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S1. References for Kohn—Sham Density Functionals

This section lists all the KS functionals that are mentioned in the paper (in the introduction
and/or later) and their reference(s).

Table S1. Functionals and their references

Functional Name Reference(s)
GGAs
PBE 1
BLYP 2,3,4
HCTH 5
NGA
GAM 6
hybrid GGAs
BILYP 7
B3LYP 8
PBEO 9,10
meta-GGAs
1-HCTH 11
MO6-L 12
revMO06-L 13
meta-NGAs
MN12-L 14
MN15-L 15
hybrid meta-GGAs
TPSSh 16
MO06 17
revMO06 13
revM11 18
hybrid meta-NGA
MNI15 19
hybrid meta-NGA with damped dispersion
CF22D 20
other functionals
Doubly hybrid functionals 21,22, 23,24, 25,26
van der Waals (vdW) functionals 27,28

rung-3.5 functionals 29, 30
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S2. Databases with References, Systems, Reference Data, and Spin—Orbit

Coupling

Table S2. Databases used in functional training and testing

database description parent database(s) Reference(s)
Database DS2
HTBH29 hydrogen-transfer barrier heights HTBH38/18 31,32,33
NHTBH4 non-hydrogen-transfer barrier heights ~ NHTBH38/18 6,31,32,33
: MR-MGM-BE4, MR-
MC-BE3 metal compound bond energies TM-BE12, SR-TM-BE15 6, 34, 35, 36, 37
MR-MGN-BES multlreferepce main-group nonmetal MR-MGN-BE17 6
bond energies
SR-MGM-BE2 s1ng1e-refer.ence main-group metal SR-MGM.-BES 6,34, 35
bond energies
SR-MGN-BE17 s1ng1e-refer.ence main-group nonmetal SR-MGN-BE107 6,38
bond energies
Database DS3
NGD-CES noble gas complexation energies NGD21/18 6, 20, 31, 39
G2-BE5 group-2 bond energies [new] 40,41, 42,43
. . 6,31, 44, 45,
NC-CE9 noncovalent complexation energies NCCE30/18 46, 47, 48, 49
PX-BH3 proton exchange barrier heights PX13 50, 51
PERI-BH4 pericyclic reaction barrier heights BHPERI 52,53, 54
Lix-AE3 binding energies of Liy, Lisg and Lis [new] 55,56
CH-BE5S C-H bond energies SR-MGN-BE107 + [new] 20, 52, 57
DAC-DE5 d1-alum1num complex dimerization AX6 50, 58
energies
PB-BE3 p-block bond energies W4-08 59, 25
HP-BE6 heavy p-block bond energies HeavySB11 50
MR-MGN-BE4 multlreferepce main-group nonmetal MR-MGN-BE17 6
bond energies
MR-MGM-BE3 multlr.eference main-group metal bond MR-MGM-BE4 6,34
energies
STMD-BE4 transition metal dgner; with ¥ ground ~ MR-TMD-BE3, SR-TM- 36, 37
states; bond energies BE15
STML-BE17 transition metal-ligand bond energies SR-TM-BEI5 + [new] 36, 37

of compounds with X ground states
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database description parent database(s) Reference(s)

IP10 ionization potentials P23 14, 60
NG-IP4 noble-gas ionization potentials [new] 61
SIEAx4 energy of four points on the.potentlal SIEAx4 50

energy curve of dimmer cations
PC-ED5 energy dlfferences between two points [new] 62. 63, 64

on potential energy curves

) .. . IsoL6/11, niTC13,
IsoE6 1somerization energies 2plsoE4 65, 66, 67
PAS8 proton affinities PAS8 31, 65, 66

. . o : 68, 69, 70,

MG-SS26 main group spin splitting energies [new] 71.72. 73, 74
TM-SS6 transition metal compound spin- [new] 61,75, 76

splitting energies

Tables S3 and S4 provide the reference values of each system. Most reference values are
accurate experimental values, and therefore they automatically contain the spin—orbit coupling
(SOC), which, in our definition (which is the common usage), also contains the spin—spin terms.

To first order, SOC is zero by symmetry for closed-shell molecules, for linear molecules in X
states, and for singlet and doublet molecules in A or B states. For systems where this rule does
not yield zero SOC, the SOC was obtained from the Supporting Information (SI) of ref 13.

We note that there are two errors in the SOC values for NH and PH in the SI of ref 13. The
correct values with spin—spin splittings included are —0.001 kcal/mol for NH and —0.002
kcal/mol for PH, when we approximate them as —A — y from pages 556f and 564f of Herzberg.”’
The present work does not include PH, but it does include NH and we used the corrected value
of the SOC for NH.

The SOC values used in this work are shown in Table S3. These signed SOC values are
added to the calculated values prior to comparison to the experimental reference values. As an
example, consider the bond energy of a singlet diatomic molecule dissociating to open-shell
fragments, for example Cl, — 2Cl, for which Table S1 shows a reference value of 58.07
kcal/mol (this is De in the notation of Herzberg’”). The SOC is zero for the molecule and
negative for the atoms, so it lowers the positive energy required to dissociate the molecule. Thus,
the SOC value for the bond energy is negative.

In a few cases in Table S4, the reference values are from theoretical calculations without
SOC, and therefore we did not add SOC to our calculated values for these systems. These cases
are indicated by “N.L.” in the AE(SOC) column.

74-76
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Table S3. Systems, their reference values (iun kcal/mol) with spin—orbit coupling included, SOC values, charges, and multiplicities for
each system in the DS2 database

Database System (molecule or reaction) Re\i;liﬁzce AE(SOC) Charge Multiplicity
HTBH29 ViH+HCI — Hy + Cl 5.7 0 0 2
V:H+HCI — H; +Cl 8.7 0.84 0 2
Vt is a forward V: OH + H, —» H,O + H 21.2 0 0 2
classical barrier ;. CH; + Hy — CHq + H 15.3 0 0 2
hgilsti’cfl“ég};:ra V¢ OH + CH4 — H20 + CH; 6.7 0.2 0 2
height for the V: OH + CHs — H20 + CH3 19.6 0 0 2
reverse reaction. Vi H+H, - H,+ H 9.6 0 0 2
V't OH + NH3; — H>O + NH» 3.2 0.2 0 2
Vi OH + NH3; — H>O + NH» 12.7 0 0 2
Vs OH + C;He — H20 + CyHs 34 0.2 0 2
V: OH + CoHg¢ — H2O + C:H;5 19.9 0 0 2
ViF+H, — HF + H 1.8 0.38 0 2
ViF+H, — HF + H 334 0 0 2
V: O + CHs — OH + CH;3; 8.1 0.2 0 3
V¢H+ PH3; — H> + PH> 3.1 0 0 2
Vi H+PH; — H> + PH> 23.2 0.002 0 2
V't H+HO —- H>,+ O 10.7 0.2 0 3
V’iH+HO - Hx+ O 13.1 0.22 0 3
VeH + HoS — Hy + HS 3.5 0 0 2
Vi H+ H2S — Ho + HS 17.3 0.54 0 2
V: O +HCI — OH + CI 10.4 1.04 0 3



Database System (molecule or reaction) Re‘i]‘;liﬁzce AE(SOC) Charge Multiplicity
V¢ CH3z + NH, — CHs + NH 8.0 0 0 3
V: CHsz + NH2, — CHs + NH 22.4 0 0 3
Ve CoHs + NH, — CoHe + NH 7.5 0 0 3
V: CoHs + NH2 — CoHs + NH 18.3 0 0 3
Ve NH> + CoHs — NH3 + CoHs 10.4 0 0 2
Ve NH> + CoHs — NH3 + CHs 17.4 0 0 2
Ve NH> + CHs — NH3 + CH; 14.5 0 0 2
Vi NH> + CHs — NH3 + CH3 17.8 0 0 2
MC-BE3 LiO~ 57.59 -0.16 -1 1
CuCl 90.2 -0.84 0 1
FeCl 80.5 -0.89 0 6
MR-MGN-BES SiO (multiplicity = 1) 192.4 -0.65 0 1
CO 259.42 -0.31 0 1
CIO 64.84 -0.6 0 2
0;—>0+0 26.61 -0.22 0 1
N2 228.48 0 0 1
02 120.37 -0.44 0 S5and 3
B> 67.4 -0.06 0 3
C2 146.88 -0.18 0 1
NHTBH4 ViH+FH — HF + H 42.18 0 0 2
VtH+ CIH — HCl1 + H 18 0 0 2
V: H+ FCHs — HF + CH3 57.02 0 0 2
VeH+ F, — HF +F 2.27 0 0 2
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Reference

Database System (molecule or reaction) Value AE(SOC) Charge Multiplicity

SR-MGM-BE2 NaO 65.23 1.0 0 2
ZnCl 53.48 -0.84 0 2

SR-MGN-BE17 CH;—-CHs;* 97.39 0 0 1
CH30-CH; 89.79 -0.19156 0 1
Et-H 108.92 0 0 1
Et—CHj 95.89 0 0 1
Et-OCHj3 95.26 -0.03 0 1
Et-OH 100.29 -0.2 0 1
CH (*11) 84.18 -0.05 0 2
NH 83.1 0 0 3
OH 107.19 -0.02 0 2
HCI 106.66 -0.84 0 1
Si> (multiplicity = 3) 75.72 -0.66 0 5and3
P> 117.59 0 0 1
Sa 103.13 -1.12 0 5and3
Ch 58.07 -1.68 0 1
SC 171.11 -0.65 0 1
H> 109.49 0 0 1
SH 86.98 -0.02 0 2

¢ A hyphen is used to indicate the bond(s) dissociated in a polyatomic molecule.
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Table S4. Systems, their reference values (in kcal/mol) with spin—orbit coupling included, SOC values, charges, and multiplicities for
each system in the DS3 database

Database System (molecule or reaction) Riﬁg‘iﬁzce AE(SOC) Charge Multiplicity
CH-BES5S C,H-H* 140.9 0 0 1
CHs-H 119.5 0 0 1
CHs— CoHo + Ho 49.06 0 0 1
C-H 98.42 0.12 1 3and 1
tert-butyl-H (dissociation of isobutane) 103.9 0 0 3and 1
DAC-DES AlH¢ — 2AlH; 38.5 0 0 1
AbLFs — 2AIF3 51.6 0 0 1
ALCls — 2AICI; 32.5 0 0 1
AlbHMes — AlHMe; + AlMes 31.2 0 0 1
AlbMes — 2A1Me3 23.1 0 0 1
G2-BE5 Be> 2.66 0 0 1
Mg, 1.24 0 0 1
Ca 3.13 0 0 1
Sro 3.02 0 0 1
Ba 3.87 0 0 1
HP-BE6 H3Ge—-GeHs 73.8 0 0 1
MesPb—PbMes 52.9 0 0 3and 1
Me,As—AsMes 52.2 0 0 1
HS-SH 67.9 -1.08 0 1
Br, 53.2 -7.02 0 1
MeTe-TeMe 52.9 0 0 3and 1
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Reference

Database System (molecule or reaction) Value AE(SOC) Charge Multiplicity
IP10 Ch 265.3 -0.92 1 and 0 2 and 1
SH 238.9 -0.0012 1 and 0 3and 2
PH> 226.3 0.002 1 and 0 1 and 2
02 278.9 -0.28 1 and 0 2 and 3
Zn 216.6 0 1 and 0 2 and 1
OH 299.1 0.2 1 and 0 3and?2
Mo 163.7 0 1 and 0 6 and 7
Cu 178.2 0 1 and 0 1 and 2
Cr 156 0 1 and 0 6 and 7
Cl 299.1 0.82 1 and 0 3and 2
IsoE6 CsH4 (propyne — allene in ref 66) -1.4 0 0 1
CsNH7 (7 in ref 67) 57.1 0 0 1
Ci14H200 (10 in ref 65) 6.8 0 0 1
CisH12F2 (20 in ref 65) 4.7 0 0 1
Ci12N2H12 (13 in ref 65) 33.5 0 0 1
Ci2H2o (9 in ref 65) 21.8 0 0 1
Lix-AE3 Li, 12.18 0 0 1
(atomization energy Lig 17.37 0 0 Sand 1
per atom) Lis 18.47 0 0 6 and 2
MG-SS26 NH 35.93 0.001 0 1 and 3
OH" 50.5 0 1 1 and 3
NF 34.32 0 0 1 and 3
02 22.64 0.006 0 1 and 3
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Database System (molecule or reaction) Riﬁg‘iﬁzce AE(SOC) Charge Multiplicity
H>CC -48.6 0 0 1 and 3
C,HsCHS -53.7 0 0 1 and 3
C4H3CHO -3.6 0 0 1 and 3
C4H3NH> -2.7 0 0 1 and 3
Me>C=CH> -104 0 0 1 and 3
CH;CHO -91.6 0 0 1 and 3
NH>CHO -124 0 0 1 and 3
He 457.1 0 0 3and 1
acetone 95.2 0 0 3and 1
propynal 80 0 0 3and 1
pyrimidine 943 0 0 3and 1
cyanoformaldehyde 79.3 0 0 3and 1
butadiene 77.5 0 0 3and 1
cyclopropenone 90.6 0 0 3and 1
pyrrole 104 0 0 3and 1
CH; 9 0 0 1 and 3
NH» 29 0 1 1 and 3
SiH» 21 0 0 1 and 3
PH» -17 0 1 1 and 3
Be,CO 36-16° -10.4 N.L¢ 0 3and 1
Be,CO 36-16° -10.5 N.L 0 S5and 1
Be,CO 35-15° -8.6 N.L 0 3and 1

MR-MGM-BE3 CaO 96.2 -0.22 0 3and 1
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Reference

Database System (molecule or reaction) Value AE(SOC) Charge Multiplicity
BeO 106.57 -0.22 0 3and 1
MgS 55.7 -0.56 0 3and 1
MR-MGN-BE4 CN 181.3 -0.09 0 2
CL-O 41.7 -0.22 0 3and 1
SO 125.7 -0.78 0 Sand 3
NO 152.7 -0.04 0 2
NC-CE5 H,O-H>O 491 0 0 1
CHs—F> 1.06 0 0 1
parallel-displaced CO>—CO> 1.49 0 0 1
sandwich C¢H¢—CsHs 1.65 0 0 1
parallel-displaced CsHs—CsHs 2.59 0 0 1
NG-IP4 He 567.0 0 1 and 0 2 and 1
Ne 497.29 0 1 and 0 2 and 1
Ar 363.43 0 1 and 0 2 and 1
Kr 322.84 0 1 and 0 2 and 1
NGD-CES He: 0.02 0 0 1
Ne» 0.08 0 0 1
Ar 0.29 0 0 1
He: 0.04 0 0 1
He: 0.06 0 0 1
PAS NH3 211.9 0 0 and 1 1
H>O 171.8 0 Oand 1 1
CHa 156.6 0 0and 1 1
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Database System (molecule or reaction) Riﬁg‘iizce AE(SOC) Charge Multiplicity
SiH4 156.5 0 0and 1 1
PH; 193.1 0 0and 1 1
H>S 173.7 0 Oand 1 1
HCI 137.1 0 0 and 1 1
H» 105.9 0 Oand 1 1
PB-BE4 BN 105.82 -0.03 0 Sand 3
SiO 193.05 -0.65 0 Sand 1
AlCI 122.62 -1.05 0 3and 1
H-P-H (atomization energy per bond) 76.6 0 0 6 and 2
PC-ED5 N2 212.38 — 0 1
F2 37.9 -0.64 0 1
Li> 21.87 — 0 1
KH 39.39 — 0 1
CIF 19.96 — 0 1
PERI-BH4 C4He (cyclobutene) 34.8 0 0 1
CsHs (cis-1,3,5-hexatriene) 30.8 0 0 1
CsHs (ortho-xylylene) 28.1 0 0 1
CsHe (1,3-cyclopentadiene) 28.5 0 0 1
PX-BH3 4NH;3 48.4 0 0 1
4H,0 26.6 0 0 1
4HF 14.7 0 0 1
SIE4x4 H,"at 1.0 re 64.4 0 1 2
H," at 1.25 re 58.9 0 1 2
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Reference

