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Abstract

A set of five compounds containing peroxo, superoxo or bis-p-oxo moieties has been studied in
the gas phase using CCSD(T)/aug-cc-pVQZ, also in combination with Goodson’s continued
fraction approach. The corresponding analytical frequencies corroborate assignments of bands
from experiments, and thus provide a consistent set of reference data that can be used for
benchmarking a range of density functional approximations. A total of 100 density functionals have
been checked for the general bond lengths, the specific peroxo/superoxo bond lengths, angles,
vibrational frequencies and electronic energies. There is not one density functional that performs

equally well for all of these properties, not even within one class of density functionals.
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Introduction
Dioxygen can coordinate to first-row transition metals (in different oxidation and spin states) with
several protonation states, and hapticity, leading to e.g. peroxo, superoxo, hydroperoxo or bis-p-

oxo0 species (see Scheme 1). Although crystal structures exist for all of these species,'? the

https://doi.org/10.26434/chemrxiv-2023-56kdv-v2 ORCID: https://orcid.org/0000-0002-8174-8488 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-56kdv-v2
https://orcid.org/0000-0002-8174-8488
https://creativecommons.org/licenses/by/4.0/

corresponding complexes are too large for treatment by accurate wavefunction methods like
CCSD(T) with large basis sets (aug-cc-pVQZ or better). This prevents the systematic validation®~
§ of more efficient yet less accurate quantum-chemistry methods, e.g. based on density functional
theory,” leading to uncertainty about the reliability and appropriateness of different density

functionals!®!! for this metal-dioxygen chemistry.
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Scheme 1. Typical coordination of dioxygen towards (transition-)metal centers

Fortunately, in the early 2000s a series of papers by Schndckel'?!* and co-workers reported the
detection of peroxo and bis-p-oxo complexes of aluminium (see Scheme 2), with vibrational
spectroscopic data available for characterization. Furthermore, Tremblay and Roy characterized
silicon trioxide compounds spectroscopically.'* Since these complexes are small (maximum six
atoms), and highly symmetric, it is possible to study them by high-level wavefunction methods
with sufficiently large basis sets. Hence, here we used CCSD(T)!® with the aug-cc-pVQZ (and aug-
cc-pV(X+d)Z,'® X=T,Q) basis sets for complexes 1-5 (Scheme 2) to optimize their structure and
compute the corresponding vibrational frequencies. Because of the well-known instability of
coupled cluster frequencies for close-lying electronic states, in particular when using unrestricted
Hartree-Fock (HF) orbitals,!” we have complemented these data with CCSD(T) results based on
restricted open-shell Kohn-Sham (ROKS) PBE orbitals, and CASPT2 frequencies. These results

match the standard CCSD(T) results very well, when the underlying HF solution exhibits no close-
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lying electronic states. These data can then serve as reference data for the development of new
density functionals. Here, the results were used as reference data for the benchmarking of density
functional approximations, to explore how well the latter reproduce the metal-O and O-O distances,

the angles, the vibrational frequencies, and the corresponding electronic energies.
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Scheme 2. Al/Si complexes studied in this paper (complex 2 has overall charge +1, complex 4
overall charge -1, the other three are charge neutral). Experimental vibrational spectra are available

for 1,'? 3,13 and for 5.

Results and discussion

Coupled cluster results. The experimentally observed vibrational data'?>~'4 for 1, 3, 5 are reported

in Table 1, together with the CCSD(T)/aug-cc-pVQZ values. Also included are two related
compounds, 2 and 4, for which only the coupled cluster data are available. For 1 and 2 we also
report CASPT2 results based on a CASSCF(14,8) reference. In general, there is a very good
agreement between the experimentally observed peaks and the coupled cluster data. For instance,
for [FAlO,]° the peaks were observed experimentally at 1077 and 782 c¢cm™!, which match the
harmonic coupled cluster frequencies of 1102 and 797 cm!; note that the difference between
experiment and theory (2-3%) is due to anharmonicity. We have computed the anharmonic
CCSD(T) frequencies based on VPT2, which shows a very good match of the effect of
anharmonicity on these frequencies (see Table 2). The only exception perhaps may be the 1015

cm’! band of 3, which after anharmonic corrections is observed at 995 cm™! with CCSD(T).
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Few of the computed frequencies were observed experimentally, either due to too low intensity or
not being able to assign these specifically to one of the manifolds of possible compounds that might
be present in the experiments. For instance, in the reaction of AIF with O, the authors observed (at
least) three species: 1, 3 and a third one involving four oxygens (assigned!? as a di-superoxo species
[FAL(O2"")2]%). Based on isotope effects when treating all species with either %0, #0; or a mixture

of these, they were able to assign most of the observed peaks to one of these three species.

