxide ion is a free radical, and, like dioxygen, it is
paramagnetic. When Cu* and the superoxide anion are combined, the doublet CuO;
molecule is obtained. We have performed geometric optimizations and frequency
calculations for doublet CuO> in different Cs and Coy electronic states (Figure 2). It is
worth mentioning here that previous MRSDCI calculations®® proved that in the Cs 2A”
and 2A’ states (and therefore most likely in the Cav 2A; and 2B; states, vide infra) the
RHF configuration dominates the final wavefunction. Therefore, it is expected that the
single reference based CCSD(T) method vyields an accurate description of these
electronic states. Indeed, the test T188 that provides an estimation of the importance of
static correlation is never larger than 0.06 for all analyzed electronic states, except for
the highest 2B; one, for which T1 is 0.11. Consequently, non-dynamical correlation may
be important for this state. Note that in the ?B; electronic state metal inserts into the O,

bond (vide infra).

A. CuO; description by the HF, CCSD(T), and standard DFT methods
Table 1 contains the optimized geometrical parameters of the ground and low-
lying electronic states of CuO. doublet obtained with HF, BLYP, G96LYP, OLYP,
OPBE, mPWPW091, B3LYP, B3LYP*, BHandH, M05, VSXC, HCTH, and TPSS and
the highly correlated CCSD(T) post-HF-method using the 6-311+G(d) basis set for the
Cs and Cyyv low-lying electronic states. In Table 2, the standard deviations for the
optimized geometries obtained with the different methods as compared to the
CCSD(T)/6-311+G(d) results are given. Table 3 shows the relative energies obtained
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with these different methods, while Table 4 contains the same relative energies
computed with the CCSD(T) method theory using the aug-cc-pVTZ and aug-cc-pVQZ
basis set as well as an estimation of the CCSD(T) energy extrapolated to the CBS limit
at the CCSD(T)/6-311+G(d) optimized geometries. Finally, Table 5 lists the
geometrical parameters and relative energies of the two lowest-energy states computed
at the CCSD(T) level with the aug-cc-pVTZ and aug-cc-pVQZ basis sets together with
an estimation of the CCSD(T) relative energy extrapolated to the CBS limit obtained
using the CCSD(T)/aug-cc-pVQZ geometry.

Tables 1-5, here

The calculated B3LYP molecular orbitals (MOs) for the different electronic
states and the qualitative MO diagram for the interaction between the Cu (%S) and O
(*Zg) fragments in the side-on Cov CuO- species are given in Tables S3-S8 and Figure
S1, respectively, of the supporting information. Bonding orbitals for side-on CuO. are
located well below the HOMO, while the upper levels, which are either nonbonding or
antibonding, exhibit small Cu—-O2 overlaps.!® For the Cyy species, we have analyzed the
lowest-lying 2A;, 2Bz, A1, and 2B electronic states. The results show that in the 2A;
state the singly occupied MO (SOMO) is the 2a, orbital, which is an antibonding
combination of the copper dy; orbital with the ©* out-of-plane antibonding MO of Oy,
the latter having a larger amplitude. The SOMO in the 2B, state is the 6b, orbital formed
the antibonding combination of a small portion of the copper dx, orbital and a large
contribution of the in-plane O, 7* antibonding MO. In the 2A; state, the SOMO (12a1)
corresponds basically to a combination of the 4s and 4px copper MOs. Finally, in the
2B, state, the SOMO (4b,) is an antibonding combination of the copper dxy, orbital with
the out-of-plane Oz = bonding MO.

The Cyy form of CuO> can be transformed into the Cs isomer by simply moving
the Oz moiety along the z-axis (see Figure 2). This movement connects the 2Az and 2B;
states of the Coy symmetry species with the 2A” and 2A’ states in the Cs structure,
respectively. In the 2A’’(Cs) state, the SOMO (6a”) mainly corresponds to the
antibonding combination of the dy; and dxz.y2 orbitals for the copper with the n* out-of-

plane antibonding MO of O, the latter with a larger coefficient. In the 2A’(Cs) state, the



SOMO (17a’) is formed by the combination of the dxy and dy, orbitals of the copper
with a small coefficient and a large contribution of the in-plane O * antibonding MO.
These 6a” and 17a’ MOs are closely related to the Cov 2a2 and 6b. MOs, respectively.
As we will see next, the energy differences between 2A” and 2A; and also between 2A’
and 2B, are in general small for all methods of calculation analyzed. Indeed, an
exceedingly flat PES is found in the direction that transforms the 2A, Cyy stationary

point into the 2A” Cs minimum. 374041

In all states (except for the 2A;), the Cu-O interaction is characterized by the
drop of the unpaired 4s electron of Cu to the * antibonding MOs of 0,.384° So, the
bonding is essentially ionic (Cu™-O2") with some covalent contributions coming
basically from the interactions between the O, n+ MOs and the Cu unoccupied 4p
orbitals of suitable symmetry.*® Interestingly, in the Cs structure the 4s Cu orbital can
participate in the mixing and, therefore, the end-on structure has a somewhat large
covalent character®#® as can be corroborated by the Mulliken charges on Cu atoms

given in the Table S8 of the supporting information.