Database System (molecule or reaction) Value AE(SOC) Charge Multiplicity
Hy"at 1.5 re 48.7 0 1 2
H," at 1.75 re 38.3 0 1 2
Hex" at 1.0 7e 56.9 0 1 2
He," at 1.25 7. 46.9 0 1 2
Hex" at 1.5 re 31.3 0 1 2
He," at 1.75 7. 19.1 0 1 2
(NH3)>" at 1.0 7. 35.9 0 1 2
(NH3)2" at 1.25 re 259 0 1 2
(NH3)>" at 1.5 r; 13.4 0 1 2
(NH3)2" at 1.75 re 4.9 0 1 2
(H20)," at 1.0 7. 39.7 0 1 2
(H20):" at 1.25 7 29.1 0 1 2
(H20)>" at 1.5 r; 16.9 0 1 2
(H20)>" at 1.75 re 9.3 0 1 2
>TMD-BE4 Cn 18.0 0 0 13 and 1
(atomization energy Cu: 23.6 0 0 1
per atom) Ag 19.2 0 0 1
AgCu 20.4 0 0 1
>TML-BE17 TiCL—Cl 102.16 -0.84 0 4 and 2
VCI-Cl 113.86 -0.84 0 6 and 4
CrCl 90.16 -0.84 0 8 and 6
CrO; — Cr + 30 (atomization energy per bond) 117.88 -0.22 0 13and 1
MnCI1-Cl 107.96 -0.84 0 8 and 6
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Database System (molecule or reaction) Riﬁg‘iﬁzce AE(SOC) Charge Multiplicity
MnCl1 80.76 -0.84 0 7
CuH 68.7 0 0 3and 1
ZnH 21.6 0 0 2
ZnO 379 -0.22 0 3and 1
ZnCIl-Cl 99.66 -0.84 0 3and 1
Cu-H>O 38.8 0 1 1
Cr—CH3 28.8 0 1 7 and 5
CrH 46.8 0 0 8 and 6
CrN 87.6 0 0 10 and 4
MnH 31.1 0 0 7
Mn-CH3* 51.9 0 1 6
AgH 54 0 0 3and 1

TM-SS6 CoC2Hy -32.4 N.L 1 3and 1
Fe(H20)6*" -43.9 N.L 2 5and 1
Fe(H,0)6* -48.4 N.L 3 6 and 4
FeO(NH3)s -0.4 N.L 2 Sand 3
Fe 92.2 -0.1 3 4 and 6
Mn?* 76.7 -0.1 2 4 and 6

“a hyphen is used to indicate the bond(s) dissociated in a polyatomic molecule.

b5 and 6 mean two structures of Be2CO in ref 74. Superscripts on the upper left mean the spin state of the corresponding structure.
‘not included, as the reference values are theoretical calculations without SOC included.

not found but is small enough so that we treat them as zero.
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S3. More Discussion of Translating Meta Functionals

In MC-PDFT with translated gradient-approximation (tGA) functionals, the following two
equations are used to convert one-electron density, p, and on-top density, /1, to translated
effective densities py, /5, and effective translated density gradients g ,,”®

p
Pap =5 (1D (S1)
Ve
9o == (179 (s2)
where
— <
o=l
and
A1l
R=—3 (S4)

Equation S2 is obtained by taking the first derivative of eq S1 and dropping the derivative of {*,
which is unsmooth at R = 1. This is the standard translation that has been used in our previous
work, and we continue to use it here. Note that g, ,, is not the gradient of py, ,;, because we
dropped the derivative of ¢%; g& /p 18 simply an ingredient in the funcional form used for the on-
top functional.

Next, we define the mathematical intermediate quantities used to include kinetic energy
densities in our parametrizations, and we explain the way in which these definitions are
analogous to those used previously for translated gradient approximations. The kinetic energy
density used as the starting point for obtaining the translated kinetic energy density can be
computed, in any orbital basis (p, g, ...), by:

1
= Ez DpqVepp Vi bq (S5)
rq

where D, is an element of the 1-electron reduced density matrix (1-RDM), ¢,, and ¢, are
molecular orbitals (note that eq S5 can also be expressed in the atomic-orbital basis), and V;.¢,, is
the gradient vector with three Cartesian components.

Note that the T of eq S5 can also be computed from the second derivative of the electronic
density by dropping the second derivatives of orbitals (V;*¢,,). The second derivative is

1+7H 1
2 Pasp = T( Wep £ Vep Rt £ pREC (S6)
Then, we drop the terms containing second derivatives of orbitals (7, ¢,), and, analogous to the
way we obtained eq S2, we drop the derivatives of {*. These steps yield
1+
Tctz b= (—T()T (87)
Note that the terms dropped in the formulations presented above are not approximations
because the effective spin densities are not physical quantities; they are simply intermediate
variables that we use to obtain parametrizable forms for the meta on-top functionals, and we
have the freedom to define them in any convenient way.
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The article presents the MC23 meta on-top functional, which is based on the functional form
of the M06-L exchange—correlation functional. This new functional can be classified as a revised
translated hybrid version of the M06-L exchange—correlation functional, which is indicated as
rtM06-Lh if we name it in by our standardized notation. In the standardized notation, the prefix
“t” denotes translating the functional and retaining the original parameters of the Kohn—Sham
exchange—correlation functional, the prefix “rt” (an abbreviation of “revised translated”) denotes
reoptimization of the parameters in the context of MC-PDFT, and the suffix “h” denotes mixing
of a CASSCEF energy term (a “hybrid” term) to translated local functionals. Besides MC23, this
article also presents results for the translated functionals tPBE, tPBEO, tt-HCTH, and tM06-L,
which are translations of PBE, PBEO, T-HCTH, and M06-L, respectively. Note that PBE,
1-HCTH, and M06-L are local functionals, whereas PBEOQ is a hybrid functional. In translating
hybrid functionals,’”” we translate the percentage X of Hartree—Fock exchange into a percentage X
of CASSCF wave-function energy. As a result of the various translations, tPBE is an on-top
functional, tPBEO is a hybrid on-top functional, tt-HCTH and tM06-L are meta on-top
functionals, and MC23 is a hybrid meta on-top functional that could have been called rtM06-Lh.
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S4. Active Spaces for Each System

One reason why MC-PDFT is more accurate than KS-DFT on systems with strong
multireference characters is that MC-PDFT uses better densities than the best a single Slater
determinant can provide when optimized with available exchange—correlation functionals; this is
important to describe strongly correlated systems. However, to achieve these better densities, one
must make a good choice of active space, and this can be challenging.

The previously proposed correlated participating orbitals (CPO) schemes®® provide one
possible systematic way to generate active spaces. Previous experience shows that the mod-CPO
scheme is the most efficient one among the three CPO schemes. The mod-CPO scheme usually
involves the p subshells for non-transition metals and the d subshells for transition metals
therefore, we use these two subshells in our calculations for most systems. Sometimes, a
compromise active space is required to keep the active space size manageable, and the precise
details of our active space choices are provided in this section.

We note that in the long run, it would be desirable to proceed with a uniquely defined
active-space choice (yielding a “theoretical model” or “quantum chemical model” in the
language of Pople®!). In this work, we proceed with a combination of systematically defined
active spaces (DS2) and active spaces based on human judgment (DS3). The systematic active
space selection scheme of DS2 has been discussed in ref 62. Below are the details of the active
spaces based on human judgment that we used in DS3.

S4.1. Systems Using Restricted Hartree—Fock References

We use the notation (m, n) to denote an active space with m active electrons in n active
orbitals.

Restricted Hartree—Fock (RHF) theory may be considered to be a special case of MCSCF
using a (2,1) active space, and in a few cases, we found that RHF theory already provides a
reasonable reference wave function. Thus, RHF reference wave functions are used for the noble
gas dataset (NGD-BEY), the di-aluminum cluster (DAC-BES) dataset, the proton-exchange
dataset (PX-BH3), and the water dimerization energy in the NCCES5 dataset. The choice of RHF
references for noble gas dimers and water dimers is clear-cut since these are well known to have
negligible static correlation. For the DAC-BES and the PX-BH3 datasets, we used the RHF
reference wave functions because the unoptimized tM06-L functional was found to give accurate
energies with an RHF reference wave function, and therefore we anticipated that the (2,1) active
space would be sufficient.

The rest of the systems use multiconfigurational wave functions as the references, as
described next. Note that all active space choices were made prior to optimizing the new
functionals, and in no case is the active space chosen to improve the results with the optimized
functionals.

S4.2. Systems with No More Than Five Atoms

For H atoms, the valence shell is put in the active space.
For p-block atoms, we put the valence s and p subshells in the active space for group-14 and
group-15 elements, which are also called “early p-block elements”, including B, C, N, and P; we
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put the valence p subshell in the active space for group-16 and group-15 elements, which are also
called “late p-block elements”, including O, F, S, Cl, and Br.

As an exception, for Cl>O, we used the full valence active space, because the orbital
optimization moves out-of-plane valence p orbitals on Cl and O out of the active space, replacing
them with valence s orbitals of Cl when a smaller active space is used. However, we find that if
we move these out-of-plane p orbitals into the active space to have only 9 active orbitals, the
MC-PDFT results are different from the full valence active space by no more than 0.6 kcal/mol.

We also used a full-valence active space for H>S; in the HP-BES dataset because the p
subshell is more easily identified when one uses the full-valence active space.

For transition metals with incomplete d subshells, we put the s and the d subshells in the
active space. This was done for Cr and Mn.

Ag and Cu atoms have a full d subshell, and further considerations were made to choose a
good active space. In particular, for AgH bond energies, we tested two active spaces, namely (12,
7) with the d subshell of Ag included and (2, 2) with only the s subshell included; we found that
MC-PDFT energies between for two active spaces differ by less than 0.4 kcal/mol. Therefore, for
Ag, Cu, and Zn, we only include the s subshell in our calculations. However, for dissociation of
one Zn—Cl bond in ZnCl,, it is difficult to include only the p orbitals of Cl without introducing
the d orbitals of Zn, so we choose the size of the active space to be (2, 2) instead of (12, 7). At
the equilibrium structure of Cl1-Zn—Cl, three atomic orbitals are important in describing the
bonding of the system, namely the Zn 4s orbital and the p, orbitals of two Cl atoms. Putting the
linear ZnCl: in the z axis, the molecule is symmetric with respect to the reflection of the x-y
plane where Zn is in. Therefore, two p, orbitals, each from one Cl atom, form two auxiliary
orbitals, one is symmetric after the reflection operation, called orbital S, and the other is
antisymmetric after the reflection, called orbital AS. Because the Zn 4s orbital is also symmetric
to the reflection, a bonding orbital (B) and an antibonding orbital (4B) between Zn 4s and orbital
S can be formed. As a result, there are three molecular orbitals in this system, B, AB, and AS. The
(2, 2) active space includes 2 electrons in orbitals AB and A4S. At the dissociated structure, this is
a ZnCl molecule and a Cl atom. For the ZnCl molecule, the Cl p, orbital and the Zn 4s orbital
form a pair of o and o* orbitals, so the (2, 2) active space for the dissociated structure include the
o™ orbital and the p, orbital of the dissociated Cl.

The systems whose active spaces are selected less systematically are the alkaline earth (AE)
metals. For their dimers, we use the CPO active space as we did previously,*’ and as we
mentioned in ref 40, all nom-CPO, mod-CPO, and ext-CPO schemes give the same active space
because there are no occupied p or d orbitals. The active-space choice for AE compounds in the
MR-MGM-BE3 dataset, namely BeO, MgS, and CaO, is more difficult than for the p-block
compounds, and we chose their active spaces by trying various possibilities and then selecting a
reasonable one, as discussed in the next paragraph.

MR-MGM-BE3 database. We considered three active spaces for the MR-MGM-BE3
database, namely (8, 5), (8, 6), and (8, 8). For dissociated geometries, all three active spaces
contain the whole valence shell of O or S and the s subshell of the AE metal; they differ by the
number of unoccupied p orbitals of the AE metal that is included, namely 0, 1, and 3. Including
no unoccupied p orbitals of the AE metals is similar to the previously used rule for the H atom.
Including one unoccupied p orbital can be thought of as employing the mod-CPO scheme, where
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the unoccupied p orbital is used as the correlating orbital of the ¢ bond that is formed. Including
three unoccupied orbitals corresponds to including the whole valence shell of three dimers.
These three active spaces (mainly the active orbitals) can be obtained relatively easily when the
dimers are dissociated (except for MgS, where we did not obtain all three degenerate p orbitals
on Mg at dissociation), and we failed to maintain the characters of the active orbitals even when
we use the active orbitals at dissociation as the initial guess for the orbitals at equilibrium. By
characters we mean whether the orbital is a ¢ orbital or a © orbital, and whether a ¢ orbital is
mainly formed by an s, p, or d orbital.

In deciding which active spaces among three can be used at equilibrium geometries, we
used two rules: (1) when there are degenerate orbitals, both or none should be in the active space;
(2) the M diagnostics should be similar to the one with the largest active space.

The (8, 6) active space does not follow the first rule for CaO. More precisely speaking, the
CASSCEF calculation favors an active space where the degenerate orbitals are not both within the
active space, even when we start with degenerate orbitals in the active space as the initial guess.

The (8, 5) active space does not follow the second rule. As it can be seen in Table S4 for
CaO, the M diagnostics of the (8, 5) active space wave function gives 0.62, which is much more
different from the M diagnostics of the other two active spaces.

We conclude that the (8, 8) active space is a reasonably good active space for BeO, MgS,
and CaO in describing the wave function at their equilibrium geometries.

The active orbitals at equilibrium geometries for BeO, MgS, and CaO can be found in

00880088
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Figure S1. Natural orbitals of BeO (top row), MgS (middle row), and CaO (bottom row). The
number below each orbital is the natural orbital occupation number.
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Table S5. M diagnostics for BeO, MgS, and CaO at equilibrium with three choices of active
spaces

BeO MgS CaO
(8,5) 0.07 0.19 0.62
(8,6) 0.05 0.14 0.05
(8, 8) 0.03 0.16 0.04

Table S6. Bond energies (kcal/mol) for BeO, MgS, and CaO with three choices of active spaces

BeO MgS CaO
tPBE tMO06-L tt-HCTH tPBE tM06-L tr-HCTH tPBE tM06-L tt-HCTH
(8,5 114.8 116.0 115.4 539 58.9 54.1 77.5 76.2 82.8
(8,6) 110.7 110.2 113.1 53.3 57.7 55.8 105.6 105.5 115.9
(8,8) 97.6 98.3 103.6 47.8 529 52.7 933 96.2 105.7

Be>;CO molecules in the MG-SS26 dataset. Another set of molecules that have
nonsystematic active spaces are the Be2CO molecules in MG-SS26. The “Be;CO 5” system
includes the valence shell of C, and the sp-hybridized orbitals from Be, giving a (6, 6) active
space. For the linear BeOBeC structure, assuming the molecule is on the z axis, we chose our
active space to include the py, py, py, and py, orbitals of O (orbitals with a prime (') are orbitals of
a similar shape, but having one more node), the p subshells of C, and the sp.-hybridized orbital
of the terminal Be. These orbitals were chosen through a set of trial and error, rather than being
selected systematically.

S4.3. Systems with More Than 5 Atoms

For larger systems, it is impractical to use an active space with all p subshells included,
therefore the active space needs to be constructed less systematically with greater dependence on
understanding the valence shell of the particular system.

For Te;Me», GeoHs, PboMeg, and As;Mes in the HPBEG6 dataset, we use (2, 2) active spaces
to include the bonding and the anti-bonding orbitals of the bonds that are dissociated. Note that
H>S> and Br in this dataset still use the rule for systems with no more than five atoms.

In the PERI-BH4 dataset, the active spaces contain all the valence 1 and m* orbitals. For
cyclobutene, although it has only one m bond, the o and o* orbitals of the bond that breaks to
yield 1,3-butadiene are also included in the active space.

In the NCCES5 dataset, the water dimer uses the RHF reference as mentioned in Section
S4.1. For ethylene, CO, and benzene, we used the active space with all valence m and m*
orbitals. This yields (8, 12) for CO, dimers and (12, 12) for benzene dimers. For F», our active
space includes the gy, and oy, orbitals, and the active space for the ethylene—F> system is (4, 4).

In the CH-BES dataset, we use a full valence active space, as the valence s orbitals of C are
important in forming the C-H bond. This yields (10, 10) and (12, 12) active spaces for C2H> and
C,H4 dissociating to the CoHs—H pair, and C2H>—H> pair. For fert-butane C—H bond dissociation,
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we use a (2, 2) active space that includes the CH bonding and antibonding orbitals. For CH", an
active space containing the value shell of C and H is used.