Table 1. Vibrational data (cm™) for dioxygen complexes? (harmonic frequencies for CCSD(T))

1 2 3 4 5
exp. CCSD(T)® CCSD(T)¢ exp.© CCSD(T)® CCSD(T)® exp.f CCSD(T)®
1077.3 1102.3 (160.6) 1111.0 1015.0 1014.5 ©.0 1100.4 (s2.8) 1363.5 1382.2 1212
781.8 797.1 @6.7) 1001.4 942.8 966.1 (544.4) 748.1 (25.5) 877.1 887.6 (5.0)
- 720.5 8.8 609.8 812.9 821.4 3124 673.3 @272 855.3 860.4 (175
- 476.0 (13.0) 596.1 - 749.3 (0.0) 544.0 (s1.0) - 511.3 6.9
- 228.5 (22.1) 173.2 - 690.5 (0.0) 270.1 332 292.0 307.2 80.7)
- 219.8 71.5) 172.8 - 665.1 32.1 256.8 1.9 287.8 296.4 (53.0)

- 404.5 ©.0)

- 400.7 (184.6)

- 243.7 0.0

- 225.2 (0.0

- 171.1 30.5)

- 94.5 a2.6)

a) shown in (parentheses) are the computed IR intensities (km-mol™'); b) ref. 12; ¢) CCSD(T)/aug-cc-pVQZ; d) ROKS-CCSD(T)/aug-

cc-pVQZ on PBE orbitals; €) ref. '3; 1) ref. 14

The normal modes for [FA1O:]° from CCSD(T)/aug-cc-pVQZ consist of an Al-F stretch at 1102
cm’!, the anti-symmetric (797 cm™') and symmetric (721 cm™) Al-O; vibrations, the O-O vibration
(476 cm) and the out-of-plane (8-oop, 229 cm!) and in-plane (8-ip, 220 cm™) §(FAIOO)
distortion. Similar modes are found for [OAIO2]°: v(Al-O) 1100 cm!, veym(Al-Oz) 748 cm!,
Vasym(Al-02) 673 cm™!, v(0-0) 544 cm!, v(8-00p) 270 cm!, v(8-ip) 257 ecm™!, and for [0Si(02)]%:
v(Si-0) 1382 cm™!, veym(Si-O2) 888 cm™!, Vasym(Si-02) 860 cm!, v(0O-0) 511 ecm!, v(8-oo0p) 307

cm!, v(8-ip) 296 cm™!. Note that in these latter cases the symmetric Al/Si-O> stretch shows a higher
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frequency than the asymmetric stretch, unlike the case of [FAIO:z]°. Instead, for 2[FAIO,]"" the
normal modes are shifted drastically in some cases: V(AI-F) 1111 cm™!, v(O-O)" 1001 cm™!, veym(Al-
02" 610 cm™!, Vasym(Al-027) 596 cm!, v(8-00p) 173 cm™!, v(8-ip) 173 cm’!. These calculations,
however, had to be performed using PBE-based orbitals, as the usage of HF based orbitals resulted
in unphysically large shifts. This approach is well suited as it introduces only marginal deviations
from HF-based results for all other species (see Table S7). Finally, for [FAI(u-O),AIF]° the Al-F
stretches are found at 1015 cm™ (sym) and 966 cm™! (asym), the Al-O>-Al stretches at 691 cm!
(asym) and 665 cm™! (sym), and further modes involving the diamond-core breathing mode (749
cm!), FAI-AIF stretch (405 cm™), in-plane Al vs. Oz (821 cm!), out-of-plane Al vs. Oz (401 cm
N, rocking (244 cm™) vs. flying (171 cm™) vs. out-of-plane (95 cm™!) motions of Al,O: vs. F, and
the anti-symmetric out-of-plane wobble of Al>F» (225 cm™). Note that gif-movie files for all modes

are available in Supporting Information.