With respect to the geometrical parameters, Table 1 shows that the changes of
the aicuoo angle are especially important in the 2A’” electronic state ranging from 108.9°
at the CCSD(T) level to 120.4° with the HCTC functional, as a consequence of the PES
being very flat around the 2A’” minimum. The CCSD(T) optimized Ro-o bond distance
for 2A” and %A, is 1.330 and 1.374 A, respectively. The larger value in the 2A;
electronic state is a consequence of its higher ionicity which translates into larger Oz w*
population. These O-O bond lengths in CuO, are much closer to that of [Ty O2~ (exp.:
1.35 A;% CCSD(T): 1.354 A) than that of neutral 3£y Oz (exp.: 1.208 A;% CCSD(T):
1.211 A) for most of the electronic states analyzed and theoretical methods used (see
Table S10 in the supporting information) as expected from the essential ionic nature of
the chemical bond in CuO. This is also reflected in the harmonic frequencies
corresponding to the O-O stretching (see Tables S11-S17 of the supporting
information). For the 2A; state, the O-O bond length is the shortest at the CCSD(T)
level, which is not unexpected given the fact that the SOMO in this state (12a1) does not
have O-O m* antibonding contribution. Conversely, for the ?Bs state, the O-O bond
length is the longest at all levels of theory ranging from 1.939 A in CCSD(T) to 1.522 A



in HF. The change from the ?A; to the 2B; electronic states involves the promotion of an
electron from the 4b; orbital, with an O-O = bonding contribution, to the 2a, with an O—
O =* antibonding character. Consequently, there is an important increase in the Ro-o
bond distance together with a reduction of the v(O-O) harmonic frequency. In fact, in
the 2B, stationary point, the O-O bond is broken and the CuO, complex has to be
considered as an OCuO angular species. For all cases, except for the 2A; state at the HF
level and the 2A” state computed with the VSXC, HCTH, and TPSS functionals, the
Rcu-o distance is slightly larger for the related 2A” and 2A; than for the A’ and %B;
states, respectively. As discussed by Bauschlicher et al.,*° this has to be ascribed to the
lower Cu-O, Pauli repulsion in the 2A’ and 2B; states as a result of having three
electrons (as opposed to four in the 2A” and 2A; states) occupying in-plane O, «°
orbitals. In spite of that, electrostatic interactions are more favorable when there are four
electrons in the in-plane O2 «” orbitals which explains the higher stability of the 2A” and
2]\, states as compared to the 2A’ and 2B states, respectively (vide infra). Let us notice
that for all states except the 2Bs, there is a reduction of the Cu-O bond length when
going from HF to CCSD(T) result. This behavior is opposed to the usual increase in the
bond lengths when correlation effects are included and it is likely to be the result of
important contributions of the excitations starting from the 6b. and 2a, orbitals, of
similar energies and Cu-O antibonding character, to orbitals of higher energy with Cu—

O nonbonding character.

In Table 2, we list the standard deviation (STD) of the geometrical parameters
given in Table 1 as compared to the CCSD(T)/6-311+G(d) optimized parameters in
each state. This number gives an idea of the performance of the different functionals for
geometric parameters. It is worth noting the relatively good behavior of the HF method
for geometries (with the exception of the 2B; state for which non-dynamical correlation
could be important), which is not totally surprisingly given the well-known good
performance of the HF method for ionic species. In spite of that, the HF results are
outperformed by all DFT functionals except for the BHandH, M05, and HCTH which
show a similar performance to that of the HF method.

It can be observed in Table 3 that, at the CCSD(T)/6-311+G(d) level, the ground
electronic state of CuO, doublet is the 2A, (C2v) and the relative stability of the different
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electronic states is 2A2(Cay) < 2A”’(Cs) < 2B2(Cav) < 2A’(Cs) << 2A1(C2) < ?B1(C2). The
same relative stability order is obtained with single point energies calculations at the
optimized CCSD(T)/6-311+G(d) geometries using the aug-cc-pVTZ and aug-cc-pVQZ
basis sets and extrapolating to the CBS limit. However, at the CBS limit (Table 4), the
difference between 2A, and 2A’’ increases from 0.03 kcal mol™? to 1.4 kcal mol™. In
Table 5 we provide the geometries and energy differences found with the CCSD(T)
method using the aug-cc-pVTZ and aug-cc-pVQZ basis sets. As can be seen, in
comparison with the 6-311+G(d) results, the Cu—O bond contracts by 0.02 — 0.03 A
with these basis sets, but energy differences remain unchanged. Our best estimate for
the energy difference between the 2A; and the 2A’’ lowest-energy states is 1.38 kcal
mol™, the 2A; being the most stable. It is important to remark that this energy difference
is converged with respect to the basis set (see Tables 4 and 5) and optimized geometry
(compare the results with the CCSD(T)/6-311+G(d) and CCSD(T)/aug-cc-pVQZ
geometries). The higher stability of the side-on 2A; as compared to end-on 2A’’ species
in the gas-phase was already found previously at the CASPT2% and CCSD(T)*#
correlated levels, the energy difference reported being similar to that found in the
present study (CASPT2 = 0.5% kcal mol™; CCSD(T) = 0.74%%4! and 0.94%4! kcal mol™?).
As said in the Introduction, EPR experiments?®3! show two magnetically inequivalent
oxygen atoms and this had been taken as an indication that the end-on Cs structure is the
ground state. CASPT2 calculations by Roos et al.®’ indicate that the gas-phase ground
state is the side-on 2A; state but because of the small energy difference between the two
species, the 2A’” Cs structure, which has a large dipole moment, becomes the ground-

state in rare-gas matrices.