The proton affinities in PAS are calculated using the same active space for the molecule and
the protonated molecule, and the active space follows the general rule for H, N, O, Si, P, S, and
Cl as mentioned in Section S4.2. For CoHb, a (4, 4) active space is used to only include the  and
" orbitals.

In IsoE6, we use the Hartree—Fock reference (namely (2, 1) active space) for Ci2Hzo, in
which all bonds are single bonds. For the systems whose chemical formulas are C12N2H 2,
CisH12F2, CeNH7, and C14H200, respectively, we include the m and ™ orbitals in the benzene
ring, the C=C bond, C=0 bond, and N=N bond. For C3Ha4, the active space contains the p
subshell of C and the s subshell of H.

For molecules from references 69 and 70 in the MG-SS26, the active spaces are the same as
those in two references.

In TM-SS6, Fe(H20)6*" and Fe(H,0)s>" use the d-subshell active space for Fe; for
FeO(NH3)s, the active space includes the d subshell of Fe and the p subshell of O; for CoC,Ha,
the active space contains the s and d subshells of Co, and the m and r* orbitals from CoHa.

In SIE4x4, we use the CPO scheme as in our previous work in ref. 82.

The sizes of all active spaces can be found in Table S7.

S4.4. Multireference and Non-Single-Determinant Diagnostics

Table S7 also presents the multireference diagnostics that are calculated using the original
formula®® and a modified version.

According to the original definition, M diagnostics is computed as
nsomo

1
M=3 2 — Nycpomo + Nmcumo + z |Nsomo,: — 1] (S8)
L
where Ny cpomo 18 the natural orbital occupation number (NOON) of the most correlated
doubly-occupied orbital, Nycymo 1s the NOON of the most correlated unoccupied orbital,
Nsomo,; 1s the NOON of a singly occupied orbital with an index i, and ngopmo is the total number
of singly occupied orbitals. The most correlated doubly occupied molecular orbitals
(MCDOMO), most correlated unoccupied molecular orbitals (MCUMO), and singly occupied
molecular orbitals (SOMO) are determined from nominally doubly occupied or singly occupied
orbitals. Given a system of » electrons and spin quantum number S, the number of nominally
doubly occupied orbitals is computed as np = (n - 25)/2, the number of nominally singly
occupied orbitals is computed as ng = 2§, and all the rest of the orbitals are nominally empty.
The MCDOMO is defined as the nominally doubly occupied orbital whose NOON deviates the
most from 2, and the MCUMO is the nominally empty orbital whose NOON deviates the most
from 0.

This definition, although it is well-defined, is not appropriate for discussing the performance
of KS-DFT functionals. For example, a multiconfiguration wave function that correctly describes
dissociated H> or nearly dissociated Hz is
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Y= L(a2 +02) i(ozﬁ — Ba) (S9)
2T
where aj and 0?2 are respectively the electronic configurations with two electrons occupying the
g, orbital and two electrons occupying the o, orbital, where o, and o,, are symmetric and

antisymmetric with respect to the reflection plane that separates two H atoms in Hz, and where
% (aB — Ba) is a singlet spin function. In this wave function, the NOONSs are 1 and 1 for the

two orbitals. Using eq. S8, one concludes that the M diagnostics for dissociated H» is 1, and that
dissociated H> has a strong multireference (MR) character. This is definitely a correct statement,
however, KS-DFT calculations with approximate functionals can easily handle this strong MR
system by using a broken-symmetry solution. Next, we discuss a more nuanced characterization
of multireference character.

Most currently available KS-DFT calculations obtain reasonable bond energies and potential
energy curves for the dissociation of Hz by breaking symmetry and using the following Slater
determinant to describe the electronic wave function:

WUKS — Ag a5, B (S10)
where A is an antisymmetrizer, s, and s, are respectively the 1s functions of the left-side H atom
and the right-side H atom, and a and S are spin functions. Such broken-symmetry solutions are
called unrestricted Kohn—Sham (UKS), analogous to unrestricted Hartree—Fock (UHF).

To provide a better analysis of whether the present multiconfiguration calculations with
MC23 are better for strongly correlated systems than KS-DFT calculations with approximate
functionals, we propose a new diagnostic, called the N diagnostic. We obtain this by modifying
(as compared to the M diagnostic) how to classify orbitals when identifying the MCDOMO,
MCUMO, and singly occupied orbitals, respectively.

In calculating N diagnostics, the doubly occupied orbitals are defined as those whose
NOON is greater than or equal to 1.5, the empty orbitals are defined as those whose NOON is
less than or equal to 0.5, and the singly occupied orbitals are orbitals whose NOON is between
0.5 and 1.5. Using these definitions, the N diagnostics of the wave function in eq. S9 is 0,
indicating using the spin-unrestricted KS (UKS) formalism with approximate functionals can
describe the dissociation of Hz. Therefore, the N diagnostics measure if a system can be
qualitatively accurately described by the UHF method or by most currently available UKS
functionals.

According to the N diagnostics in Table S7, the strong correlation of C;Hs—H, Et—-CH3, NH,
HCI, and other systems in the SR-MGN-BE17 from DS2 can be well described by UKS-DFT.

We do not present diagnostics for systems in the SIE4x4 database. This is because we use
the diagnostics to characterize whether a system cannot be well-described by a single spin-
restricted Slater determinant or by UHF. Because the difficulties for systems in SIE4x4, are due
to the competition between localized holes and delocalized holes rather than from multireference
character, we consider that categorizing them by multireference diagnostics would give a false
impression.
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Database System active space M diagnostics® N diagnostics® Basis set”
HTBH29 ViH+HCI — Hy + Cl (3,3) 0.01 0.01 0.01 0.01 ma-TZVP
V:H+ HCIl — Hy + Cl (3,3) 0.01 0.01 0.01 0.01 ma-TZVP
V: OH + H, — H,O + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
ViCH; +H, - CHs + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
V't OH + CHs — H20 + CH3 3,3) 0.02 0.00 0.02 0.00 ma-TZVP
Vi OH + CHs — H20 + CH3 3,3) 0.02 0.00 0.02 0.00 ma-TZVP
ViH+H, — Hx + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
V't OH + NH3; — H>O + NH» 3,3) 0.03 0.02 0.03 0.02 ma-TZVP
V: OH + NH3; — H>O + NH» 3,3) 0.03 0.01 0.03 0.01 ma-TZVP
V't OH + CoHg¢ — H20 + C2H;5 3,3) 0.03 0.00 0.03 0.00 ma-TZVP
V: OH + CoHg¢ — H2O + C2H;5 3,3) 0.03 0.02 0.03 0.02 ma-TZVP
ViF+H, — HF + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
ViF+H, — HF +H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
V: O+ CHs — OH + CH;3 (6, 6) 0.04 0.02 0.04 0.02 ma-TZVP
V¢H+ PH3; — H> + PH> 3,3) 0.03 0.03 0.03 0.03 ma-TZVP
Vi H+PH; — H> + PH> 3,3) 0.03 0.02 0.03 0.02 ma-TZVP
V't H+HO —- H>,+ O (4,4) 0.04 0.00 0.04 0.00 ma-TZVP
V’iH+HO - Hx,+ O (4,4) 0.04 0.01 0.04 0.01 ma-TZVP
VtH + H2S — Hz + HS 3,3) 0.02 0.00 0.02 0.00 ma-TZVP
V: H+ H2S — Hz + HS 3,3) 0.02 0.02 0.02 0.02 ma-TZVP
J: O+ HCl — OH + CI (6, 6) 0.04 0.02 0.04 0.02 ma-TZVP
VyCH; + NH, — CHs + NH (6, 6) 0.03 0.02 0.03 0.02 ma-TZVP
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Database System active space M diagnostics® N diagnostics® Basis set”
Vi CH; + NH, — CHs + NH (6, 6) 0.03 0.03 0.03 0.03 ma-TZVP

V't CoHs + NHx — CoHe + NH (6, 6) 0.04 0.02 0.04 0.02 ma-TZVP

Vi C2Hs + NHx — CoHe + NH (6, 6) 0.04 0.02 0.04 0.02 ma-TZVP

Ve NHz + C2He — NH3 + CoHs 3,3) 0.03 0.02 0.03 0.02 ma-TZVP

V: NHz + C2He — NH3 + CoHs 3,3) 0.03 0.02 0.03 0.02 ma-TZVP

Vi NH, + CHs — NH; + CH3 3,3) 0.01 0.01 0.01 0.01 ma-TZVP

Vi NH2 + CHs — NH;3 + CH3 3,3) 0.01 0.01 0.01 0.01 ma-TZVP

MC-BE3 LiO~ (6, 6) 1.00 1.00 0.03 0.02 ma-TZVP
CuCl (4,4) 1.00 0.02 0.00 0.02 ma-TZVP

FeCl (11, 11) 0.09 0.03 0.09 0.03 ma-TZVP
MR-MGN-BE8  SiO (multiplicity = 1) (8, 8) 1.00 0.04 0.03 0.04 ma-TZVP
CO (10, 10) 1.00 0.05 0.05 0.05 ma-TZVP

ClO (7,7) 1.00 0.05 0.02 0.05 ma-TZVP

03 —->02+0 (12, 12) 0.99 0.21 0.06 0.21 ma-TZVP

N2 (10, 10) 1.00 0.06 0.01 0.06 ma-TZVP

Oz (8,8) 0.01 0.06 0.01 0.06 ma-TZVP

B (6, 6) 0.07 0.33 0.07 0.33 ma-TZVP

C (8, 8) 0.76 0.41 0.98 0.41 ma-TZVP

NHTBH4 VtH+FH — HF + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP
ViH+ CIH — HCl1 + H (1, 1) 0.00 0.00 0.00 0.00 ma-TZVP

Vi H+ FCH; — HF + CHs 3,3) 0.06 0.02 0.06 0.02 ma-TZVP

ViH+F, - HF +F (3,3) 0.18 0.01 0.18 0.01 ma-TZVP

SR-MGM-BE2 NaO (5.5) 1.00 0.03 0.01 0.03 ma-TZVP
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Database System active space M diagnostics® N diagnostics® Basis set”
ZnCl (3,3) 0.06 0.01 0.06 0.01 ma-TZVP
SR-MGN-BE17 CH3—CHj; (6, 6) 1.00 0.02 0.02 0.02 ma-TZVP
CH;0-CH; (6, 6) 1.00 0.02 0.02 0.02 ma-TZVP
Et-H 4,4) 1.00 0.02 0.02 0.02 ma-TZVP
Et—-CH3 (6, 6) 1.00 0.02 0.02 0.02 ma-TZVP
Et-OCH; (6, 6) 1.00 0.02 0.02 0.02 ma-TZVP
Et-OH (6, 6) 1.00 0.02 0.02 0.02 ma-TZVP
CH (°IT) (5,5) 1.00 0.07 0.05 0.07 ma-TZVP
NH (6, 6) 1.00 0.03 0.01 0.03 ma-TZVP
OH (5,5) 1.00 0.03 0.00 0.03 ma-TZVP
HCI (4,4) 1.00 0.02 0.01 0.02 ma-TZVP
Si> (multiplicity = 3) (8,8) 0.76 0.13 0.98 0.13 ma-TZVP
P> (6, 6) 1.00 0.08 0.00 0.08 ma-TZVP
Sa (8,8) 0.02 0.05 0.02 0.05 ma-TZVP
Ch (6, 6) 1.00 0.04 0.02 0.04 ma-TZVP
SC (8,8) 1.00 0.06 0.05 0.06 ma-TZVP
H> (2,2) 1.00 0.02 0.00 0.02 ma-TZVP
SH (5,5) 1.00 0.03 0.01 0.03 ma-TZVP
CH-BES C:H-H (10, 10) 1.00 0.06 0.08 0.06 jun-cc-pVTZ
CHs-H (12, 12) 1.00 0.07 0.09 0.07 jun-cc-pVTZ
CHy — CoH + Ho (12, 12) 0.06 0.07 0.06 0.07 ma-TZVP
C-H 4,5) 0.07 0.10 0.07 0.10 ma-TZVP

tert-butyl-H (2,2) 0.00 0.02 0.00 0.02 ma-TZVP
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Database System active space M diagnostics® N diagnostics® Basis set”
DAC-DE5 AlH¢ — 2AlH; 2,1 0.00 0.00 0.00 0.00 jun-cc-pVTZ
AbLFs — 2AIF3 2,1 0.00 0.00 0.00 0.00 jun-cc-pVTZ
AlLCls — 2AICI 2,1 0.00 0.00 0.00 0.00 jun-cc-pVTZ
AlbHMes — AlHMe; + AlMe; 2,1 0.00 0.00 0.00 0.00 jun-cc-pVTZ
AlbMes — 2A1Mes 2,1 0.00 0.00 0.00 0.00 jun-cc-pVTZ
G2-BES5 Be> 4,4) 0.11 0.31 0.11 0.31 ma-TZVP
Mg (4,4) 0.08 0.09 0.08 0.09 ma-TZVP
Ca; 4,4) 0.11 0.16 0.11 0.16 ma-TZVP
Sty (4,4) 0.10 0.14 0.10 0.14 ma-TZVP
Bay (4,4) 0.10 0.14 0.10 0.14 ma-TZVP
HP-BE6 H3Ge—GeHs (2,2) 1.00 0.02 0.00 0.02 ma-TZVP
Me;Pb—PbMes (2,2) 0.00 0.02 0.00 0.02 ma-TZVP
Me;As—AsMe» (2,2) 1.00 0.03 0.00 0.03 ma-TZVP
HS-SH (14, 10) 1.00 0.03 0.03 0.03 ma-TZVP
Br, (10, 6) 1.00 0.06 0.00 0.06 ma-TZVP
MeTe-TeMe (2,2) 0.00 0.04 0.00 0.04 ma-TZVP
IP10 Ch (9, 6) and (10, 6) 0.07 0.05 0.07 0.05 jun-cc-pVTZ
SH (4,4)and (5,4) 0.03 0.03 0.03 0.03 jun-cc-pVTZ
PH> (4,5)and (5, 5) 0.09 0.02 0.09 0.02 jun-cc-pVTZ
02 (7, 6) and (8, 6) 0.11 0.08 0.11 0.08 jun-cc-pVTZ
Zn (1,1)and (2, 1) 0.00 0.00 0.00 0.00 ma-TZVP
OH (4,4)and (5, 4) 0.03 0.02 0.03 0.02 ma-TZVP
Mo (5, 6) and (6, 6) 0.00 0.00 0.00 0.00 ma-TZVP