Table 2. Effect of anharmonicity on computed vibrational data (cm™) for dioxygen complexes?

1 3 5
exp. harm. anharm. exp.° harm. anharm. exp.4 harm. anharm.
1077.3 1093.7 1078.3 1015.0 1007.0 994.7 1363.5 1384.7 1364.4
781.8 790.9 781.2 942.8 958.1 943.8 877.1 890.1 877.9
- 716.6 707.3 812.9 816.9 805.9 855.3 863.3 851.9
- 476.8 463.1 - 747.0 738.5 - 513.1 496.1
- 232.8 233.0 - 684.9 673.2 292.0 304.5 303.4
- 2193 2195 - 660.2 657.1 287.8 296.5 295.1

404.5 399.7

399.9 397.6

245.8 245.2

229.4 229.5

173.7 173.7

98.1 98.3

a) data obtained at CCSD(T)/def2-tzvpd; b) ref. '%; ¢) ref. !3; d) ref. 4
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The geometric variables (bonds, angles) from the coupled cluster calculations are reported in Table
3. Based on the revised covalent radii by Alvarez and co-workers from 2008,'® one would expect
Al-F bonds of 1.78 A, Al-O bonds of 1.87 A, and Si-O bonds of 1.77 A. Here, we observe Al-F,
Al-O and Si-O bonds that are significantly shorter (0.15-0.20 A). However, they are consistent with
previous computational studies at lower levels of theory.!*!*2° Furthermore, the coupled cluster
method with such a large basis set is often considered the ‘gold standard’ of computational
chemistry. Indeed, the strong coherence between the computed and observed IR frequencies
reinforce this notion. For this reason, the coupled cluster data provide a good reference set to be

able to compare density functional approximations with.

Table 3. Geometric variables obtained at CCSD(T)/aug-cc-pVQZ (using ROKS orbitals for 2)

bond (A) angle ©)

1

F-Al 1.62978 F-Al-O 150.286
Al-O(02) 1.69710 0-Al-0? 59.428
0-0 1.68239

2

F-Al 1.59705 F-Al-O 156.951
AL-O(0») 178213 0-Al-0® 46.098
0-0 1.39549

3

F-Al 1.63660 F-Al-O 133.328
Al-O 1.73798 Al-O-Al 86.655
Al-Al? 2.38510

4

0-Al 1.63751 0-Al-O 152.282
AL-O(0») 174850 0-Al-O® 55.437
0-0 1.62655

5

O-Si 1.50991 0-Si-0(0») 148.864

https://doi.org/10.26434/chemrxiv-2023-56kdv-v2 ORCID: https://orcid.org/0000-0002-8174-8488 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-56kdv-v2
https://orcid.org/0000-0002-8174-8488
https://creativecommons.org/licenses/by/4.0/

Si-0(0») 1.62299 0(02)-Si-0(0,)? 62.271
0-0 1.67839

a) not used for the deviations of density functional results (use of symmetry makes this value dependent on the other angle)

Density functional results. A total of 100 density functional approximations (DFAs) were tested

against the coupled cluster reference data. Note that the same conditions were used as were
employed for coupled cluster: using the aug-cc-pVQZ basis in the gas phase and without relativistic
corrections. Hence, we looked at the bond lengths and angles (see Table 3), frequencies, and
difference with the electronic energy of Goodson’s approach.?! Clearly, the latter check is merely
informative, since DFT and coupled cluster approach the solution of the Schrédinger equation in a
different manner. Density functional approaches modify the Hamiltonian, while the coupled cluster
calculations improve the wavefunction within Schrédinger’s equation. We also note that the
standard CCSD(T) formulation is not strictly variational due to the projection of the CCSD
amplitudes on the reference state and due to the perturbative nature of the (T) contribution.
Nevertheless, in the end both approaches should result (at some point in the future) at the same
total exact energy, and it is interesting to check how far the community has come.