The relative stability of the different electronic states found by the HF and DFT
analyzed methods is 2A”’(Cs) < 2A; (Cav) < 2A’(Cs) < 2Bz (C2v) << ?A1 (C2v) < ?B1 (Cav).
Unfortunately, for the BLYP, G96LYP, and mPWPW91 methods, we were unable to
converge the 2By state. As found in previous studies,'®2°3738 our HF and DFT results
indicates that the end-on Cs structure is more stable than the side-on Cay species by
about 10 kcal mol?. Only the HF and BHandH yield side-on 2A2(Cz,) and end-on
2A’’(Cs) species of comparable energy (about 2 kcal mol?! difference). When all
electronic states are considered, the standard deviation values (last row of Table 3)
indicate that B3LYP and B3LYP* are the methods that globally give the more similar
results to the data obtained using CCSD(T)/6-311+G(d). All STD given by the DFT

11



methods are smaller than the HF STD except for the M05, VSXC, HCTH, and TPSS
functionals. If we take the STD for all states except the 2B1, then only the mPWPW91,
B3LYP, B3LYP*, and BHandH perform better than HF.

The side-on 2A2(Ca) and end-on 2A’’(Cs) species are almost isoenergetic
according to our HF, BHandH, and CCSD(T) results. The fact that most DFT methods
such as the B3LYP clearly favor by about 10 kcal mol? the end-on 2A’ state as
compared to 2A; one is due, in part, to the fact that the A, state has a larger ionic
character (vide supra) than the 2A’’ state. Therefore, its stability is underestimated by
most DFT methods because these methods overestimate the Cu first IP (see Table S18,
exp.. 7.72 eV;*® CCSD(T)/CBS limit: 7.54 eV; CCSD(T)/6-311+G(d): 7.26 eV;
B3LYP/6-311+G(d): 8.04 eV). Since the CCSD(T) method yields a low IP as compared
to the experimental value, the possibility of the 2A; state being overstabilized by
CCSD(T) methods cannot be rule out.*

Let us finish this section by analyzing the binding energies (BEs) of CuO:
ground state with respect to the Cu (?S) and O, (3Zg) fragments for the different levels
of calculation listed in Table 6. The considered CuO, ground state is 2A” for HF and
DFT methods and 2A; for the CCSD(T) method. This BE was measured experimentally
by Mitchell to be 15+5 kcal mol™.2® The CCSD(T) result we have obtained with the
aug-cc-pVTZ and aug-cc-pVQZ basis sets at their respective optimized geometries is
13.78 and 13.81 kcal mol? in good agreement with the experimental value.
Surprisingly, the BE obtained at the CCSD(T)/6-311+G(d) level is clearly two low by
about 10 kcal mol™? in comparison to the experiment and the CCSD(T) result obtained at
the CBS limit, which points out the importance of the basis set at this level of theory for
obtaining an accurate binding energy. For the present system, and due to the nature of
the bonding (Cu*-0y"), it is particularly important to accurately describe the electron
affinity (EA) of O., which at the CCSD(T) level requires large basis sets with multiple
diffuse and polarization functions. Note that the CCSD(T) EA of O is computed to be
0.03, 0.36 and 0.38 eV with the 6-311+G(d), aug-ccpVVDZ and aug-ccpVTZ basis sets,
respectively, the experimental value being 0.448+0.006 eV.°* Most functionals with the
exception of VSXC give binding energies ranging from 10 to 20 kcal mol? and
therefore within the experimental result. On the contrary, the HF value of —11.1 kcal

12



mol ! indicates that this method erroneously considers CuO; as a metastable species. As

compared to the experimental value, the B3LYP* functional yields the closest result.

Table 6, here

B. On the Optimal Mixing of HF exchange in B3LYP-like Functionals for
the CuO; description

It is well-known that estimations of IPs are usually better when using hybrid
methods with a large percentage (about 40%) of HF exchange.’*% To explore whether
hybrid methods with increasing degree of HF exchange can reproduce better the
CCSD(T) results, we have calculated the different electronic states of CuO2 doublet by
varying monotonically the proportion of exact exchange introduced in B3LYP-like
functionals. We have made use of the Gaussian 03 program feature that allows one to

vary the B3LYP standard Becke parameter set (PS) through internal options.