S-29

Database System active space M diagnostics® N diagnostics® Basis set”
Cu (10,6) and (11,6)  0.00 0.00 0.00 0.00 ma-TZVP
Cr (5, 6) and (6, 6) 0.00 0.00 0.00 0.00 ma-TZVP
Cl (4,3)and (5, 3) 0.00 0.00 0.00 0.00 ma-TZVP
IsoE6 CsHa (12, 12) 0.06 0.07 0.06 0.07 ma-TZVP
CesNH7 (6, 6) 0.10 0.09 0.10 0.09 ma-TZVP
Ci14H200 (8,8) 0.10 0.10 0.10 0.10 ma-TZVP
CusH2F2 (12, 12) 0.10 0.10 0.10 0.10 ma-TZVP
C12N2Hi2 (12, 12) 0.10 0.11 0.10 0.11 ma-TZVP
Ci2Hao 2,1 0.00 0.00 0.00 0.00 ma-TZVP
Lix-AE3 Li> (2,2) 1.00 0.09 0.00 0.09 ma-TZVP
Lis (4,4) 0.00 0.18 0.00 0.22 ma-TZVP
Lis 5,5 0.00 0.14 0.00 0.14 ma-TZVP
MG-SS26 NH (4,4) 1.00 0.03 0.02 0.03 jun-cc-pVTZ
OH" (4,4) 1.00 0.03 0.02 0.03 jun-cc-pVTZ
NF (8,6) 1.00 0.05 0.05 0.05 jun-cc-pVTZ
Oz (8,6) 1.00 0.08 0.11 0.08 jun-cc-pVTZ
H>CC (6, 8) 0.07 0.11 0.07 0.11 jun-cc-pVTZ
C.HsCHS (6,5) 0.08 0.02 0.08 0.02 jun-cc-pVTZ
C4H3CHO (12, 14) 0.88 0.07 0.20 0.07 maug-cc-pVTZ
C4H3NH> (12, 14) 0.77 0.07 0.32 0.07 maug-cc-pVTZ
Me>C=CH> (4,4) 0.12 0.00 0.12 0.00 jun-cc-pVTZ
CH;CHO (6,5) 0.06 0.02 0.06 0.02 jun-cc-pVTZ
NHCHO (10, 8) 0.04 0.02 0.04 0.02 jun-cc-pVTZ
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Database System active space M diagnostics® N diagnostics® Basis set”
He (2,2) 0.00 0.01 0.00 0.01 aug-cc-pVTZ
acetone (6,5) 0.02 0.06 0.02 0.06 ma-TZVP
propynal (8,7) 0.06 0.09 0.06 0.09 ma-TZVP
pyrimidine (10, 8) 0.19 0.10 0.19 0.10 ma-TZVP
cyanoformaldehyde 8,7) 0.07 0.10 0.07 0.10 ma-TZVP
butadiene (10, 10) 0.15 0.11 0.15 0.11 ma-TZVP
cyclopropenone (6,7) 0.02 0.04 0.02 0.04 ma-TZVP
pyrrole (6,5) 0.18 0.08 0.18 0.08 ma-TZVP
CH; (6, 6) 0.09 0.02 0.09 0.02 jun-cc-pVTZ
NHz (6, 6) 0.08 0.03 0.08 0.03 jun-cc-pVTZ
SiH» (6, 6) 0.10 0.03 0.10 0.03 jun-cc-pVTZ
PH> (6, 6) 0.09 0.03 0.09 0.03 jun-cc-pVTZ
Be,CO 36-16 (8,8) 0.98 1.00 0.04 0.07 ma-TZVP
Be,CO %6-16 (8,8) 0.02 1.00 0.02 0.07 ma-TZVP
Be,CO 35-15 (6, 6) 0.05 0.09 0.05 0.09 ma-TZVP

MR-MGM-BE3 CaO (8, 8) 0.12 0.04 0.12 0.04 ma-TZVP
BeO (8,8) 0.13 0.04 0.13 0.04 ma-TZVP
MgS (8,8) 0.09 0.16 0.09 0.16 ma-TZVP

MR-MGN-BE4 CN (5, 6) 1.00 0.08 0.00 0.08 jun-cc-pVTZ
CL-O (20, 12) 0.05 0.06 0.05 0.06 jun-cc-pVTZ
SO (8,6) 0.00 0.06 0.00 0.06 jun-cc-pVTZ
NO (7, 6) 1.00 0.08 0.00 0.08 jun-cc-pVTZ

NC-CES5 H,O-HO 2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
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Database System active space M diagnostics® N diagnostics® Basis set”
CoHa—F> (4,4) 0.14 0.14 0.14 0.14 jun-cc-pVTZ
parallel-displaced CO>—CO: (8, 12) 0.03 0.04 0.03 0.04 jun-cc-pVTZ
sandwich C¢Hs—CsHs (12, 12) 0.10 0.10 0.10 0.10 jun-cc-pVTZ
parallel-displaced CsHs—CsHs (12, 12) 0.10 0.10 0.10 0.10 jun-cc-pVTZ

NG-1P4 He (1,2)and (2, 2) 0.00 0.01 0.00 0.01 ma-TZVP
Ne (5, 6) and (6, 6) 0.01 0.01 0.01 0.01 ma-TZVP
Ar (5, 6) and (6, 6) 0.00 0.01 0.00 0.01 ma-TZVP
Kr (5, 6) and (6, 6) 0.00 0.01 0.00 0.01 ma-TZVP

NGD-CES5 Hes (2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
Ne» (2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
An (2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
Hes (2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
Hes (2,1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ

PAS NH3 8,7 0.02 0.02 0.02 0.02 ma-TZVP
H>O (6,5) 0.02 0.02 0.02 0.02 ma-TZVP
C.Hz (4,4) 0.06 0.06 0.06 0.06 ma-TZVP
SiH4 (8,8) 0.02 0.03 0.02 0.03 ma-TZVP
PH3 8,7 0.03 0.02 0.03 0.02 ma-TZVP
HoS (6,5) 0.02 0.03 0.02 0.03 ma-TZVP
HCI (8,5) 0.02 0.02 0.02 0.02 ma-TZVP
H> (2,2) 0.02 0.02 0.02 0.02 ma-TZVP
PB-BE4 BN (4, 6) 0.00 0.08 0.00 0.08 jun-cc-pVTZ

SiO (6, 06) 0.01 0.04 0.01 0.04 jun-cc-pVTZ
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Database System active space M diagnostics® N diagnostics® Basis set”
AlCI (10, 8) 0.07 0.09 0.07 0.09 jun-cc-pVTZ

H-P-H (7, 6) 0.00 0.03 0.00 0.03 ma-TZVP
PC-ED5 N2 (10, 8) 0.82 0.06 0.84 0.06 jun-cc-pVTZ
F2 (10, 6) 0.95 0.13 0.05 0.13 jun-cc-pVTZ

Li> (2,2) 0.67 0.09 0.33 0.09 ma-TZVP

KH (2,2) 0.60 0.06 0.40 0.06 ma-TZVP

CIF (14, 8) 0.19 0.05 0.19 0.05 ma-TZVP
PERI-BH4 C4He (cyclobutene) 4,4) 0.13 0.08 0.13 0.08 jun-cc-pVTZ
CeHs (cis-1,3,5-hexatriene) (6, 6) 0.13 0.13 0.13 0.13 jun-cc-pVTZ
CsHs (ortho-xylylene) (8, 8) 0.22 0.18 0.22 0.18 jun-cc-pVTZ
CsHe (1,3-cyclopentadiene) 4,4) 0.06 0.11 0.06 0.11 jun-cc-pVTZ
PX-BH3 4NHj; 2, 1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
4H,0 2, 1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ
4HF 2, 1) 0.00 0.00 0.00 0.00 jun-cc-pVTZ

SIE4x4¢ Hy"at 1.0 e (1,2) - - - — ma-TZVP

Hy"at 1.25 re (1,2) — — — — ma-TZVP

Hy"at 1.5 re (1,2) — — — — ma-TZVP

Hy"at 1.75 re (1,2) — — — — ma-TZVP

He>" at 1.0 re (3,4) - - - — ma-TZVP

He>" at 1.25 7. (3,4) - - - — ma-TZVP

He>"at 1.5 re (3,4) - - - — ma-TZVP

He>" at 1.75 r. (3,4) - - - — ma-TZVP

(NH3)>" at 1.0 7. (3,4) - - - — ma-TZVP
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Database System active space M diagnostics® N diagnostics® Basis set”
(NH3)2" at 1.25 re (3,4 — — — — ma-TZVP

(NHs)>" at 1.5 re (3,4 — — — — ma-TZVP

(NH3)2" at 1.75 re (3,4 — — — — ma-TZVP

(H20)2" at 1.0 re (7, 8) — — — — ma-TZVP

(H20)2" at 1.25 re (7, 8) — — — — ma-TZVP

(H20):" at 1.5 re (7, 8) — — — — ma-TZVP

(H20)," at 1.75 re (7, 8) — — — — ma-TZVP

>TMD-BE4 Cn (12, 12) 0.00 0.40 0.00 0.40  jun-cc-pVTZ-DK

Cuz 2,2) 1.00 0.06 0.00 0.06 ma-TZVP

Ag 2,2) 1.00 0.07 0.00 0.07 ma-TZVP

AgCu 2,2) 1.00 0.06 0.00 0.06 ma-TZVP

>TML-BE17  TiCl-Cl (7,9) 0.01 0.02 0.01 0.02 ma-TZVP
VCI-Cl (7, 8) 0.01 0.03 0.01 0.03 ma-TZVP

CrCl (7,7) 0.00 0.00 0.00 0.00 ma-TZVP

CrO3 — Cr+ 30 (18, 15) 0.00 0.13 0.00 0.13 ma-TZVP

MnCI-Cl 9, 8) 0.00 0.00 0.00 0.00 ma-TZVP

MnCl 8,7) 0.00 0.00 0.00 0.00 ma-TZVP

CuH 2,2) 0.00 0.04 0.00 0.04 ma-TZVP

ZnH (3,2) 0.00 0.00 0.00 0.00 ma-TZVP

ZnO 6,4) 0.00 0.36 0.00 0.36 ma-TZVP

ZnCIl-Cl 2,2) 0.00 0.00 0.00 0.00 ma-TZVP

Cu-H,O" 2,2) 0.00 0.01 0.00 0.01 ma-TZVP

Cr—CHs (12, 13) 0.03 0.07 0.03 0.07 ma-TZVP
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Database System active space M diagnostics® N diagnostics® Basis set”
CrH (7,7) 0.00 0.06 0.00 0.06 ma-TZVP
CrN (11, 10) 0.00 0.16 0.00 0.16 ma-TZVP
MnH (8,7) 0.00 0.00 0.00 0.00 ma-TZVP
Mn—CH3" (13, 13) 1.00 0.08 0.02 0.08 ma-TZVP
AgH (12,7) 0.00 0.00 0.00 0.00 ma-TZVP
TM-SS6 CoC H4 (10, 8) 0.06 0.92 0.06 0.59 ma-TZVP
Fe(H20)6*" (6,5) 0.00 0.07 0.00 0.07 ma-TZVP
Fe(H20)6*" 5,5 0.00 0.04 0.00 0.04 ma-TZVP
FeO(NH3)s (10, 8) 0.28 0.21 0.28 0.21 ma-TZVP
Fe (5,5) 1.00 0.00 0.00 0.00 ma-TZVP
Mn?* (5,5) 1.00 0.00 0.00 0.00 ma-TZVP

“This column lists the two M diagnostic values or the two N diagnostic values of the two CASSCF wave functions before and after a
chemical or physical process for each system. We present the order of the two wave functions in a way that the energy of the first
wave function minus that of the second wave function gives an energy that is comparable to the reference value in Tables S3 and S4.
We do not present two diagnostics for systems in SIE4x4 because these systems are difficult for approximate density functionals.

’The second-order Douglas—Kroll-Hess scalar relativistic Hamiltonian is used for calculations that employed the jun-cc-pVTZ-DK
basis set. All other basis sets are used with the nonrelativistic Hamiltonians, but the ma-TZVP basis set includes the scalar relativistic
effect by using a relativistic effective core potential for atoms in row 5 and later.

“The SIE4x4 systems are difficult for both KS-DFT and MC-PDFT for reasons other than multireference character, so they are not

sorted by multireference character.
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SS. Computational Details

S5.1. Data Generation

We implemented kinetic energy densities in OpenMolcas,?>3*3> commit

dbe66bdde53f6d0bc4edeS5bec0243922b3559a66 on GitLab (where it is available as open-source
software), and we tested this new version of the program with tPBE,’® tPBE0,” tM06-L (see
Section 2.1), tT-HCTH (see Section 2.1), and CASPT2.8¢

The CASPT2 calculations use an imaginary shift®” of 0.25 a.u. and an IPEA shift® of 0.25
a.u. The MC-PDFT calculations are performed with the MHL grid® (99 radial x 590 angular),
10'° for the crowding factor, and 10.0 for the fading factor. We employ density fitting based on
Cholesky decomposition® to avoid exact two-electron integral calculations. Because the results
for data in DS2 in ref 62 did not use density fitting, we reran all multireference calculations in
DS2 with the default initial guess and with the above setup so that all DS3 results in the present
study are done consistently.

All CASSCF wave functions are obtained by minimizing the ground-state energies for each
system (they are not state averaged).

The active spaces and basis sets are summarized in Table S7. The active space choices are
discussed above in Section S4; the basis sets are discussed below in this section.

In the CASSCF, MC-PDFT, and CASPT2 calculations, we mainly use two basis sets,
namely jun-cc-pVTZ°!*? and ma-TZVP.”>** The exceptions are as follows. For Crz, we used the
jun-cc-pVTZ-DK?®? basis set with the second-order Douglas—Kroll-Hess (DKH) Hamiltonian?®%7
to be consistent with our previous work.5? For C4H3CHO and C4H3NH,, we used maug-cc-
pVTZ°!? to stay consistent with refs 67 and 69. For all systems in DS2, we used ma-TZVP to be
consistent with ref 62.

Because the CASPT?2 results are expected to converge more slowly with basis set than do
the PDFT calculations, and our previous tests*® do show changes upon increasing the basis set to
the quadruple-zeta (QZ) level, practical CASPT?2 calculations are more affordable with the TZ
basis sets, especially for large systems. The CASPT2 calculations with a given TZ basis set are
already more expensive than the PDFT calculations with the same basis set. Our goal here is to
compare CASPT2 with the same basis set and same active space as used for PDFT calculations.
Therefore, we use CASSCF with TZ basis sets as the reference wave function for both MC-
PDFT and CASPT?2 calculations. The reader should, however, keep in mind that CASPT2
performance might be improved by using a QZ basis set.

All calculations used augmented (typically minimally augmented or jun- augmented)
polarized valence-triple-zeta basis sets, either from the of the correlation-consistent family®!
(maug-cc-,”® jun-cc,”? and aug-cc-) or from the Karlsruhe family (ma-TZVP,** which adds diffuse
functions to the def2-TZVP®? basis sets for nonhydrogenic atoms). For many data the choice
between the families was based on consistency with previous calculations to allow convenient
comparisons. However, with the exception of Cr», all calculations on systems containing an atom
from the fourth row or higher of the periodic table (atoms heavier than Ar) used the ma-TZVP
basis set. We generally prefer this basis set family for systematic calculations on molecules with
element from these rows because it is available in well-balanced form for the whole periodic
table through the sixth row (i.e., up to Rn). A possible disadvantage of this basis set, though, is
that it does not include the scalar relativistic effect for the first four rows. These effects small for
the first three rows, but they can be important for quantitative work on transition metals in the
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fourth row.”” To check whether this significantly affects our parametrization, we performed some
post-parametrization tests, as discussed next.

First, we calculated D for each datum involving a 3d transition metal, where D is defined as
the mean unsigned error (MUE) of all 19 methods without scalar relativistic effects for that
datum. Then, using Kohn-Sham density functional theory (KS-DFT) with the PBE density
functional, we calculated the datum by three basis sets: two nonrelativistic basis sets used
without scalar relativistic terms in the Hamiltonian and one relativistic basis set used with the
second-order Douglass-Kroll-Hess (DKH?2) scalar relativistic Hamiltonian. For the relativistic
calculations, we used the jun-cc-pVTZ-DK basis set. For the nonrelativistic calculations we used
both the ma-TZVP basis set that was used in the article for parametrization and testing and the
jun-cc-pVTZ basis set, which is the nonrelativistic analog of jun-cc-pVTZ-DK. The KS-
PBE/jun-cc-pVTZ calculation is used to show directly whether it is important to include scalar
relativistic effects, whereas switching from ma-TZVP to jun-cc-pVTZ-DK calculations includes
both the basis-set-family difference and the relativistic effect. Then we calculated the deviations
of the nonrelativistic calculations from the relativistic one and compared the magnitudes of the
deviations to the D values. The results are shown in Table S8. In 30 of the 31 cases, the
magnitudes of both of the nonrelativistic deviations from the relativistic one are smaller than D;
in the only case where this is not so, Cuy, the differences from D are small. For example, the ma-
TZVP estimate of the relativistic effect is only 0.1 kcal/mol greater than the MUE.

We conclude that the error of not including relativistic effects for 3d transition metals is less
than the error in the electronic structure methods, and, therefore, it does not invalidate our
parametrization and our tests.

Because the CASPT?2 results are expected to converge more slowly with basis set than do
the PDFT calculations, and our previous tests*® do show changes upon increasing the basis set to
the quadruple-zeta (QZ) level, practical CASPT2 calculations are more affordable with the TZ
basis sets, especially for large systems. The CASPT2 calculations with a given TZ basis set are
already more expensive than the PDFT calculations with the same basis set. Our goal here is to
compare CASPT2 with the same basis set and same active space as used for PDFT calculations.
Therefore, we use CASSCF with TZ basis sets as the reference wave function for both MC-
PDFT and CASPT?2 calculations. The reader should, however, keep in mind that CASPT2
performance might be improved by using a QZ basis set.
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Table S8. KS-PBE signed errors with and without using the second-order DKH scalar-
relativistic Hamiltonian for all systems containing fourth-row transition metals (3d transition
metals). The table also contains the deviation of nonrelativistic calculations from the calculations

with the scalar-relativistic effect, the mean unsigned error (D) over 19 nonrelativistic methods

for each system, and the results of the comparisons of relativistic effects to D. All numerical
values are in kcal/mol.