There were four DFAs (PWPB95, mPWBIK, mPW1B95, PW6B95) that showed SCF problems
during one or more of the optimizations and frequency calculations, which in all cases involved the
2[FAIO2]™" system. Additionally, mPWI1B95 showed problems as well for [FAIO:]° and
[FAl(u-O)2AIF]°. These problems were likely caused by the well known numerical instability of
the B95 correlation functional,?> which was solved by increasing the integration grid to (770,123)
for the singlet systems. Further modifications were needed for the unrestricted 2[FA10,]"" system:
changing the SCF procedure to EDIIS and loosening the convergence criteria for energy (107
Hartree) and density (10~ atomic units) solved the issues there as well.

The mean absolute deviation (MAD) from the coupled cluster reference data for a// bonds (Table
S1) is smallest for the B97-3c composite functional (MAD value 0.0056 A), followed by MS1/MS2

metagga and the r2SCAN-3c composite functionals (MAD values 0.0064-0.0067 A), followed by
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TPSS (0.0079 A), the MGGA-hybrid TPSSh (0.0092 A), revised TPSS (0.0092 A) and the B97-D2
GGA (0.0094 A). The best hybrid functional is B3LYP with a MAD value of 0.0118 A, TMHF the
best local hybrid function (0.0156 A), RC04 is the best LDA functional (0.0169 A), HSE06 the
best range-separated hybrid functional (0.0234 A), ®LH23tb the best range-separated local hybrid
functional (0.0263 A), and B2PLYP the best double-hybrid functional (0.0357 A). The lower end
of the table is filled with more exotic functionals like revSCANO or MV Sh, but also includes

double-hybrid functionals like DSD-PBEP86 (0.0484 A) or DSD-BLYP (0.0497 A).

0.12

0.08 ‘ll III .I““
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lda gga hyb

comp mgga mhyb rshyb lhyb rslhyb dhyb

Figure 1. Mean absolute deviations (A) of all bonds (blue, Table S1) and peroxo/superoxo-bonds
alone (red, Table S2) for the 100 density functionals compared to the CCSD(T)/aug-cc-pVQZ
reference data. Shown from left to right are the classes of composites, LDA, GGA, MGGA, hybrid,
MGGA-hybrid, range-separated hybrid, local hybrid, range-separated local hybrid and double

hybrid.
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If we now specifically focus on the peroxo/superoxo O-O bonds alone (Table S2, Figure 1), a
different picture emerges. TCA, revTCA, RPBE and revPBE are suddenly the best (0.0082-0.0090
A), followed by PKZB (0.0099 A), TPSS (0.0105 A), the Chachiyo and B97-D GGA (0.0106 A)
and B97-3c (0.0116 A). The best MGGA-hybrid, hybrid, local hybrid, LDA, range-separated
hybrid and range-separated local hybrid functionals are again TPSSh, B3LYP, TMHF, RCO04,
HSE06, and ®LH23tb but with MAD values (0.0267 A, 0.0330 A, 0.0396 A, 0.0472 A, 0.0623 A,
and 0.0685 A, respectively) that are more than twice as large as for all bonds. The same holds for
B2PLYP, which remains the best-performing double-hybrid functional, but with a MAD value for
the peroxo/superoxo bonds of 0.0806 A. These problems for describing peroxo bonds is observed
for many DFAs (see Figure 1).

Most of the density functionals are able to predict well the angles (Table S3), with MAD values of
less than 1°, but now with other best-performing functionals for most of the classes: BLYP for
GGAs (MAD 0.213°), M06-L for MGGAs (MAD 0.278°), r2SCAN-3c the best composite (MAD
0.302°); B3LYP and TMHF remain best hybrid and local hybrid functional (MAD 0.363° and
0.417°, respectively), MS2h is the best MGGA-hybrid functional (MAD 0.383°), CAM-B3LYP
the best range-separated hybrid functional (MAD 0.687°), RC04 best LDA functional (MAD
0.705°), ®LH23tp the best range-separated local hybrid (MAD 0.757°) and PTPSS the best double

hybrid (MAD 0.851°).
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Figure 2. Mean absolute deviations (cm™!) of vibrational frequencies for the 100 density functionals
compared to the CCSD(T)/aug-cc-pVQZ reference data. Shown from left to right are the classes of
composites, LDA, GGA, MGGA, hybrid, MGGA-hybrid, range-separated hybrid, local hybrid,

range-separated local hybrid and double hybrid.