We have changed the a, parameter by 0.100 increments in the interval 0.100 <
ao < 0.900, with fixed ax = 1 - ao and ac = ax. The ax = 1 — a, relationship has already
been used in some hybrid functionals.”®® We also found in previous works*® that the ax
=1 - a and ac = ax relations between the B3LYP parameters are, on average, the
optimal ones to minimize the difference between the actual B3LYP density and the
QCISD one in a series of small molecules. For this reason the relationships between ax
and a, and ac mentioned previously will be maintained throughout this work. However,
neither the choice that we have employed here nor other possible alternative relations
among the three parameters should be considered as universal.*®” In Table S1, we list

the different PSs {ao,ax,ac} employed.

The optimized geometric parameters and the STD of the optimized geometrical
parameters as a function of a, are collected in Tables 7 and 8, while Table 9 contains the
relative energies of different electronic states obtained with the different PSs. The HF
values have been included for comparison purposes. For the Ca, 2A2 and 2B states (and
also for the related Cs 2A” and 2A’), the Ro.o bond distance decreases with the increase
of the ao parameter. In general, this is the expected behavior when increasing the portion

of HF exchange*® in the functional since HF distances are usually shorter than
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correlated ones. This reduction in the Ro-o bond distance goes with a steady increase in
the acuoo angle when going from BLYP to HF. Finally, the Cu-O bond increases with
the growth in the a, parameter, especially in the 2B, state. This is the result of the Cu-O
bond distance being longer at the HF level, for the reasons discussed before. In addition,
the Cu—O bond becomes more ionic when ao increases. The energy of the 4s Cu orbital
keeps approximately constant while the O, ©* orbitals are stabilized, so both orbitals
become more distant in energy when a, increases and this favors the charge transfer
from Cu to O for the Cyy 2A2 and 2B states. This is confirmed by the Mulliken charges
of Table S8 in the supporting information. The 2A; and 2By states remain essentially
unmodified by variations of the a, parameter, except for the Ro-o bond distance in the
2B, state that increases for smaller a, values. The increase in the a, parameter leads to a
stabilization of the 3d Cu and O> = orbitals. Since the stabilization is smaller for the 3d
orbitals, one gets smaller amplitudes of the Oz & orbitals (and higher for the intervening
3d orbitals) in the 4b; orbital which is singly occupied in the 2B; state. As a

consequence, the Ro.o bond distance in this state is larger for smaller a, values.

Tables 7-9, here

In Table 8, we gather the STD of the geometrical parameters given in Table 6.
The smaller STD values are attained for PS =2 t0 5 (0.2 < a, < 0.5), which is consistent
with the fact that for the DFT methods tested previously the smaller STD values were
obtained for B3LYP (a, = 0.2) and for B3LYP* (a, = 0.15).

The relative stability of the different electronic states found by different B3LYP-
like functionals analyzed methods is the same as that found for the rest of DFT
methods, i.e., 2A”’(Cs) < 2Az(Ca) < 2A’(Cs) < ?B2(Ca) << 2A1(Ca) < ?B1(Ca) (see
Table 9). Although in all cases the ground state of CuO: is the 2A’’, when we increase
the a, parameter the difference in energy between the 2A’” and %A decreases. For the
PS9, the values for the relative energies for the 2A’” and 2A; electronic states are quite
close to the ones obtained with CCSD(T). We attributed this behavior to the larger ionic
character of the 2A; state. lonic states are overstabilized by the HF method. Therefore, a
functional containing large proportion of HF exchange stabilizes the 2A, state as
compared to the 2A’’ state. Indeed, the HF method outperforms most of DFT

functionals as far as the energy differences between 2A’” and 2A; is concerned. The
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increase in the a, parameter leads also to smaller energy differences between the 2A;
and 2B, states. The reason can be found in the stabilization of the 3d Cu and Oz ©*
orbitals for large ao, values. The stabilization is slightly larger for the 3d orbitals and this
leads to larger amplitudes of the O> n* orbitals (and smaller for the intervening 3d
orbitals) in the 6b2 and 2a, orbitals which are singly or doubly occupied in the 2Az and
2B, states. Thus, for larger a, values one has longer Cu—O bonds (vide supra) and more
similar 6b2 and 2a, orbitals, which become almost pure Oz * orbitals. This leads to
smaller energy differences between the 2A; and 2B, states (and the same for the 2A” and
A’ states). The trends for the 2A; and 2B, states are less clear. In general, PS1, PS2 and
PS3 (0.1 < ap < 0.3) are the parameter sets that globally give the most similar energies
for the studied electronic states to the data obtained with the CCSD(T) method using the
same 6-311+G(d) basis set. As it has been mentioned before, BALYP (a, = 0.2) and
B3LYP* (a, = 0.15) give, globally and among the DFT methods studied, the more
similar results to the data obtained using CCSD(T). Somewhat unexpectedly, for
relative energies the B3LYP-like functional with a larger contribution of exact exchange
(90%) is the one giving the smaller standard deviation when the 2By state is not included
in the calculation. Binding energies obtained with the different PSs are collected in
Table S19.