KS-DFT-PBE error

Deviation from DK

Deviation < D?

Database System ma- jun-cc- jun-cc- ma- jun-cc- Nﬁi@d ma- jun-cc-

TZVP pVTZ?  pVTZDK® TZVP pVTZ® TZVP pVTZ'
MC-BE3 CuCl -4.9 -3.8 -3.1 1.7 0.7 7.2 yes yes
MC-BE3 FeCl 35 4.3 4.9 1.5 0.6 3.6 yes yes
SR-MGM-BE2  ZnCl -2.1 -1.2 -4.0 1.8 2.7 4.5 yes yes
IP10 Cr 11.6 11.6 14.6 3.1 3.0 4.5 yes yes
IP10 Cu 10.0 9.7 15.1 5.1 54 6.4 yes yes
IP10 Zn 0.3 -0.2 4.8 4.5 5.0 6.8 yes yes
>TML-BE17 AgCu 1.5 2.3 3.9 2.4 1.6 2.5 yes yes
>TML-BE17 Crz -3.6 -1.5 1.6 5.3 3.1 13.7 yes yes
>TML-BE17 Cuz 0.9 1.9 52 43 33 32 no no
YTML-BE17  CrCHs 14.8 15.1 17.7 2.9 2.6 7.2 yes yes
>TML-BE17 CrCl -1.1 -0.6 -0.1 1.0 0.5 5.7 yes yes
>TML-BE17 CrH 5.2 5.6 6.6 1.5 1.1 6.9 yes yes
>TML-BE17 CrN 18.0 18.1 21.2 33 3.1 12.5 yes yes
>TML-BE17 CrOs 37.3 39.1 45.7 8.4 6.6 11.7 yes yes
>TML-BE17 CuH -5.3 -4.1 -1.3 4.0 2.8 8.0 yes yes
>XTML-BE17  CuHO 6.0 6.1 9.8 3.9 3.7 4.2 yes yes
YTML-BE17 MnCH;" 9.8 9.9 9.3 0.5 0.6 7.2 yes yes
>TML-BE17 MnCl 10.3 11.2 9.2 1.1 1.9 5.1 yes yes
YTML-BE17  MnCl, 0.4 0.6 0.4 0.1 0.3 7.5 yes yes
Y>TML-BE17 MnH 13.7 14.3 12.8 0.9 1.4 6.8 yes yes
>TML-BE17 TiCl3 8.9 8.8 9.7 0.7 0.9 7.6 yes yes
Y>TML-BE17 VCL, 16.0 16.0 17.1 1.1 1.1 9.8 yes yes
>TML-BE17 ZnCl, 0.2 1.3 1.2 1.0 0.1 4.6 yes yes
>TML-BE17 ZnH 0.7 1.4 0.1 0.6 1.3 2.6 yes yes
>TML-BE17 ZnO 2.3 4.4 1.9 0.5 2.5 11.3 yes yes
TM-SS6 CoC,H4 17.9 18.0 18.2 0.3 0.2 12.8 yes yes
TM-SS6  Fe(H,0)s*" 23.8 24.0 23.4 0.5 0.6 16.4 yes yes
TM-SS6  Fe(H:0)s"  21.4 21.6 21.4 0.0 0.2 12.4 yes yes
TM-SS6 Fe** -32.2 -33.0 -33.1 0.9 0.2 17.5 yes yes
TM-SS6  FeO(NH3)s 10.5 10.6 11.0 0.5 0.4 7.0 yes yes
TM-SS6 Mn** -25.2 -26.0 -26.1 0.9 0.2 14.1 yes yes

“calculations using the ma-TZVP basis set without the scalar relativistic effect included

bcalculations using the jun-cc-pVTZ basis set without the scalar relativistic effect included
“calculations using the jun-cc-pVTZ-DK basis set and second-order DKH Hamiltonian
“mean unsigned error of 19 methods for each system
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All energetics calculated at CASSCF, MC-PDFT, and CASPT2 levels are carried out by two
separate multireference calculations. For bond dissociation energies, atomization energies, and
reaction barrier heights, we calculate the dissociated fragments, reactants, or products as a super-
molecule where individual fragments are placed far apart. The charges and multiplicities of each
calculation are summarized in Table S3.

We have also carried out several KS-DFT calculations to compare their performance for the
databases used here. The KS exchange—correlation functionals tested are PBE, PBEO, BLYP,
BILYP, B3LYP, HCTH, t-HCTH, M06, M06-L, MN15, MN15-L, and CF22D. For DS2, we
reuse the KS calculations from our previous work®? for PBE, BLYP, HCTH, M06-L, MN15, and
MN15-L. The KS-DFT calculations are performed in Gaussian 16.'° An internal stability
check!?! is performed for all KS-DFT calculations.

For KS-DFT calculations, we use the ma-TZVP basis set for all systems. All energetics
calculated at KS-DFT level are carried out by two or more separate KS-DFT calculations. Unlike
multireference calculations, we calculate dissociated fragments, reactants, or products as
individual calculations (rather than supermolecules) with KS-DFT.

The spin—orbit coupling (SOC) is included in all theoretical calculations by all methods for
cases where the reference data is from experiment, because experimental results automatically
include SOC. We define the SOC energy (E£5°C) as the energy difference between the lowest-
energy state including SOC and the degeneracy-weighted mean of the spin—orbit manifold, as
obtained (usually) from experiment. More details of SOC energies are provided in the previous
Section S2 and Table S3.

SS5.2. Functional Parameterization and Optimization

We use a Python program based on PyTorch,'? Numpy,'** and Pandas'® to perform
functional optimization and data analysis.

The new MC-PDFT functional is optimized by minimizing the objective function of eq 7 of
the main manuscript. The methods used for comparison are CASSCF, CASPT2, tPBE, tPBEO, tt-
HCTH, tM06-L, and the twelve KS-DFT functionals mentioned in Section 4.

The fractional rank appearing is equal to the integer rank if the RMSE is equal to the RMSE
of one of 18 comparing methods, and it interpolates smoothly between them otherwise. The
interpolating polynomial also needs two endpoints, which are taken as

R;(0)=0

Rd(10100) — 10100 (Slz)

We used the BFGS algorithm!9:196.107.108 for fynctional optimization. The automatic
differentiation feature of PyTorch'® is utilized to produce gradients of U with respect to the
functional parameters while invoking the BFGS algorithm. In cases when BFGS does not
converge due to precision loss, we continue to minimize U using the Nelder—Mead algorithm.!%
We use the SciPy'!? implementation of BFGS and Nelder—Mead algorithms in this study.
Because there are many possible local minimums of the objective function, we tried multiple
initial guess functional parameters to find the best set of parameters that gives the lowest sum of
integer ranks.

To obtain the final parameters of the new functional, we round all optimized parameters to 7
significant figures, except for X, which is rounded to 4 significant figures.
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S6. MUE of Each Method on Databases

Table S9. Mean unsigned error (MUE, kcal/mol) for each database, mean root mean squared
errors (RMSE, kcal/mol) over databases, mean MUE over databases and data points, for
CASSCEF and the multireference methods

HMC-PDFT MC-PDFT
Database MC23  CASSCE CASPT2 —opy PBE0 tr-HCTH _MOG-L
DS2
HTBH29 2.7 12.1 3.0 2.9 24 2.8 3.5
NHTBH4 1.1 223 3.1 8.9 2.0 6.8 3.8
MC-BE3 1.5 5.0 2.2 7.1 6.6 6.2 3.7
MR-MGN-BES 3.6 11.8 5.5 6.4 24 5.8 6.5
SR-MGM-BE2 23 13.0 4.8 5.1 7.0 3.8 1.5
SR-MGN-BE17 2.0 15.2 4.6 2.5 4.8 2.5 3.4
DS3
NGD-CES 0.01 0.17 0.03 0.07 0.09 0.09 0.06
G2-BES 0.8 52 1.4 0.4 1.1 0.6 0.3
NC-CE5 0.11 2.7 1.2 1.9 2.1 2.7 0.4
PX-BH3 0.9 17.7 3.2 7.2 1.0 4.5 2.5
PERI-BH4 1.3 10.5 1.8 3.0 1.7 2.5 3.6
Lix-AE3 1.1 9.1 6.3 3.5 4.9 7.1 4.6
CH-BES 2.0 12.9 4.1 1.3 33 1.9 1.7
DAC-DES5 0.9 11.8 0.9 6.6 7.9 11.8 1.7
PB-BE4 1.1 15.7 3.7 3.6 6.0 2.8 5.5
HP-BE6 1.7 18.0 5.2 3.1 6.2 3.6 3.0
MR-MGN-BE4 2.5 31.3 6.3 4.0 6.3 7.4 5.1
MR-MGM-BE3 3.8 7.8 14.4 6.9 6.3 5.4 4.0
YTMD-BE4 0.8 19.2 2.8 5.0 8.6 2.7 6.9
YXTML-BE17 4.6 20.0 5.1 7.6 9.8 5.3 8.7
IP10 24 28.6 6.3 4.0 6.0 5.6 32
NG-I1P4 1.9 15.8 3.6 1.4 3.0 9.4 32
SIE4x4 9.4 7.2 33 15.0 10.2 15.2 11.5
PC-ED5 3.0 11.5 5.5 4.7 32 8.9 6.7
IsoE6 1.2 54 0.6 3.7 3.0 4.4 3.0
PAS8 0.7 2.1 1.4 1.2 0.8 33 3.0
MG-SS26 4.7 6.9 3.5 4.2 3.8 4.9 4.9
TM-SS6 4.6 17.5 11.6 9.7 5.1 5.4 12.2
average MUE by database 2.2 12.7 4.1 4.7 4.5 5.1 4.2
average RMSD by database 2.8 14.0 4.8 5.5 5.2 59 5.2

MUE by data points 3.1 12.5 3.9 4.9 4.7 5.2 4.8
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Table S10. MUE (kcal/mol) for each database, RMSE (kcal/mol) over databases, mean MUE
over databases and data points for KS functionals without kinetic energy density as ingredients

R KS-DFT
atabase PBE PBE0 BILYP B3LYP BLYP HCTH
DS2
HTBH29 92 42 3.4 45 78 5.8
NHTBH4 127 66 75 8.7 13.2 6.8
MC-BE3 44 45 6.1 4.7 6.9 6.4
MR-MGN-BES 120 62 9.6 53 5.8 6.4
SR-MGM-BE2 23 26 6.2 4.4 6.8 5.5
SR-MGN-BE17 39 34 5.9 4.1 4.4 42
DS3
NGD-CE5 0.09  0.06 0.17 0.17 0.25 0.25
G2-BE5 29 19 1.9 1.6 1.9 12
NC-CE5 17 15 22 2.1 2.7 1.9
PX-BH3 115 65 2.1 3.8 6.8 3.6
PERI-BH4 47 27 1.1 0.9 3.0 2.7
Lix-AE3 24 29 3.4 3.1 3.3 1.3
CH-BE5 38 43 27 1.8 3.4 3.8
DAC-DES5 47 30 9.9 9.5 12.8 12.7
PB-BE4 50 53 5.5 5.0 5.1 4.1
HP-BE6 37 48 10.5 8.9 9.5 10.2
MR-MGN-BE4 147 14 6.1 1.6 8.9 1.9
MR-MGM-BE3 110 41 7.8 3.8 10.5 8.2
STMD-BE4 11 93 8.6 6.7 1.4 1.8
STML-BE17 75 66 6.7 53 6.4 6.2
P10 53 33 26 4.6 4.9 4.9
NG-IP4 18 22 24 4.1 3.0 7.0
SIE4x4 232 139 15.4 17.4 245 233
PC-ED5 75 43 3.5 3.1 6.7 3.4
IsoE6 35 28 48 48 5.6 48
PAS 12 13 1.0 0.9 1.5 2.9
MG-SS26 75 78 7.6 72 7.9 79
TM-SS6 218 146 17.8 18.8 25.1 8.2
mean MUE by database 6.8 4.7 5.8 52 7.1 5.6
mean RMSD by database 7.7 5.6 6.9 6.3 8.1 6.4
MUE by data points 7.9 5.5 6.3 6.0 8.0 6.8
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Table S11. MUE (kcal/mol) for each database, RMSE (kcal/mol) over databases, mean MUE
over databases and data points for six KS-DFT methods that include kinetic energy density as an
ingredient

Datab KS-DFT
atabase -HCTH _MO6-L _M06 MNISL _ MNI5 _ CF22D
DS2
HTBH29 5.3 4.4 1.9 1.4 1.1 1.3
NHTBH4 5.0 3.6 22 3.0 3.5 3.6
MC-BE3 24 7.0 7.4 2.8 2.6 33
MR-MGN-BES 4.1 4.6 3.9 2.7 34 3.7
SR-MGM-BE2 4.1 4.6 7.3 1.4 1.9 1.0
SR-MGN-BE17 2.7 3.8 2.3 2.8 1.4 1.3
DS3
NGD-CES5 0.08 0.05 0.11 0.01 0.03 0.05
G2-BE5 1.4 1.8 1.1 0.9 1.0 1.4
NC-CES5 1.7 0.4 0.5 1.2 0.2 0.1
PX-BH3 7.0 0.9 1.2 5.9 1.6 0.9
PERI-BH4 2.1 2.0 1.4 2.3 1.4 1.0
Lix-AE3 22 0.4 0.9 1.0 1.4 1.0
CH-BES5 3.2 5.1 2.7 2.8 1.4 1.0
DAC-DE5 6.0 1.0 3.0 1.3 2.0 1.3
PB-BE3 22 3.5 1.5 3.3 2.1 1.0
HP-BE6 3.8 4.0 3.0 8.1 6.6 3.7
MR-MGN-BE4 2.1 22 3.1 0.9 22 2.5
MR-MGM-BE3 5.1 5.4 1.8 4.5 4.5 5.6
~TMD-BE4 2.9 2.7 4.5 4.9 5.0 7.2
YXTML-BE17 5.4 7.0 7.1 6.0 5.7 5.9
IP10 33 2.6 3.1 2.7 3.0 1.8
NG-I1P4 4.0 3.6 2.1 4.6 2.5 22
SIE4x4 18.1 17.6 14.0 10.9 11.5 10.9
PC-ED5 1.5 2.1 2.7 3.3 2.6 2.7
IsoE6 3.7 3.8 2.2 1.9 1.9 1.7
PAS 2.0 2.4 1.8 22 1.2 0.9
MG-SS26 6.5 7.4 6.0 5.1 6.6 5.4
TM-SS6 15.4 9.3 5.7 17.3 18.5 15.3
mean MUE by database 4.4 4.0 34 3.8 3.5 3.1
mean RMSD by database 5.0 5.0 4.2 4.6 4.3 4.1

MUE by data points 5.4 53 4.1 4.1 4.0 3.6
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Figure S2. Mean unsigned error (kcal/mol) on each database for each KS-DFT or MC-PDFT
density functional, with the year of each functional indicated. Data are obtained from Tables S9—
S11.



S7. MUE Ranks for Each Method
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The final ranks for evaluation of the functionals are based on mean unsigned error because it is a
simple, robust quality indicator for distributions that do not necessarily have a normal error

distribution,!!!-112

and its use is especially preferred on smaller databases.