The picture changes again completely when looking at the vibrational frequencies (Table S4,
Figure 2). Note that the DFT frequencies were computed at the CCSD(T) geometries; this allows
to separate clearly the effect of accuracy for geometries (Tables S1-S3) from the accuracy for
frequencies (Table S4). Here the hybrid functionals in all the different guises are observed at the
upper half of the list, with the O3LYP hybrid functional performing best (MAD 8.1 cm™), followed
closely by B97 (8.4 cm™), and B97-1 (8.7 cm™). The best composite is again r2SCAN-3c¢ (9.4 cm
. The best MGGA-hybrid functional is now TPSSh (MAD 9.5 cm!), TMHF is the best local
hybrid again (MAD 10.1 cm™), M06-L is the best metagga functional (MAD 10.2 cm!), RC04 the

best LDA functional (10.3 cm™), HSE06 the best range-separated hybrid functional (MAD 11.1

10
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cm!), OPBE the best GGA functional (MAD 11.5 cm™), ®LH23tde the best range-separated local
hybrid (MAD 13.1 cm™), and PWPB95 the best double-hybrid functional (MAD 21.2 cm™). Most
of the list of 100 DFAs show MAD values for the vibrational frequencies that remain below 20
cm!, and 68 are within 10 cm™! from the best performing one.

Finally, out of curiosity we also checked how close are the DFA electronic energies to the cc-cf
coupled cluster reference values. Again, we mention that these reference energies are not exactly
variational, but we expect a very good performance. The double-hybrid, local hybrid and composite
functionals are among the best ones for this, corresponding to thirteen of the top fifteen.
Surprisingly, the three density functionals that come closest to coupled cluster are not among the
top ones for the other four properties. The PKZB metagga functional has a MAD value from the
cc-cf values of only 0.3 eV, followed by the SG4 GGA (MAD 1.2 ¢V), the DSD-BLYP (MAD 2.3
eV) and B2GPPLYP (MAD 3.2 eV) double hybrid functionals. The latter two are among the
poorest 15 functionals for the bonds, angles and frequencies, while for PKZB the situation is mixed:
it is among the top 35 for angles and all bonds, among the top 5 for the (su)peroxo bonds, but
among the lowest 20 for frequencies. For the rest there does not seem to be a clear trend between
the class of functional, and the performance for these electronic energies (except for the double-
hybrids, vide supra). For instance, the BLYP GGA (MAD 23.3 eV) is closer to coupled cluster
than B3LYP (MAD 24.0 eV), but even closer are range-separated CAM-B3LYP (MAD 21.5 eV)
and BILYP (MAD 21.5 eV). However, the PBE and OPBE GGA functionals are even better, with
MAD values of 12.0 eV and 17.7 eV, respectively; the corresponding PBE1PBE hybrid functional
is almost as close as PBE with a MAD value of 12.1 eV. The revPBE (MAD 19.4 ¢V), RPBE
(MAD 22.0 eV) and PBEsol (MAD 26.2 V) are significantly farther away from the coupled cluster
electronic energies than the non-empirical PBE.

The comparison of the LDA functionals adds some interesting results. The RC04 PWO92
representation is for most properties the most accurate, with the PW92 and VWNS of Vosko-Wilk-

Nusair following, and the VWN-RPA representation lagging both of them. However, this is

11
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reversed in the comparison of the electronic energies, where VWN-RPA gives a MAD value of
36.2 eV, while VWNS5 and PW92 show drastically larger differences with 59.2 eV and 59.6 eV,

respectively. The RC04 is now farthest with a difference of 76.1 eV.