It is known that in odd electron systems the self-interaction error (SIE) can be
potentially important and artificially stabilize delocalized states. Hybrid functionals
show smaller SIEs than pure functionals because they include a HF exchange portion.
Therefore, one could hypothesize that the stabilization of the 2A; as compared to 2A”
when increasing the a, value (and also of the 2B, with respect to the 2A) is due to the
effect of SIE. In Figure 3, the spin density on the Cu atom is depicted as a function of
the a, parameter for the C,y electronic states respectively. As can be seen, we have three
different situations. For the 2A; and 2B; electronic states (and the same occurs in the 2A”
and 2A’ states), the increase of the a, parameter causes no change in the localization of
the unpaired electron, since it remains completely localized on the O, moiety. So, this
result indicates that the SIE should be similar for these states and should have no
influence in the change of relative energies. On the other hand, for the 2A; electronic
state, for low a, values the spin is on the copper, which means that basically we have Cu

interacting with O,. With the increase in the ao parameter, the 2A; electronic state
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evolves to Cu* and Oy". Finally, for the 2Bs electronic state, the spin density on Cu*
increases from approximately 0.2 to 0.9 with the increase in the a, parameter, which is a
consequence of the decrease of O participation in the 4b; for larger ao values.

Figure 3, here

In Table 10 we list the number of imaginary frequencies found for the located
Cav and Cs stationary points with the different methods used and for the set of electronic
states analyzed. CCSD(T) frequencies have been computed by a numerical procedure.
Since the asymmetric stretching mode breaks the Coy symmetry, the numerical
calculation of the frequencies is only possible for the two lowest-lying 2A2 and 2Bz
states, which are related with the 2A” and 2A’ states in Cs symmetry. It is interesting to
verify that the nature of the functional and the percentage of HF exchange in B3LYP-
like functionals modify the nature of the stationary points. Indeed, the HF, BLYP,
G96LYP, OLYP, OPBE, mPWPW091, B3LYP, B3LYP*, M05, HCTH, TPSS, and
B3LYP-like functionals with PS = 0 to 5 predict an imaginary frequency for the 2A;
electronic state. So, this Cyy stationary point is found to be a transition state connecting
two 2A” equivalent minima. Only, the HandH, VSXC, and B3LYP-like functionals with
PS =6 to 9 point out, like the CCSD(T) method, that this species is a minimum. On the
other hand, HF and B3LYP-like functionals with PS = 4 to 9 indicates that the 2B Cay
species is a transition state connecting two 2A” equivalent minima. Indeed, only the
BHandH and the VSXC functionals correctly predicts the correct number (zero) of
imaginary frequencies for the 2A”, 2A’, 2A,, and 2B; electronic states.

Table 10, here

CONCLUSIONS

The ground and low-lying states of doublet CuO> have been studied using
different density functional and CCSD(T) methods. At the CCSD(T) level, the CuO:
doublet presents Cay geometry and the ground electronic state is a ?A; state. The end-on
Cs 2A’’ electronic state lies, however, less than 1 kcal mol™ above. Moreover, at the
CCSD(T) level of theory the relative order of the electronic states is 2A2(Cay) < 2A’’(Cs)
< 2By(Cav) < 2A’(Cs) << 2A1(Cav) < ?B1(Cav). These results are reproduced by none of
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the DFT functionals that have been used, since in all cases the computed ground state is
the 2A’” with an end-on Cs geometry. The reason for the DFT computed higher stability
of the 2A’” relative to 2A; state can not be attributed to a higher electron delocalization
in the 2A”” state and must be ascribed to its larger covalent character. The relative
energy between the Cx(’Az) and Cs(?A’’) structures computed for the different
functionals ranges between 2 and 16 kcal mol™?, the functional that better compares with
CCSD(T) being the BHandH one. However, when one compares the best geometries
and relative energies with respect to CCSD(T) results for all the different electronic
states analyzed, it is found that B3LYP gives the smallest standard deviations. As to the
effect of the a, parameter is concerned, it is found that the B3LYP-like functional
yielding better geometries contains 20% of exact exchange, although somewhat
unexpectedly, for relative energies the B3LYP-like functional with a larger contribution
of exact exchange (90%) is the one giving the smaller standard deviation. Interestingly,
only the BHandH and the VSXC functionals correctly predicts the correct number
(zero) of imaginary frequencies for the 2A”, 2A’, 2A,, and 2B; electronic states.

From our calculations it is clear that only high level ab initio methods providing
a good estimation of correlation energy (such as MCSCF or CCSD) are able to give the
correct relative energies of the different states in CuOz. Since such methods are usually
not affordable for large L.Cu'-O,~ species, the functional of choice for these cases
should be the B3LYP method for geometry optimizations followed by single point
calculations with a B3LYP-like functional containing a large percentage of HF
exchange (for instance, PS 9).
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FIGURE 1. Mechanism for the disproportionation of superoxide to give dioxygen and
hydrogen peroxide in superoxide dismutase.
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FIGURE 2. (a) Side-on (Czy) and (b) end-on (Cs) structures of CuOa.
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FIGURE 3. Spin density (au) at the Cu atom for the Coy CuO2 species in different
electronic states computed with the B3LYP method using different parameter sets (see

Table S2).
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TABLE 1. Optimized Geometric Parameters® of the Ground and Low-Lying Electronic States of CuO; at Different Levels of Theory obtained
with the 6-311+G(d) basis set.