Table S12. Ranks of the mean unsigned error for the multiconfigurational methods of Table S9

HMC-PDFT MC-PDFT
Database MC23 | CASSCE CASPT2 —opE PBE0 tr-HCTH tMO6-L
DS2
HTBH29 6 19 9 8 5 7 11
NHTBH4 1 19 5 16 2 13 9
MC-BE3 1 11 2 18 15 13 7
MR-MGN-BES 4 18 10 14 1 11 16
SR-MGM-BE2 6 19 12 13 17 8 3
SR-MGN-BE17 3 19 16 5 17 6 9
DS3
NGD-CES5 1 15 3 9 12 13 7
G2-BE5 4 19 11 2 7 3 1
NC-CES 2 19 7 13 15 17 5
PX-BH3 2 19 9 17 4 12 8
PERI-BH4 4 19 8 16 7 12 17
Lix-AE3 5 19 17 14 16 18 15
CH-BES 7 19 16 2 12 6 4
DAC-DES5 1 17 2 12 13 16 6
PB-BE4 2 19 10 9 18 6 16
HP-BE6 1 19 11 4 12 5 2
MR-MGN-BE4 9 19 14 11 15 16 12
MR-MGM-BE3 3 15 19 13 12 10 4
YTMD-BE4 1 19 7 12 16 6 14
YXTML-BE17 1 19 2 16 18 3 17
IP10 2 19 18 11 17 16 8
NG-IP4 3 19 12 1 9 18 11
SIE4x4 3 2 1 11 4 12 7
PC-EDS5 6 19 14 13 8 18 16
IsoE6 2 18 1 11 8 14 9
PAS8 1 14 10 6 2 19 18
MG-SS26 4 12 1 3 2 6 5
TM-SS6 1 14 8 7 2 3 9
average MUE by database 1 19 7 11 10 13 8
average RMSD by database 1 19 6 11 9 13 10
MUE by data points 1 19 3 9 7 10 8
average rank by database 3.0 17.0 9.1 9.7 10.4 11.3 9.6




Table S13. The ranking of the MUE for KS-DFAs without using kinetic energy densities

D KS-DFT
atabase PBE PBE0 BILYP B3LYP BLYP HCTH
DS2
HTBH29 18 12 10 14 17 16
NHTBH4 17 11 14 15 18 12
MC-BE3 8 9 12 10 16 14
MR-MGN-BES 19 13 17 9 12 15
SR-MGM-BE2 5 7 15 10 16 14
SR-MGN-BE17 12 10 18 13 15 14
DS3
NGD-CES 11 8 17 16 19 18
G2-BES 18 17 15 13 16 9
NC-CES 11 9 16 14 18 12
PX-BH3 18 14 7 11 15 10
PERI-BH4 18 14 3 1 15 13
Lix-AE3 9 10 13 11 12 6
CH-BES 15 17 8 5 13 14
DAC-DES5 10 8 15 14 19 18
PB-BE3 12 15 17 13 14 11
HP-BE6 7 10 18 15 16 17
MR-MGN-BE4 18 2 13 3 17 4
MR-MGM-BE3 18 5 14 2 17 16
YTMD-BE4 2 18 17 13 3 4
YTML-BE17 15 11 12 4 10 9
IP10 15 9 4 12 13 14
NG-I1P4 2 6 7 15 10 17
SIE4x4 17 9 13 14 19 18
PC-ED5 17 12 11 7 15 10
IsoE6 10 7 17 15 19 16
PA8 8 9 5 4 11 17
MG-SS26 15 17 16 13 18 19
TM-SS6 18 10 15 17 19 5
mean MUE by database 17 12 16 14 18 15
mean RMSD by database 17 12 16 14 18 15
MUE by data points 17 13 15 14 18 16
average rank by database  12.9  10.8 12.4 10.5 14.9 12.6
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Table S14. The ranking of the mean unsigned error (MUE) for KS-DFAs using kinetic energy

densities.
Datab KS-DFT
atabase THCTH _M06-L__M06 _MNI5-L _ MNI5 _ CF22D
DS2
HTBH29 15 13 4 3 1 2
NHTBH4 10 8 3 4 6 7
MC-BE3 3 17 19 5 4 6
MR-MGN-BES 7 8 6 2 3 5
SR-MGM-BE2 9 11 18 2 4 1
SR-MGN-BE17 7 11 4 8 2 1
DS3

NGD-CES 10 6 14 2 4 5
G2-BES 10 14 8 5 6 12
NC-CE5 10 4 6 8 3 1
PX-BH3 16 1 5 13 6 3
PERI-BH4 10 9 5 11 6 2
Lix-AE3 8 1 2 4 7 3
CH-BES 11 18 9 10 3 1
DAC-DES5 11 3 9 5 7 4
PB-BE3 5 8 3 7 4 1
HP-BE6 8 9 3 14 13 6
MR-MGN-BE4 5 6 10 1 7 8
MR-MGM-BE3 8 9 1 7 6 11
YTMD-BE4 8 5 9 10 11 15
YTML-BE17 5 13 14 8 6 7
IP10 10 3 7 5 6 1
NG-I1P4 14 13 4 16 8 5
SIE4x4 16 15 10 6 8 5
PC-ED5 1 2 5 9 3 4
IsoE6 12 13 6 5 4 3
PA8 13 16 12 15 7 3
MG-SS26 10 14 9 7 11 8
TM-SS6 12 6 4 13 16 11
mean MUE by database 9 6 3 5 4 2
mean RMSD by database 8 7 3 5 4 2
MUE by data points 12 11 5 6 4 2
average rank by database 9.7 8.5 7.0 8.2 6.9 5.4




S8. MUE and Ranks for Seven Databases According to Data Types
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In this section, we present the MUE and the rankings for all methods over seven larger databases that are mentioned in Section 5.3 of

the paper.

Table S15. MUE (in kcal/mol) of all methods for seven larger databases

CASPT2 CASSCF tMO06-L tPBE tPBEO ttHCTH MC23
MG-BES5 5.0 15.0 3.7 4.0 5.1 4.5 2.1
TM-BE19 4.8 18.5 8.3 7.7 9.6 54 4.4
MC-AE7 43 14.9 6.0 4.4 7.0 4.6 0.9
BH40 2.9 13.4 3.4 3.8 2.2 3.3 23
WBI15 0.9 2.7 0.3 0.8 1.1 1.1 0.3
SS32 5.0 8.9 6.3 52 4.0 5.0 4.7
Other(49) 3.5 11.6 6.2 7.0 5.6 8.9 43
PBE PBEO BILYP B3LYP BLYP HCTH
MG-BES5 6.3 3.9 7.0 4.9 6.7 6.0
TM-BE19 7.1 6.6 6.9 54 6.5 6.3
MC-AE7 1.6 6.5 6.4 5.1 2.2 1.6
BH40 9.3 4.5 3.5 4.5 7.8 54
WB15 1.6 1.2 1.4 1.3 1.6 1.1
SS32 10.2 9.1 9.5 9.4 11.1 8.0
Other(49) 10.2 6.4 6.9 8.0 10.9 10.6
tHCTH MO06-L MO06 MN15-L MN15 CF22D
MG-BES5 3.4 4.0 2.9 3.1 2.6 2.2
TM-BE19 52 6.4 7.2 5.8 53 5.6
MC-AE7 2.6 1.7 3.0 3.2 3.5 4.6
BH40 5.0 3.8 1.9 2.0 1.4 1.4
WB15 1.0 0.7 0.6 0.7 0.4 0.5
SS32 8.2 7.7 59 7.4 8.8 7.3
Other(49) 7.8 7.6 6.2 5.4 5.3 4.8
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Table S16. Ranking of MUEs of all methods for seven composite databases

CASPT2 CASSCF  tMO06-L tPBE tPBEO ttHCTH MC23
MG-BES5 13 19 7 9 14 11 1
TM-BE19 2 19 17 16 18 5 1
MC-AE7 10 19 15 11 18 13 1
BH40 7 19 9 12 5 8 6
WB15 9 19 1 8 11 12 2
$S32 3 14 7 5 1 4 2
Other(49) 1 19 8 11 6 15 2
PBE PBEO BILYP  B3LYP BLYP HCTH
MG-BES5 16 8 18 12 17 15
TM-BE19 14 12 13 6 11 9
MC-AE7 3 17 16 14 5 2
BH40 18 13 10 14 17 16
WBI15 17 14 16 15 18 13
SS32 18 15 17 16 19 11
Other(49) 16 9 10 14 18 17
tHCTH MO06-L MO06 MNI5-L  MNIS5 CF22D
MG-BES5 6 10 4 5 3 2
TM-BE19 3 10 15 8 4 7
MC-AE7 6 4 7 8 9 12
BH40 15 11 3 4 1 2
WB15 10 7 5 6 3 4
SS32 12 10 6 9 13 8
Other(49) 13 12 7 5 4 3




S9. MUE and Rankings for Databases According to M and N Diagnostics

This section shows the tables of regrouped databases according to the M or N diagnostics of the data. Tables in this section are

complete versions of Table 3 in the paper.

Table S17. MUE (in kcal/mol) of all methods for databases according to their M or N diagnostics

CASPT2 CASSCF tMO06-L tPBE tPBEO ttHCTH MC23
SmallM85 3.2 13.0 3.6 4.1 3.9 4.5 2.2
ModerateM31 3.1 11.2 4.5 34 3.7 4.3 33
LargeM85 5.1 13.5 49 4.4 49 43 2.6
SmallN108 35 12.9 3.7 43 4.2 43 2.2
ModerateN50 4.4 13.2 4.6 3.7 4.7 4.5 3.1
LargeN43 4.7 12.6 5.4 4.1 3.9 4.5 2.7
PBE PBEO BILYP B3LYP BLYP HCTH
SmallM85 6.2 3.8 4.0 4.5 6.2 5.3
ModerateM31 7.5 4.8 5.5 5.0 7.3 6.1
LargeM85 6.9 5.8 7.2 5.7 6.8 5.4
SmallN108 6.5 4.6 54 5.5 7.1 5.7
ModerateN50 7.3 4.6 5.7 4.5 6.7 6.0
LargeN43 6.4 5.6 5.9 4.7 54 4.2
tHCTH MO06-L MO06 MN15-L MN15 CF22D
SmallM85 4.2 3.6 2.5 3.1 2.5 2.0
ModerateM31 4.9 5.1 35 33 35 2.4
LargeM85 4.3 4.6 4.1 4.2 4.3 4.3
SmallN108 4.7 43 2.8 3.8 3.1 2.6
ModerateN50 4.6 49 3.6 3.2 3.6 2.8
LargeN43 33 3.6 4.4 3.6 4.1 4.7
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Table S18. Ranking of MUEs of all methods for databases according to their M or N diagnostics

CASPT2 CASSCF tMO06-L tPBE tPBEO ttHCTH MC23
SmallM85 6 19 7 12 10 14 2
ModerateM31 2 19 10 5 8 9 3
LargeM85 12 19 11 8 10 5 1
SmallN108 5 19 6 10 8 11 1
ModerateN50 7 19 11 6 13 8 2
LargeN43 13 19 14 6 5 10 1
PBE PBEO BILYP B3LYP BLYP HCTH

SmallM85 17 9 11 15 18 16
ModerateM31 18 11 15 13 17 16

LargeM85 17 15 18 14 16 13

SmallN108 17 12 14 15 18 16
ModerateN50 18 10 15 9 17 16

LargeN43 18 16 17 12 15 8

tHCTH MO06-L MO06 MN15-L MN15 CF22D

SmallM85 13 8 3 5 4 1
ModerateM31 12 14 7 4 6 1

LargeM85 4 9 2 3 7 6

SmallN108 13 9 3 7 4 2
ModerateN50 12 14 5 3 4 1

LargeN43 2 3 9 4 7 11

S-49



S-50

S10. Signed Errors for Each System

Table S19. Signed error (in kcal/mol) of CASSCF, CASPT2, and MC-PDFT with various functionals for all systems

Database System CASPT2 CASSCF tMo06-L. tPBE tPBE0 ttHCTH MC23
HTBH29 VtH+HCIl — Hx + Cl 4.5 14.9 3.9 -0.7 3.2 -0.8 3.4
V:H+HCl — Hx + Cl 3.5 18.7 -4.3 -7.1 -0.6 -6.0 0.1
V: OH + H, — H.O + H 9.1 9.9 8.0 52 6.4 5.7 8.3
ViCHs +H, —» CHs + H 4.9 15.2 2.2 -2.4 2.0 -2.3 3.3
Vi OH + CHs — H20 + CH3 2.5 14.2 -0.6 -3.7 0.8 -1.8 0.9
V: OH + CHs — H20 + CH3 2.9 2.9 -2.6 -2.1 -0.9 0.4 -0.3
ViH+H, - Ho +H 5.1 14.8 -1.5 -3.8 0.9 -1.6 1.7
Vi OH + NH3 — H,O + NH> 33 27.3 4.4 -1.4 5.7 -1.2 6.3
Vr OH + NH3 — H,O + NHz 2.7 14.0 2.2 -0.9 2.8 0.8 2.5
Vi OH + CoHe — H20 + CoHs 1.4 8.6 0.7 -1.8 0.8 -1.4 0.6
Vr OH + CoHe — H20 + CoHs 24 6.1 2.7 1.4 2.6 2.1 3.8
ViF+H, — HF + H 4.9 13.4 24 0.8 4.0 1.8 4.3
ViF+H, — HF + H 9.3 -3.5 9.7 9.2 6.0 10.8 7.2
Vr O + CHs — OH + CH3 0.5 8.9 0.2 -1.3 1.2 -1.7 2.2
VtH + PH3; — Ha + PH> 4.2 10.2 4.4 0.7 3.1 3.8 1.7
V: H+ PH3; — H + PH; 34 6.1 -1.4 -0.4 1.2 34 0.4
Vi H+HO - H2+ O 1.1 -4.5 0.0 -0.5 -1.5 1.6 -2.5
ViH+HO - H2+ O 0.1 13.8 -3.3 -6.8 -1.7 -4.2 -2.4
VeH + H>S — Hy + HS 3.7 6.7 5.4 1.6 2.8 4.9 1.2
Vi H+ H>S — Hy + HS 2.6 9.9 -2.9 -3.7 -0.3 0.7 -0.7