Overall assessment. Based on the MAD values for the five different properties (Table S1-S5), we

also made an average assessment of the different density functionals. This was done by taking for
each DFA the product of the MAD values for the different properties (PROD, shown in Table S6).
The top 10 of this final list consists only of composite, GGA and MGGA functionals, with PKZB
at the top (PROD 0.0006 A%-°-cm!-eV), followed closely by SG4 (PROD 0.0041 A2-°-cm'-eV),
and B97-3c (PROD 0.0044 A2-°-cm™-eV). The best functionals for each class of DFAs are: PKZB
(MGGA, PROD 0.0006 A2-°-cm-eV), SG4 (GGA, PROD 0.0041 A?°-cm'-eV), B97-3c
(composite, PROD 0.0044 A%-°-cm™-eV), TPSSh (MGGA-hybrid, PROD 0.0219 A2-°-cm'-eV),
rev-B3LYP (hybrid, PROD 0.0324 A2-°.cm'-eV), TMHF (local hybrid, PROD 0.1171
A%-°-cm™-eV), HSE06 (range-separated hybrid, PROD 0.1544 A%-°-cm™-eV), ®LH23te (range-
separated local hybrid, PROD 0.2496 A2-°-cm™-eV), PTPSS (double hybrid, PROD 0.3302
A%-°-cm!-eV) and VWN(RPA) (LDA, 0.3932 A%-°-cm-eV).

The average PROD value for all 100 functionals is rather high (11.672 A%-°-cm™'-eV), but this is
distorted by the two highest values for BHandH (9.017 A%-°-cm™-eV) and HF-3c (290.469
A%-°-cm™-eV). Instead, by taking the product of the averages for each of the five properties (Table
4), one obtains a PROD value of only 0.556 A%-°-cm™-eV, which is a more appropriate overall

measure.
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Figure 3. Overall assessment (A%-°-cm™-eV) for the 100 density functionals compared to the
CCSD(T)/aug-cc-pVQZ reference data. Shown from left to right are the classes of composites,
LDA, GGA, MGGA, hybrid, MGGA-hybrid, range-separated hybrid, local hybrid, range-separated

local hybrid and double hybrid.

Table 4. Statistics for deviations by DFAs (Table S1-S6) from CCSD(T)/aug-cc-pVQZ data

min. MAD max. MAD average
all bonds (A) 0.0056 0.1303 0.0265
dioxygen bonds (A) 0.0083 0.2674 0.0591
angles (°) 0.2125 3.1014 0.7677
frequencies (cm™) 8.133 262.430 20.956
electronic energies (eV) 0.288 117.273 22.073
product 0.0006 290.4687 11.6719
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Balance of exchange and correlation parts. For the dioxygen bonds, there is not a clear trend on the

importance of either exchange or correlation. For instance, when comparing the deviations for O
distances by a variety of functionals based on the PBEc and Becke88x functionals, we observe a
clear and large effect of the exchange part. Whereas PBE itself slightly underestimates the O bond
lengths (as estimated by inspecting the MD value in Table 5), the revPBE and RPBE functionals
largely improve upon this. These latter two DFAs modify the exchange part of PBE. Likewise,
OPBE, S12g and PBE1PBE, which modify the PBEx in different ways, show a systematic
underestimation of the O, bonds by 0.030 A (S12g) to 0.066 A (PBE1PBE). This appears to
indicate a major effect by the choice of exchange functional. However, by comparing the results of
combining Becke88 exchange with different correlation functionals, similar effects are seen
(ranging from -0.006 to +0.023 A). Hence, both parts of the DFA formulation play an important

role.