symmetry state geometry HF BLYP G96LYP OLYP OPBE mPWPW91 B3LYP B3LYP* BHandH MO05 VSXC HCTH TPSS CCSD(T)
Cs A" Reso® 1915 1.907 1906 1974 1940 1.893 1.911 1.904 1.839 1.907 1.922 1.946 1.876 1.878
Roo 1299 1303 1299 1276 1.262 1.288 1.283 1.285 1.271 1.271 1.285 1.262 1.298 1.330

acwoo 1100 1196 1196 1202 1203 119.6 117.9 118.4 114.2 117.1 117.2 1204 118.6 108.9

A Rewo” 1.900 1.825 1820 1838 1824 1.810 1.826 1.821 1.798 1.839 2.051 2.105 1.967 1.849

Roo 1313 1358 1353 1328 1312 1.341 1.341 1.342 1.301 1.312 1.247 1.228 1.260 1.370

acwoo 1134 1155 1156 1181 1183 115.6 114.0 114.4 114.2 116.0 118.4 124.4 125.2 100.3

Cov 27, Rewo 2070 2007 2000  2.018 2.003 1.990 2.009 2.004 1.968 2.024 2.011 2.014 1.983 2.014
Roo 1294 1412 1406 1377 1359 1.392 1.364 1371 1.307 1.331 1.386 1.362 1.397 1.374

acwoo 718 69.4 69.4 700 702 69.5 70.2 70.0 70.6 70.8 69.8 70.2 69.4 70.1

2, Rewo 2091 1925 1918 1934 1915 1.907 1.952 1.937 1.841 1.974 1.935 1.934 1.900 1.981

Roo 1308 1.469 1462 1425 1404 1.447 1.401 1.413 1.330 1.358 1.435 1.408 1.455 1.398

acwoo 718 67.6 67.6 684 685 67.7 69.0 68.6 70.0 69.9 68.2 68.7 67.5 69.3

2p Rewo 2036 2039 2026  2.063 2010 1.998 2.022 2.016 1.938 2.220 2.047 2.117 1.967 1.931

Roo 1304 1316 1313 128 1277 1.305 1.275 1.284 1.225 1.230 1.288 1.263 1.314 1.315

acwoo 713 712 711 718 715 70.9 71.6 71.4 716 73.9 717 2.7 70.5 70.1

2B, Rewo 1830  —¢ = 1893 1.878 = 1875  1.877 1.795 1.879 1.888 1.892 1.860 1.912

Roo 1522  —¢ = L7t 1735 = 1711 1.727 1.566 1.653 1.812 1.770 1.805 1.939

acwo 654 ¢ = 620 625 = 62.9 62.6 64.1 63.9 61.3 62.1 61.0 61.0

2 Distances are in angstroms and angles in degrees.
® Cu—O bond length corresponding to the shortest Cu—O distance.

¢The SCF process in this state could not be converged.
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TABLE 2. Standard Deviation Values (STD) for the Geometric Parameters® of CuO> in Different Electronic States with the 6-311+G(d) basis

set.
symmetry state HF BLYP  G96LYP OLYP OPBE mPWPW91 B3LYP B3LYP* BHandH MO05 VSXC HCTH TPSS
Cs ZA" 0.030 0.110 0.111 0.131 0.127 0.111 0.097 0.101 0.067 0.091 0.092 0.129 0.100
N 0.139 0.154 0.155 0.181 0.185 0.157 0.140 0.144 0.149 0.162 0.228 0.296 0.268
Cov Ay 0.059 0.023 0.021 0.003 0.011 0.018 0.007 0.006 0.047 0.027 0.008 0.007 0.023
B, 0.086 0.055 0.054 0.033 0.039 0.054 0.017 0.028 0.090 0.024 0.036 0.028 0.060
20 0.062 0.063 0.056 0.080 0.053 0.040 0.059 0.054 0.054 0.178 0.071 0.115 0.021
2B, 0.250 b b 0.095 0.120 -0 0.135 0.125 0.228 0.169 0.075 0.099 0.083
Mean 0.104 0.081 0.080 0.087 0.089 0.076 0.076 0.076 0.106 0.108 0.085 0.112 0.093
Mean —2B;° 0.075 0.081 0.080 0.086 0.083 0.076 0.064 0.067 0.082 0.096 0.087 0.115 0.094

# For the calculation of the STD we have used the distances in an Angstroms and angles in radians. STD values have been calculated as:

N 2
Level of theory CCSD(T)
3 (g —g=om)

with N=3 (Rcu-0, Ro-0, Gicu00)-
®The SCF process in this state could not be converged.

i=1

N

¢ The results of the 2B, state are not taking into account in the calculation of the STD.
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TABLE 3. Relative Energies (in kcal mol™) of the Ground and Low-Lying Electronic States of CuQ; at Different Levels of Theory with the 6-
311+G(d) basis set.

symmetry  state HF BLYP G96LYP OLYP OPBE mPWPW91 B3LYP B3LYP* BHandH MQ5 VSXC HCTH TPSS CCSD(T)

Cs ZA" 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03

N 3.77  17.50 17.44 18.26  18.31 17.46 13.41 14.53 8.63 13.05 47.77 18.99 42.85 8.49

Cov Ay 172  14.83 14.63 15.27 14.49 13.97 8.98 10.27 2.02 8.30 8.01 15.84 10.88 0.00