V: O+ HCl — OH + Cl 4.4 12.3 -6.2 -5.2 -0.8 -3.0 -1.2



Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
Vi CHs + NH2 — CHs + NH 0.3 10.8 -0.4 -1.7 1.4 -2.1 2.0
V: CHs + NH2 — CHs + NH 1.3 12.1 7.1 -0.9 24 -1.4 4.1
Vi CoHs + NH, — CoHe + NH 1.3 12.0 1.9 0.5 33 0.2 3.6
Ve CoHs + NH, — CoHe + NH 1.6 11.9 6.5 -0.6 2.5 -1.1 3.5
Vi NHz + CoHe — NH;3 + CoHs 0.8 17.3 4.6 -1.3 34 -1.1 4.1
Ve NHz + C2He — NH3 + CoHs 1.3 11.3 4.1 0.5 3.2 0.7 3.9
ViNHz + CHs — NH3 + CH3 -1.6 23.1 -3.1 -9.6 -1.4 -8.0 -0.7
Ve NHz + CHs — NH3 + CH3 -1.8 17.5 -3.7 -8.6 -2.1 -7.0 -1.1
MC-BE3 LiO~ -2.5 -3.3 -0.8 -4.2 -4.0 -5.9 0.0
CuCl -3.8 -10.6 -2.3 -14.6 -13.6 -10.0 -3.1
FeCl -0.3 -1.1 8.0 -2.7 -2.3 2.6 -1.4
MR-MGN-BES SiO (multiplicity=1) -8.1 3.5 -7.1 -7.9 -5.0 -0.4 1.7
CO -5.8 3.6 -6.2 -5.9 -3.5 -0.1 23
ClO -6.9 -19.3 33 9.4 23 11.3 4.3
03— 02+0 -7.3 -24.3 5.4 12.4 3.2 13.4 6.3
N2 -9.4 -7.3 -11.2 -1.9 -3.2 8.3 0.6
Oz -4.2 -17.0 -4.6 5.1 -0.5 9.6 3.0
B2 1.6 -17.5 1.9 7.1 1.0 -2.0 3.5
G 0.5 -2.2 11.9 1.4 0.5 -0.9 7.1
NHTBH4 VtH+FH — HF + H 4.2 21.9 0.6 -11.9 35 -7.2 -0.4
ViH+ CIH - HCl1+ H 5.0 23.5 1.9 -5.4 1.8 -2.0 0.9
Vi H+FCHs; — HF + CH3 23 59 1.4 -5.5 -2.6 -2.0 -0.1
ViH+F, — HF + F 0.7 -37.7 11.4 12.9 0.2 16.2 -3.0
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
SR-MGM-BE2 NaO -7.8 -18.2 0.4 -7.3  -10.0 -5.3 0.3
ZnCl -1.8 -7.8 2.5 -2.8 -4.0 23 -4.4
SR-MGN-BE17 CH;—CH3 -1.5 -11.7 4.7 0.6 -2.5 1.8 1.7
CH;0-CHs -1.8 -1.0 -4.9 -4.5 -3.6 -2.1 1.1
Et-H -5.4 -20.2 -0.1 -2.4 -6.9 1.1 -4.7
Et—CHs -0.4 -12.4 4.9 0.5 -2.7 1.1 2.8
Et-OCH;s -3.7 -17.6 -5.3 -5.2 -8.3 -3.5 -3.2
Et-OH -3.8 -12.2 0.3 -0.9 -3.7 2.9 0.1
CH (°IT) -5.0 -12.6 1.7 -0.6 -3.6 0.7 0.6
NH -6.6 -14.2 -6.6 -2.2 -5.2 -1.6 -2.3
OH -6.9 -10.2 -4.8 -2.0 -4.1 -0.6 -1.4
HCl -6.9 -16.3 -4.6 -5.0 -7.8 -3.2 -4.0
Siz (multiplicity=3) 0.9 -10.4 4.5 -2.0 -4.1 -1.9 2.7
P> -8.9 -28.6 -1.6 -1.8 -8.5 5.7 -1.7
Sz -6.1 -29.7 3.8 54 -3.4 7.4 1.9
Cl -4.9 -20.3 3.5 3.8 -2.2 3.6 1.7
SC -3.7 -12.6 -0.8 -0.5 -3.5 33 1.2
H> -6.1 -14.5 -2.1 -1.8 -5.0 -1.5 0.4
SH -5.2 -13.7 -3.2 -3.1 -5.7 -1.2 -2.1
CH-BES C:H-H -5.3 -17.3 0.8 -0.4 -4.6 2.9 -1.2
CHs-H -4.2 -14.0 0.8 -1.8 -4.9 1.0 -1.3
CHy— CoHz + Hz -3.0 -12.4 0.1 0.2 -3.0 0.3 -2.2
—H -4.9 -8.6 4.5 3.5 0.4 4.9 3.8
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
tert-butyl-H -3.4 -12.1 2.5 -0.9 -3.7 -0.6 1.6
DAC-DES AlLbH¢ — 2AlH; -0.2 -10.3 -1.0 -3.0 -4.8 -7.1 -0.1
AlLF¢ — 2AIF; -0.5 -2.7 -1.5 -7.1 -6.0 -10.7 1.1
AlLCls — 2AICI 1.7 -12.8 -2.4 -7.6 -8.9 -11.8 -0.9
Al HMes — AlHMe: + AlMe; 0.7 -14.8 -1.7 -6.9 -8.9 -12.7 0.4
AlbMes — 2AIMes 1.6 -18.5 -1.6 -8.6  -11.1 -16.4 2.0
G2-BES Bex -0.3 -4.9 -0.4 1.5 -0.1 0.9 1.4
Mg> 0.6 -3.3 -0.5 -0.3 -1.1 0.2 -0.1
Ca, -2.1 -5.7 0.0 0.1 -1.3 0.8 0.5
Sy -1.9 -5.6 0.4 0.1 -1.3 0.9 0.7
Bax 2.2 -6.6 0.0 0.1 -1.6 0.0 1.4
HP-BE6 H3Ge-GeHs -4.3 -15.2 2.9 -1.0 -4.5 1.6 -0.1
Mes;Pb—PbMes 5.1 -13.1 -6.7 -6.9 -8.5 -5.8 -3.5
Me:As—AsMe» -2.0 -17.3 0.4 -4.9 -8.0 -6.1 0.5
HS-SH -4.6 -18.1 4.9 23 -2.8 2.6 1.3
Br, -14.1 -25.9 -2.2 -3.1 -8.8 -3.7 -4.2
MeTe-TeMe -1.1 -18.5 -0.9 -0.5 -5.0 -2.1 0.7
IP10 ClL -5.7 -20.6 0.3 -2.8 -7.2 23 -4.0
SH -5.0 -25.7 -0.4 1.2 -5.5 6.7 -2.8
PH> -4.1 -23.8 1.4 2.5 -4.1 4.4 0.4
Oz -1.2 -42.8 -6.0 08 -10.1 3.6 -6.6
Zn -13.7 -40.3 -5.8 -6.3  -14.8 -7.6 -0.6
OH -5.4 -36.3 -2.1 4.1 -6.0 9.8 -2.6



Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
Mo -1.5 -194 1.8 8.4 1.5 0.1 -0.1
Cu -10.5 -31.1 -10.9 3.4 -5.2 -6.3 -4.7
Cr -2.4 -19.5 1.1 8.3 1.4 -6.8 1.1
Cl -13.3 -26.4 2.6 2.6 -4.6 8.8 -1.5
IsoE6 CsHa 0.3 -13.8 5.4 8.3 2.8 6.3 3.7
CeNH7 -0.3 5.5 4.4 4.7 4.9 7.2 1.6
C14H200 0.5 -7.0 -3.3 -0.8 -2.4 -2.6 -0.7
CisHi2F2 0.6 0.3 -1.3 0.7 0.6 0.8 -0.1
Ci2N2H12 0.5 -3.3 -0.8 -3.0 -3.0 -3.7 -0.1
Ci2H2o 1.6 -2.4 -2.7 -4.7 -4.2 -6.1 -0.8
Lix-AE3 Lip -5.5 -1.7 -4.7 -3.1 -4.2 -6.0 -1.1
Li4 -5.9 -8.6 -4.6 -3.8 -5.0 -7.5 -1.0
Lis -7.3 -11.1 -4.7 -3.6 -5.5 -1.7 -1.1
MG-SS26 NH 0.7 6.8 -1.0 -9.9 -5.8 -9.4 -4.5
OH" 0.2 5.8 -3.6 -15.7  -10.3 -13.9 -8.3
NF -2.2 2.6 -3.6 -11.5  -8.0 -10.5 -7.1
Oz -0.5 -2.2 -0.6 -4.7 -4.1 -3.7 -4.0
HoCC 4.0 5.5 -4.9 -2.9 -0.8 -8.6 -2.8
C.HsCHS 0.3 -5.7 -3.3 -0.1 -1.5 -1.3 -2.7
C4H3CHO -0.2 -3.4 0.4 2.5 1.0 1.7 0.4
C4H3NH» 0.6 -4.7 1.0 3.1 1.1 2.0 0.6
Me,C=CHz -21.8 8.7 -0.1 2.2 3.8 1.3 3.0
CH;CHO -0.3 -12.2 -4.4 -0.3 -3.2 -2.5 -5.6
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
NH>CHO 0.7 -17.6 1.8 4.0 -1.4 2.7 4.5
He -0.6 -12.7 12.4 -2.8 -5.3 9.9 10.3
acetone 1.3 11.5 5.8 1.5 4.0 3.2 6.1
propynal 1.9 3.8 5.6 2.2 2.6 4.4 4.2
pyrimidine -1.4 10.4 5.0 -1.3 1.6 1.5 3.5
cyanoformaldehyde 33 6.5 6.5 2.7 3.6 4.8 53
butadiene -0.4 -2.6 4.8 2.6 1.3 3.8 2.0
cyclopropenone 4.4 9.5 7.4 23 4.1 53 6.8
pyrrole 1.1 -5.0 5.8 4.3 2.0 4.5 3.0
CH: 2.5 1.2 -5.0 -1.8 -1.0 -6.2 -1.9
NH: 2.8 -0.3 -6.9 -4.0 -3.1 -7.3 -3.6
SiH» 1.2 2.6 -3.5 -0.6 0.2 -3.2 -1.6
PH» 0.8 0.1 -5.8 -2.3 -1.7 -4.9 -3.0
Be2CO 36-16 -11.6 -13.7 -10.3 -8.0 -9.4 -34 -8.8
Be2CO °6-16 -11.6 -13.6 -10.3 -8.0 -9.4 -3.3 -8.8
Be,CO 35-15 -13.8 -10.9 -8.0 -8.2 -8.9 -4.8 -8.8
MR-MGM-BE3 CaO 214 -1.3 -0.1 -3.0 -2.6 9.5 1.8
BeO -13.6 4.9 -8.5 9.2 -5.7 -3.2 2.5
MgS -8.4 -17.3 -3.4 -85  -10.7 -3.6 -7.2
MR-MGN-BE4 CN -8.8 -34.8 -8.9 -39  -11.6 -54 -5.4
C-O -3.0 -21.7 3.0 6.1 -0.8 8.7 1.8
SO -5.7 -40.1 -2.9 1.8 -8.7 4.6 -2.6
NO -7.6 -28.5 -5.5 4.0 -4.1 10.6 -0.2



S-56

Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
NC-CE5 H>O-H>O 0.1 -1.4 -0.5 -0.5 -0.7 -1.1 0.1
CoHa—F> 1.8 -1.5 -0.6 -0.8  -1.0 -1.3 -0.1
parallel-displaced CO>—CO» 0.3 2.3 -0.7 -1.3 -1.6 -2.0 -0.1
sandwich C¢Hes—CsHs 1.6 -3.7 -0.2 32 -34 -3.9 -0.2
parallel-displaced C¢Hs—CsHe 1.9 -4.8 -0.1 -3.8 -4.1 -5.0 0.0
NG-IP4 He -7.4 -16.4 5.0 -0.1 -4.2 11.2 1.3
Ne -5.9 -18.1 -1.8 1.2 -3.6 10.2 1.5
Ar 0.1 -16.1 4.7 1.0 -3.3 6.9 1.0
Kr -0.9 -12.5 1.1 3.2 -0.8 9.4 3.9
NGD-CE5 He> -0.02 -0.03 0.00 0.02  0.01 0.06 0.00
Ne» -0.01 -0.11 0.07 -0.04 -0.06 0.02 0.01
Ar -0.03 -0.54 -0.19  -0.28 -0.34 -0.28 0.00
He> -0.03 -0.07 0.02 0.01  -0.01 0.05 -0.01
He> -0.04 -0.11 -0.03 0.00 -0.03 0.06 -0.01
PA8 NH; 2.7 2.3 2.8 0.5 -0.2 4.0 -0.1
H>O -4.0 1.0 2.5 0.0 0.2 3.4 -0.3
CoHa -1.1 0.5 6.8 22 1.7 5.8 1.7
SiH4 0.1 0.2 -2.5 1.3 1.0 3.2 -0.1
PH; -0.7 5.7 -1.9 34 -11 1.6 -1.6
HoS -0.3 2.8 -0.4 -1.3 -0.2 2.4 -1.1
HCI -1.7 -0.2 1.5 1.0 0.7 33 0.3
H» -1.1 -3.8 -5.4 0.0 -1.0 24 -0.5
PB-BE4 BN -4.5 -22.3 -5.5 1.6 -4.4 -4.2 -0.6
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23

SiO -7.2 -13.2 -9.9 -10.3  -11.0 4.2 2.2

AlCI1 -2.7 -14.0 5.3 -2.3 -5.2 -0.7 1.2

H-P-H 0.2 -13.2 1.2 -0.3 -3.5 1.9 0.4

PC-ED5 N2 -4.2 -3.9 2.3 3.2 1.4 12.3 5.1
F> -3.9 -21.8 10.5 10.4 23 12.5 34

Lip -10.0 -13.8 -5.1 46  -6.9 -6.6 -2.7

KH -7.3 -11.0 13.0 -3.2 -5.2 8.3 -3.1

CIF -1.9 -6.9 2.8 1.9 -0.3 4.8 1.0

PERI-BH4 C4Hgs (cyclobutene) -0.7 1.0 6.7 1.1 1.1 2.1 1.6
CeHs (cis-1,3,5-hexatriene) -1.3 14.8 23 -1.2 2.8 0.3 1.7

CsHs (ortho-xylylene) -2.3 11.0 2.1 -2.3 1.0 -1.4 1.1

CsHs (1,3-cyclopentadiene) -2.9 15.3 -3.3 -7.4 -1.8 -5.9 -0.7

PX-BH3 4NHj; -2.8 21.1 1.5 -7.8 -0.6 -3.2 1.1
4H,0 -3.8 19.3 2.3 8.0  -1.2 -5.2 -0.6

4HF -3.0 12.6 3.6 -6.0 -13 -5.2 -1.0

SIE4x4 Hy"at 1.0 re -0.9 -0.9 3.1 3.4 23 5.6 0.9
Ho"at 1.25 r. -1.8 -1.8 5.8 6.5 4.5 8.1 2.4

Hy"at 1.5 r. -3.0 -3.0 8.1 9.8 6.6 10.9 4.0

Ho"at 1.75 r. -4.0 -4.0 10.2 13.4 9.1 14.3 5.8
He;" at 1.0 re -1.7 -3.9 9.6 14.5 9.9 15.3 10.9
He>" at 1.25 7. -0.8 2.2 16.1 22.8 165 22.7 17.6

He;" at 1.5 re -0.2 -1.2 23.1 31.3 232 31.0 24.1
He>" at 1.75 7. 0.2 -0.8 29.7 392 292 39.4 29.7
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23

(NHs)2" at 1.0 7e 11.1 -4.5 13.2 176 12.1 17.8 10.6

(NH3)2" at 1.25 re 11.1 -1.7 17.8 22.1 16.1 21.9 13.7

(NHs)2" at 1.5 re 3.7 2.6 2.9 3.6 34 2.8 4.5

(NHz)2" at 1.75 re 5.9 5.1 3.6 54 5.4 4.5 52

(H20)2" at 1.0 7e 0.9 -24.6 14.9 18.3 7.6 18.2 5.6

(H20)2" at 1.25 re 1.3 -23.0 21.4 25.5 13.3 24.7 10.3

(H20)2" at 1.5 7e -4.4 -19.5 2.2 3.8 -2.0 34 -3.1

(H20)," at 1.75 re -2.3 -15.6 24 3.1 -1.6 2.9 -2.6

>TMD-BE4 Cr -4.7 -33.5 -24.8 -11.3  -16.9 -0.6 0.3
Cuz -3.7 -16.5 -1.8 -3.9 -7.0 -4.7 -1.1

Ag -1.0 -11.4 0.2 -1.8 -4.2 -2.1 1.3

AgCu -1.8 -15.6 -1.0 -3.0 -6.1 -3.4 -0.3

XTML-BE17 TiCL—Cl 3.8 6.4 -9.8 -21.2 -143 -20.7 -4.9
VCI-CI -0.3 -16.2 -6.5 -109  -12.2 -8.5 -0.7

CrCl -4.4 -30.3 -2.9 -98  -149 -2.1 -0.6

CrO; — Cr+ 30 -8.8 -39.2 -11.7 33 -123 0.0 -2.0

MnCl-ClI -9.7 -25.6 -10.7 -159 -183 -7.8 -6.8

MnCl 1.9 -5.3 15.4 6.4 3.5 -1.4 -2.7

CuH -8.1 -26.8 -3.9 -9.0 -134 -6.3 -7.0

ZnH -3.7 -3.8 -4.4 -3.5 -3.6 -1.7 -8.2
ZnO -6.8 -37.7 -10.3 -7.0  -14.7 -5.0 -17.4

ZnCl-Cl 1.3 -19.8 9.6 2.8 -2.9 6.3 4.3

Cu-H,O" -6.0 -9.0 -6.2 -4.7 -5.8 -10.7 -2.5
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Database System CASPT2 CASSCF tM06-L. tPBE tPBE0 ttHCTH MC23
Cr—CHs -5.1 -194 -2.6 2.6 -2.9 -3.5 52
CrH 0.5 -15.8 -0.5 0.2 -3.8 4.0 7.6
CrN -13.4 -33.1 -26.0 9.7  -15.6 -4.8 -0.2
MnH 1.0 4.0 13.1 9.3 8.0 33 -1.0
Mn-CH3;" -6.2 -24.7 -13.2 -84  -12.5 2.2 -4.2
AgH -6.2 -23.1 -1.1 -4.0 -8.8 -0.9 -3.8
TM-SS6 CoCzH4 2.9 -10.2 -10.4 7.2 2.8 5.1 1.5
Fe(H20)6*" -14.4 -6.6 22.8 21.0 141 8.2 14.4
Fe(H20)s* -17.6 -30.6 0.6 15.3 3.8 4.4 3.8
FeO(NHs)s -18.3 -27.7 -7.5 0.7 -6.4 -11.2 -2.7
Fe’* 8.8 14.7 15.7 -9.2 -3.2 -2.9 -3.5

Mn?* 8.0 15.0 16.1 -5.0 0.0 -0.6 -2.1
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Table S20. Signed error (in kcal/mol) of all KS-DFT functionals tested in this work for each system (non-meta functionals)