Table 5. Statistics® (A) for deviations for O, bonds by DFAs based on PBEc and Becke88 parts

DFA X C MAD MD Max Min
PBE PBEx PBEc 0.0157 -0.0104 0.0106 -0.0221
revPBE revPBEX PBEc 0.0091 -0.0003 0.0172 -0.0100
RPBE RPBEx PBEc 0.0087 0.0030 0.0195 -0.0062
OPBE Optx PBEc 0.0511 -0.0511 -0.0176 -0.0699
S12g S12gX PBEc 0.0302 -0.0302 -0.0066 -0.0419
PBE1PBE 25% HFX + PBEc 0.0659 -0.0659 -0.0330 -0.0856
75% PBEx
BP86(PZ81) Becke88 P86 + PZ81 0.0119 -0.0042 0.0153 -0.0154
BP86(VWN) Becke88 P86+ VWN 0.0129 -0.0059 0.0140 -0.0172
BLYP Becke88 LYPc 0.0229 0.0229 0.0325 0.0169

a) MAD: Mean Absolute Deviation, MD: Mean Deviation, Max: Maximum deviation, Min: Minimum Deviation
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Conclusions

A new set of small dioxygen compounds is presented, for which high-level ab initio calculations
were feasible at the CCSD(T)/aug-cc-pVQZ level. The resulting data could be used as reference in
the development of new density functionals, or used to benchmark existing density functionals.
The latter is done here, for a total of 100 density functionals coming from ten classes (LDA, GGA,
MGGA, hybrid, MGGA hybrid, range-separated hybrid, local hybrid, range-separated local hybrid,
double hybrid and composites). In general, the density functionals are remarkably accurate for
bonds and angles, with average deviations of 0.027 A for all bonds, 0.77° for angles; dioxygen
bonds are more difficult to get right, with an average deviation from the coupled cluster of 0.058
A, more than twice as large as the deviation for all bonds. The cause for this is difficult to pinpoint
onto ingredients of DFAs or specific chemical bonding patterns. The frequencies from coupled
cluster calculations are off by ca. 10-20 cm™!, where it should be noted that the well-known Hartree-
Fock instability can significantly affect the frequency values for open-shell systems. Finally, there
is still a long way to go before density functional theory and coupled cluster theory converge to the

same exact energy: for the systems studied here on average a deviation of 22.9 eV was observed.

Computational details

Coupled cluster: All CCSD(T) calculations with the aug-cc-pVQZ?*2* and aug-cc-

pV(Q+d)Z'® basis set were carried out with CFOUR (version 2.0/2.1),>>*% based on

27-2% in parallel where needed,*® using unrestricted

analytical gradients and Hessians,
Hartree-Fock for open-shell systems. Note that a bugfix (Dec. 2021, see SI) was needed for
being able to run in parallel with unrestricted coupled cluster protocols. Basis sets not
available in standard CFOUR (e.g. def2-TZVPD or aug-cc-pV(Q+d)Z) were obtained from
the basis set exchange.’! The frozen core approach was used within the solving of the

coupled cluster equations. The geometry optimization typically had SCF and coupled-

cluster convergence criteria of 1.0-107!1%, geometry converge of 1.0-10® atomic units,
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leading to electronic energies accurate to at least 1.0-10® Hartree. The two-electron
integrals were in all cases treated with the AOBASIS formalism to reduce disk space, in
conjunction with the ECC program (with conventional UCCSD(T) for complex 2).
Goodson's continued fraction approach?! was used to estimate a closer approximation of the
full-CI electronic energy (cc-cf), based on the CCSD and CCSD(T) energies. The continued
fraction is an extrapolation technique with a characteristic form:
a,/(1+a,/(1+a3/(1+...)))
For a coupled cluster sequence, the electronic energy can be expressed as:
E..=6,+8,+ 63

6, = Eser 5 8, = Eccsp — Eser 5 83 = ECCSD(T) — Eccsp

Since §; > 8, + §3, and under the valid assumption that §, > §5 this can be rewritten as

the continued fraction extrapolated energy value:

Eeor = i
cecf — 1 62/51
1-483/6,;

As shown by Schroder and co-workers,*? Goodson's approach does not directly extrapolate
towards the full-CI limit, but rather to the next excitation level in the coupled cluster series,
which in this case would be CCSDTQ.

Additional CCSD(T) calculations using the same basis set and R(O)KS orbitals obtained by
the PBE functional were performed with the MOLPRO program package (Version
2022.2).333% All calculations employed the spin-unrestricted CCSD(T) routines
(UCCSD(T)) to correctly handle the KS orbitals.