B, 731  19.76 19.48 21.30 20.35 18.79 15.37 16.37 9.46 15.90 15.03 22.57 14.62 7.86

A, 2057  46.35 46.21 49.39  48.26 45.14 50.30 48.92 56.86 57.55 49.62 53.33 43.40 40.66

’B; 81.16 b b 7349 7590 b 77.18 74.71 89.46 85.11 66.35 76.54 64.63 66.93
STD? 10.26  9.75 9.59 10.23 10.01 9.11 7.74 7.56 11.38 11.33 17.03 11.76 15.04 -
Mean —2B;° 9.26 9.75 9.59 10.82  10.20 9.11 7.13 7.52 7.34 9.38 18.65 12.15 16.44 -

@ Standard deviation values have been calculated as:

N
Z (EiLevelof theory EiCCSD(T))

i=1

N

with N=6 (E(A"), E(A), E(2A2), E(?B2), E(°A1), E(°B1)).
®The SCF process in this state could not be converged.

¢ The results of the 2B, state are not taking into account in the calculation of the STD.
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TABLE 4. Relative Energies (in kcal mol™?) of the Ground and Low-Lying Electronic States of CuO, at CCSD(T) Level of Theory with different
Basis Sets at the optimized CCSD(T)/6-311+G(d) geometry.

symmetry state aug-cc-pvVTZ aug-cc-pvQZz CBS limit
Cs ZA" 1.38 1.38 1.38
N 9.34 9.33 9.33
Cov A, 0.00 0.00 0.00
B, 6.96 6.95 6.94
20 40.02 40.48 40.82
2B, 71.08 73.19 74.73
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TABLE 5. Optimized Geometric Parameters of the two lowest-electronic states (2Az and 2A”) and relative energy (4E, kcal/mol) of the 2A” with
respect to the 2A; Electronic States of CuO- at the CCSD(T) Level of Theory with the aug-cc-pVTZ and aug-cc-pVQZ Basis Sets.

state geometry aug-cc-pvVTZ aug-cc-pvQZz

Cov A, Rcu-o 1.986 1.982

Ro-o 1.377 1.370

acuoo 69.7 69.8

Cs ZA" Reu-0? 1.857 1.854

Ro-o 1.341 1.336

Olcuo0 104.1 103.2

AE 1.39 1.38

AE (CBS limit) - 1.38
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TABLE 6. Binding dissociation energies (kcal mol™t) of CuO; in its the electronic ground state with the 6-311+G(d) basis set for different
methods of calculation used.

HF BLYP G96LYP OLYP OPBE mPWPW91 B3LYP B3LYP* BHandH MO05 VSXC HCTH TPSS CCSD(T)? CCSD(T)® CCSD(T) Exp.

BDE (kcal mol'Y) -11.11 19.94 17.14 1253 12.60 19.85 12.74 15.06 11.60 13.09 2202 14.02 20.90 6.52 13.78 13.81 15+5¢

26-311+G(d) basis set.

b aug-cc-pVTZ basis set.
¢ aug-cc-pVQZ basis set.
d From ref. 36.
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TABLE 7. Optimized Geometric Parameters® of the Ground and Low-Lying Electronic States of CuO, Computed with the B3LYP Method
Using Different Parameter Sets® with Basis 6-311+G(d).

Parameter set
symmetry state geometry 0 1 2 3 4 5 6 7 8 9 HF
Cs A" Recu-0° 1.907 1.918 1.920 1.914 1.897 1.889 1.886 1.888 1.890 1.892 1.915
Ro-o 1.303 1.293 1.286 1.285 1.291 1.294 1.293 1.290 1.285 1.280 1.299
acuoo 119.6 118.7 117.8 116.8 1151 113.4 112.0 110.7 109.8 109.5 110.0

2N Reu-0° 1.825 2.013 1.834 1.840 1.846 1.852 1.859 1.865 1.870 1.875 1.900
Ro-o 1.358 1.387 1.345 1.338 1.331 1.322 1.315 1.307 1.298 1.294 1.313
arcuoo 1155 1145 113.9 113.3 112.9 113.0 112.3 112.3 1125 112.9 1134

Cov ’Az Recu-o 2.007 2.013 2.018 2.022 2.025 2.029 2.032 2.035 2.039 2.041 2.070
Ro-o 1.412 1.387 1.367 1.351 1.336 1.323 1.312 1.301 1.292 1.283 1.294
arcuoo 69.4 69.8 70.2 70.5 70.7 71.0 71.2 71.4 71.5 71.7 71.8

B, Rcu-o 1.925 1.942 1.963 1.984 2.000 2.014 2.027 2.035 2.042 2.049 2.091
Ro-o 1.469 1.433 1.403 1.379 1.360 1.343 1.329 1.318 1.317 1.296 1.308
arcuoo 67.6 68.3 69.1 69.7 70.1 70.5 70.9 71.1 71.4 71.6 71.8

2As Recu-o 2.039 2.037 2.053 2.035 1.997 1.979 1.990 1.986 1.995 1.995 2.036
Ro-o 1.316 1.295 1.286 1.279 1.289 1.300 1.303 1.300 1.295 1.288 1.304

0rcuoo 71.2 71.5 71.8 71.7 71.2 70.9 70.8 70.9 71.0 71.2 71.3
2B, Rcu-o —d 1.889 1.883 1.869 1.845 1.823 1.818 1.802 1.813 1.811 1.830
Ro-o —d 1.764 1.716 1.679 1.640 1.600 1.569 1.545 1.525 1.508 1.522
arcuoo —d 62.2 62.9 63.3 63.6 64.0 64.4 64.8 65.1 65.4 65.4

2 Distances are in angstroms and angles in degrees.

bSee Table S1.