At the same level, also CASPT2 calculations were performed using a CASSCF wave
function based on an active space containing the 2s and 2p orbitals of both O atoms. The
initial guess for the active space was obtained using the atomic valance active space (AVAS)
procedure® based on R(O)HF orbitals and both CASSCF and CASPT2 employed density

fitting.3°
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Density functional theory: Most density functional calculations were calculated with the
psi4 program (release 1.6.1, the composite results were obtained with version 1.9).373° For
optimizations, the most tight criteria available in the program were used (gradient max
2.0-10°% a.u., RMS force 1.0-10° a.u., max displacement 6.0-10°° a.u., rms displacement
4.0-10°% a.u.), with typically a grid based on 590 spherical points and 99 radial points. The
doublet states (2) were treated using the unrestricted Kohn-Sham formalism. Similar to
coupled cluster, the DFA calculations were performed in the gas-phase, without relativistic
corrections, and using the aug-cc-pVQZ basis set (using RI/DF basis sets, AUG-CC-PVQZ
AUX). Some of the results for density functional approximations were obtained through the
LibXC* library, either the one available directly in psi4, or compiled separately and linked
to it. We have studied DFAs of different classes: local density approximation
(VWN(RPA),*' VWN5* and PW924?), generalized gradient approximations (B97-d,*
BLYP,*45 BP86-PZ81,44647 BP86-VWN, 414446 OPBE,*-50 PBE, PBEsol,’! PW91,5
revPBE,>* RPBE,>* S12g,° SOGGA,*® XLYP?7), meta-GGA approximations (M06-L,®
MS1,% MS2, MVS,%® PKZB.*!' revSCAN,%? revTPSS, SCAN,%* TPSS®), hybrid
functionals (B1LYP, B1PW91, B3LYP,*4567 B3PW91,4:5268 B97,6° B97-1,7° B97-2,"!
B97-3,2 B97-k,”® BHandH,**%® BHandHLYP,*%>-¢8 HJS-PBE,’* LDA1LDA,”> mPW1K,"®
mPWI1PW,”7 mPWB1K,”8 O3LYP,*4%7 PBE1PBE,*%° revB3LYP,! revPBE 1 PBE,30:53,80
SOGGA11-X,% X3LYP?), hybrid meta-GGA (BB1K,?* BMK,” M06,%* M06-2X,% M08-
HX,% M11,8 MS2h,% MVSh,® MN15,57 mPW1B95,”8 PW6B95, revSCAN1SCAN,52
revIPSSh,%® SCANISCAN,”® TPSSh®-°!), range-separated hybrids (CAM-B3LYP,”?
HSE06,%° ®B97X-D?7), double hybrids (B2GPPLYP,”® B2PLYP,”” DSD-BLYP,!%
DSD-PBEPS6,!°° PBE1PBE-DH,!°! PTPSS,!?2 PWPB95!%%) and composite methods (HF-
3¢,103:104 PBEh-3¢!03:104 B97-3¢,!%° r2SCAN-3¢,!% ®B97X-3¢'%7). Note that ®B97X-3¢
standard uses a vDZP basis set, which includes an Effective Core Potential (ECP); as a
result the electronic energies are completely off (see Supporting Information). Therefore,

similar to PBEh-3c the def2-mSVP basis has been used with ®B97X-3c; this change hardly
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affects angles and frequencies, slightly improves bonds, and has a major effect only on the
electronic energy MAD (see SI).

Additional density functional calculations were performed using a development version of
the TURBOMOLE program package based on version 7.8.19%19 The calculations employed
basis sets and convergence criteria identical to those above and were performed using the
“reference” grid settings based on 1202 spherical points and 90 radial points (95 for Al).
Using TURBOMOLE, we evaluated functionals from additional classes: local hybrids
(LH20t,''9 LH23pt,!'! TMHF,!!? TMHF-3P,!''2 LHJ-HF,!'? LHJ-HFcal,!!? scLH22t,'?

scLH23t-mBR!!%) and range-separated local hybrids (oLH22t,!''> @ LH23td,'!® ® LH23te,!!¢

oLH23tde,''* ®LH23tp,!''® ® LH23tdp,'!'* ®LH23tb,!!® ® LH23tdb'!").
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