¢ Cu-0 bond length corresponding to the shortest Cu-O distance.
dThis state can not be converged with the BLYP functional (set 0).
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TABLE 8. Calculation of the STD of the Geometric Parameters of the Ground and Low-Lying Electronic States of CuO, Computed with the
B3LYP Method Using Different Parameter Sets® with Basis 6-311+G(d).

Parameter set

symmetry state 0 1 2 3 4 5 6 7 8 9 HF
Cs ZA" 0.110 0.104 0.097 0.086 0.068 0.050 0.039 0.030 0.028 0.031 0.030
A 0.154 0.321 0.138 0.132 0.129 0.131 0.125 0.127 0.131 0.135 0.139
Cov A, 0.023 0.008 0.005 0.015 0.024 0.032 0.039 0.046 0.052 0.057 0.059
2B, 0.055 0.032 0.011 0.012 0.026 0.039 0.050 0.059 0.074 0.074 0.086
2A 0.063 0.064 0.075 0.066 0.042 0.030 0.035 0.034 0.040 0.042 0.062
2B, —be 0.103 0.131 0.154 0.179 0.205 0.223 0.239 0.249 0.259 0.250
Mean 0.081 0.105 0.076 0.077 0.078 0.081 0.085 0.089 0.096 0.100 0.104
Mean —?B;¢ 0.081 0.126 0.091 0.093 0.094 0.097 0.102 0.107 0.115 0.120 0.125

2 See Table S1.
b This state cannot be converged with the BLYP functional (set 0).
¢ The results of the 2B, state are not taking into account in the calculation of the STD.
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TABLE 9: Relative Energies (in kcal mol™) of the Ground and Low-Lying Electronic States of CuO2 Computed with the B3LYP Method Using
Different Parameter Sets? with Basis 6-311+G(d).

Parameter set
symmetry  state 0 1 2 3 4 5 6 7 8 9 HF
Cs 2A" 000 000 000 000 000 000 000 000 000 0.00 0.00
2A' 1750 1541 1325 11.07 911 760 650 566 502 450 3.77

Cov 2A, 1483 11.80 9.04 652 443 295 198 136 098 078 1.72
B, 19.76 1757 1541 1318 1114 957 844 763 7.14 667 731
2A;  46.35 48.09 50.33 51.89 5278 5232 5050 47.93 4508 4220 20.57
2B, P 7146 76.89 8217 87.13 90.49 9138 90.94 89.90 8855 81.16

Mean® 9.75 1.72 768 852 9.88 10.83 10.82 10.32 9.67 9.02 10.26
Mean —-2B,¢ 9.75 8.21 714 638 596 545 458 354 257 2.02 9.26
aSee Table S1.

b This state cannot be converged with the BLYP functional.

¢ Standard deviation values have been calculated as:
1

2\2

N
Levelof theory CCSD(T)
Z (Ei -E )

i=1

N

with N=6 (E(?A"), E(A"), E(?A2), E(?B.), E(°A1), E(°B1)). CCSD(T) relative energies used are those of Table 3.
d The results of the 2B state are not taking into account in the calculation of the STD.
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TABLE 10. Number of imaginary frequencies of the C,y and Cs stationary points for the ground state and low-lying electronic states considering
the different methods used.

symmetry state HF G96LYP  OLYP OPBE  mPWPW91 B3LYP B3LYP* BHandH MO5 VSXC HCTH TPSS CCsD(T)
Cs ZA" 0 0 0 0 0 0 0 0 0 0 0 0 0
A 0 0 0 0 0 0 0 0 0 0 0 0 0
Cov ’Az 1 1 1 1 1 1 1 0 1 0 1 1 0
B, 1 0 0 0 0 0 0 0 0 0 0 0 0
2As 1 0 0 0 0 0 0 0 0 0 0 0 -2
2B, 0 0 0 0 0 0 0 0 0 0 0 0 —2

2 Calculations for these states are not possible because the numerical procedure breaks the symmetry of the molecule.

B3LYP
symmetry ~ state

0 1 2 3 4 5 6 7 8 9

Cs 2A" 0 0 0 0 0 0 0 0 0 0

2N’ 0 0 0 0 0 0 0 0 0 0

Cav 27, 1 1 1 1 1 1 0 0 0 0
B, 0 0 0 0 1 1 1 1 1 1

2/ 0 0 0 0 0 0 0 0 1 1

2B, 0 0 0 0 0 0 0 0 0 0
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