Database System PBE PBE0 BILYP B3LYP BLYP HCTH
HTBH29 ViH+ HCIl — Hx + Cl -5.17 -2.77 -5.94 -6.53 -8.25 -4.23
ViH+HCl — Hx + Cl -8.55 -5.01 -1.88 -3.02 -4.86 -4.05
V: OH + H, — H2O + H -8.29 -4.63 -8.20 -8.69  -11.68  -6.56
Vi CHs; + H, —» CHs + H -5.96 -3.35 -5.05 -5.75 -7.65 -4.77

V¢OH+CHs - H O+ CHs  -11.37  -4.07 -1.89 -3.88 -8.58 -7.64
ViOH+CHs - H O+ CHs  -11.36  -6.26 -5.34 -6.41 -9.80 -6.96
Vi H+H, - H, +H -5.87 -3.91 -4.80 -5.34 -6.68 -2.72
ViOH+ NH; - HbO+NH>  -14.49  -4.69 -2.74 -5.18  -11.86  -9.99
V:OH+ NH; - HbO+NH>  -14.28  -5.99 -4.32 -6.29  -11.92  -9.34
VyOH + C;He —» H,O + C,Hs  -11.53  -3.69 -1.56 -3.62 -8.71 -7.86
Ve OH + CoHe — H2O + CoHs - -9.94 -4.96 -4.21 -5.17 -8.50 -5.27

V¢F +H, — HF + H -13.54  -5.54 -4.93 -6.73  -12.26 -10.12
Vi¥F+H, — HF +H -9.70 -6.41 -11.05  -11.13  -14.18  -8.34
V: O+ CHs — OH + CH3 -8.91 -4.32 -2.82 -4.00 -6.83 -7.27
VtH+ PH3s — H> + PH» -4.63 -2.47 -3.33 -3.98 -5.53 -2.84
V: H+PHs — Hz + PH» -4.73 -2.55 0.57 -0.05 -1.17 1.31
Vi H+HO —- H>+ O -7.32 -3.89 -6.26 -6.98 -9.55 -7.70
ViH+HO —-H:+ O -13.70  -6.46 -4.36 -6.17  -1096  -6.67
ViH + H>S — Hy + HS -4.43 -2.13 -3.20 -3.86 -5.51 -2.10
Vi H+ H>S — Hx + HS -6.87 -3.96 0.38 -0.56 -2.06 -0.57
V: O+ HCl — OH + ClI -16.51  -6.30 -3.17 -534  -13.09 -13.86

Vi CH; + NH, — CH4 + NH -7.54 -3.10 -0.91 -2.17 -4.81 -5.50



Database System PBE PBE0 BILYP B3LYP BLYP HCTH
ViCH3;+NH, - CHs+NH  -11.26  -5.36 -3.25 -4.79 -8.61 -5.81
Vi CoHs + NHy — CoHe + NH - -4.95 -0.83 1.51 0.33 -2.03 -2.54
Vi C;Hs + NH, —» CoHe + NH - -10.25 -4.01 -1.63 -3.27 -7.26 -4.77
Vi NHz + C:He — NH3 + -8.86 -2.96 0.13 -1.60 -5.14 -4.87
C2Hs
Vi NHz + C2He — NH3 + -7.47 -2.92 -0.94 -2.05 -4.87 -2.93
C2Hs
VeiNH> + CHs — NH3 + CH;  -10.01  -4.45 -1.50 -3.15 -6.49 -5.97
ViNH2 +CHs — NH3; +CH;  -10.09  -5.23 -3.26 -4.47 -7.56 -5.85
MC-BE3 LiO~ 4.76 0.31 -0.74 -0.42 4.75 4.48
CuCl -4.88 =722 -1297 -11.19 -11.06  -9.35
FeCl 3.46 6.06 -4.69 -2.52 -4.94 -5.35
MR-MGN-BES8 SiO (multiplicity = 1) 244 -10.84  -10.81 -5.89 1.47 -7.05
CO 8.66 -470  -1043  -4.85 1.66 -1.97
ClO 15.31 1.30 -4.42 0.20 8.62 5.75
03— 0+0 14.20 -9.31 -14.72  -8.98 7.57 0.99
N2 14.46 -3.66 -5.50 0.57 11.19 -9.01
0)) 22.37 3.27 -3.89 2.55 14.06 13.33
B> 11.87 6.17 -5.62 -3.04 0.65 10.32
G 7.03 -10.12  -21.12  -16.34  -1.54 -2.62
NHTBH4 VtH+FH — HF + H -14.59  -7.93 -954  -10.84 -1581  -7.59
ViH+ CIH — HCl+ H -8.01 -4.31 -4.39 -5.36 -7.94 -3.56
Vi H+FCH3; — HF + CH; -16.84  -8.00 -7.79 -935  -15.75  -8.26
ViH+F, - HF +F -11.45  -6.07 -8.30 -9.15  -1336  -7.77
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH
SR-MGM-BE2 NaO 2.50 -4.85 -3.70 -1.07 3.25 4.65
ZnCl -2.14 -0.34 -8.63 -7.71 -10.40  -6.42
SR-MGN-BE17 CH5—CH3 -0.54 -2.10 -7.54 -5.66 -6.93 -4.67
CH;0-CHj; -3.04 -4.82 -9.93 -7.80 -9.15 -7.27
Et-H -4.26 -4.35 -4.08 -2.78 -4.31 -4.55
Et-CH3 -2.80 -3.78 -9.29 -7.58 -9.35 -7.56
Et-OCH; -9.07  -10.14 -1522  -13.28 -15.26 -13.82
Et-OH -0.85 -4.59 -9.71 -7.15 -7.02 -5.18
CH (1) 0.16 -1.41 -0.55 0.82 0.93 -2.29
NH 4.58 1.35 2.54 4.09 5.54 -2.09
OH 1.34 -2.78 -2.72 -0.37 1.08 -2.57
HCl -1.73 -3.17 -4.95 -3.15 -3.79 -1.78
Siz (multiplicity = 3) 3.54 -0.69 -5.58 -3.48 -1.84 0.45
P> 4.00 -6.04 -5.37 -1.64 4.05 -10.28
N 10.88 2.64 -4.48 -1.01 297 2.71
Cl 5.74 -0.35 -7.22 -4.40 -1.86 -0.70
SC 7.70 -3.79  -10.08  -5.56 0.41 -1.93
H> -4.94 -5.24 -0.72 0.54 -0.23 -1.43
SH 0.58 -0.65 -0.75 0.73 0.26 -1.40
CH-BE5S C.H-H -3.36 -3.55 -2.15 -0.87 -2.49 -5.30
CoHs-H -5.58 -4.45 -3.46 -2.29 -4.96 -5.56
CHy— CoHz + Ha 3.14 6.25 0.98 1.04 -2.68 -0.10
C'-H -0.13 -1.35 -1.31 0.08 -0.19 -0.37
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH

tert-butyl-H -6.76 -5.97 -5.59 -4.55 -6.77 -7.65

DAC-DES Al2Hs — 2A1H3 -0.34 -0.10 -6.05 -5.45 -7.10 -7.05
AlLFs — 2AIF3 -7.01 -3.15 -6.06 -6.40  -11.20 -13.35

AlClg — 2AICI3 -5.86 -4.00 -11.22 -10.81 -1426 -14.25

AlbHMes — AlHMe: + -4.50 -3.35 -1147 -10.88 -13.82 -12.70

AlMe;

AlbMes — 2A1Mes -6.00 -446  -14.81 -14.12 -17.84 -16.10

G2-BE5 Bez 7.07 5.09 0.79 1.61 3.14 4.77

Mg> 1.44 1.00 -1.31 -0.97 -1.10 0.08

Cay 2.68 1.60 -1.97 -1.36 -1.09 0.71

Sty 1.61 0.99 -2.39 -1.88 -1.96 -0.35

Bay 1.82 0.83 -2.97 -2.33 -2.14 -0.06

HP-BE6 H3Ge—GeHs -3.39 -3.01 -6.77 -5.84 -7.88 -9.06
MesPb—PbMes -9.30 -6.82  -12.74 -12.13  -1591 -15.57

MexAs—AsMe» -4.92 -5.68  -11.72  -1037 -11.96 -13.45

HS-SH 1.23 -2.01 -9.45 -7.23 -7.00 -4.63

Br -2.82 -7.89  -13.92 -11.51 940 -10.83

MeTe-TeMe 0.45 -3.22 -8.15 -6.42 -5.08 -7.88

IP10 Clx -8.58 -4.49 -6.26 -3.23  -10.31 427

SH 0.55 -0.01 -1.32 2.68 -0.78 1.73

PH; 3.91 4.60 -0.55 2.84 -1.31 7.60

0O 3.13 6.90 7.44 10.10 3.75 10.54

Zn 0.27 -6.87 -3.78 0.72 2.64 2.26

OH 4.49 0.65 1.23 6.05 4.97 4.50
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH
Mo 9.56 3.51 -0.99 4.15 5.04 5.19
Cu 10.02 1.03 2.68 7.32 11.24 5.52
Cr 11.58 3.93 0.99 6.07 8.55 4.89
Cl 1.03 0.61 -0.97 3.18 -0.53 3.00
IsoE6 CsHq4 4.59 3.42 3.50 3.70 4.58 4.37
CeNH7 7.28 5.88 12.77 12.56 14.00 11.68
Ci14H200 -1.80 -1.36 -4.91 -4.60 -5.28 -3.40
CiusHi2F2 0.44 0.73 -0.25 -0.21 -0.43 0.65
Ci2N2H12 -2.88 -2.43 -3.73 -3.64 -4.19 -2.67
Ci2Hao -4.24 -3.12 -3.71 -3.82 -5.20 -5.93
Lix-AE3 Li -2.38 -2.75 -2.26 -2.06 -2.18 1.84
Lig -2.71 -3.19 -3.83 -3.45 -3.71 0.89
Lis -2.01 -2.65 -4.15 -3.66 -3.92 1.16
MG-SS26 NH -2293 2214 -2370 -2339 -2441 -15.50
OH" -3248  -31.40 -32.80 -32.54  -33.81 -22.12
NF -23.42 22,16 -22.778  -22.71  -2391 -16.21
Oz -13.89  -11.90 -12.13  -1238 -14.16 -7.76
HoCC 4.88 6.87 1.26 0.97 0.01 9.22
C.HsCHS 3.86 6.66 5.63 4.69 3.06 6.00
CsH3CHO 2.15 -0.55 -0.30 0.44 2.14 1.60
C4H3NH> 1.88 -0.69 -0.56 0.16 1.78 1.49
Me>C=CHaz 4.15 7.08 5.16 4.06 2.61 6.15
CH;CHO 7.49 9.25 8.12 7.24 6.55 7.86
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH

NHCHO 4.95 8.04 7.45 6.15 4.70 4.76

He 4.80 5.09 17.61 18.46 18.09 12.91

acetone -7.28 -8.43 -7.65 -6.84 -6.79 -8.16

propynal =717 -9.64 -8.14 -7.09 -5.94 -7.63
pyrimidine -12.62 -4.53 -3.08 -439  -11.34  -12.60

cyanoformaldehyde -898  -10.13  -8.69 -7.75 -7.59 -9.70

butadiene -4.08 -4.81 -3.57 -3.06 -3.15 -5.79

cyclopropenone -8.41 -6.34 -5.40 -5.27 -7.55 -7.01

pyrrole -1.48 -3.52 -3.47 -2.54 -1.71 -2.89

CHz 0.17 1.25 -2.41 -2.23 -3.36 3.39

NH: -8.02 -6.42 -9.10 -9.02  -10.59  -1.39

SiH» 4.82 6.00 0.56 0.40 -0.40 7.16

PH» 4.28 5.54 0.57 0.22 -0.63 8.36

Be2CO 36-16 -0.49 -1.81 2.66 1.96 3.70 -8.42

Be2CO °6-16 -0.43 -1.75 2.75 2.05 3.90 -8.25

Be,CO 35-15 0.75 -0.28 1.68 1.44 2.48 -4.15

MR-MGM-BE3 CaO 20.60 -0.63 -5.99 1.25 15.30 15.09
BeO 11.10 -3.99 -4.65 0.44 9.72 2.08

MgS -1.43 =777 -12.63  -9.79 -6.44 -7.57

MR-MGN-BE4 CN 15.29 -3.47 -8.72 -2.78 9.10 -0.83
CL-O 11.19 -1.83 -5.75 -1.51 6.17 1.66

SO 13.79 0.00 -5.40 -0.47 7.35 4.20

NO 18.62 -0.17 -4.53 1.66 12.93 1.07
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH
NC-CES H>,O-H>O 0.15 0.05 -0.40 -0.34 -0.74 -0.76
CoHa—F> 1.83 0.18 -0.05 0.19 1.36 1.78
parallel-displaced CO—CO» -0.85 -0.97 -1.36 -1.37 -1.70 -0.98
sandwich C¢Hs—CsHs -2.56 -3.04 -4.18 -4.04 -4.30 -2.32
parallel-displaced CeHs—CsHe ~ -3.11 -3.45 -4.85 -4.70 -5.18 -3.57
NG-IP4 He -2.77 -3.19 4.00 8.09 5.15 7.88
Ne 2.19 -2.58 -2.32 3.36 2.39 11.05
Ar -0.94 -0.73 -3.24 0.98 -3.47 4.65
Kr 1.40 2.48 -0.02 3.92 -1.04 4.61
NGD-CE5 Hes 0.04 0.02 -0.05 -0.05 -0.08 0.15
Ne: 0.05 0.00 -0.11 -0.12 -0.20 0.30
An -0.19 -0.24 -0.53 -0.51 -0.69 0.18
Hes 0.08 0.03 -0.06 -0.07 -0.10 0.28
Hes 0.08 0.02 -0.11 -0.11 -0.15 0.32
PAS NH; -0.86 1.21 -0.51 -0.51 -2.20 1.66
HO -0.86 1.04 -0.87 -0.81 -2.41 0.99
CoH; 241 4.23 2.02 1.96 0.57 5.39
SiH4 0.40 -0.02 0.65 0.76 1.50 4.19
PH; -2.74 -0.26 0.37 0.04 -1.70 1.52
H2S 0.80 1.50 1.07 1.13 0.74 3.64
HCl 1.66 1.53 0.37 0.62 0.85 3.68
H> -0.05 0.23 -2.02 -1.73 -2.03 1.80
PB-BE4 BN 13.98 3.79 0.22 3.83 9.66 0.08
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Database System PBE PBE0O BILYP B3LYP BLYP HCTH
SiO 1.88 -11.52 -11.48  -6.55 0.92 -7.66
AlCI -3.64 -5.53 -9.06 -7.31 -7.83 -7.03
H-P-H 0.47 -0.24 1.37 2.49 1.93 -1.62
PC-ED5 N> 13.46 3.66 0.76 5.42 8.57 -4.20
F> 1297  -4.66 -7.56 -2.16 9.33 6.87
Li -3.92 -4.46 -3.51 -3.21 -3.54 -1.71
KH -5.23 -3.80 -4.65 -4.13 -6.46 -3.98
CIF -1.99 4.80 1.16 0.45 -5.71 0.05
PERI-BH4 C4Hs (cyclobutene) -2.83 1.92 -1.34 -1.86 -6.13 -1.18
CsHs (cis-1,3,5-hexatrienc) -5.44 -2.45 1.42 0.37 -1.55 -1.05
CsHs (ortho-xylylene) -4.98 -2.22 0.98 0.09 -1.94 -2.98
CsHgs (1,3-cyclopentadiene) -5.71 -4.10 -0.63 -1.33 -2.24 -5.47
PX-BH3 4NH3 -12.39  -6.57 -1.11 -3.04 -6.65 -2.46
4H,0 -12.23  -6.99 -2.12 -4.01 -7.14 -4.02
4HF -9.84 -5.89 -3.01 -4.38 -6.71 -4.27
SIE4x4 Ho"at 1.0 re 3.78 2.71 2.47 2.64 3.74 5.94
Hy"at 1.25 r. 7.27 4.93 4.99 5.37 7.53 8.90
Ho"at 1.5 re 10.97 7.18 7.66 8.23 11.63 12.21
Hy"at 1.75 re 15.10 9.83 10.71 11.47 16.15 16.17
He," at 1.0 re 19.08  12.66 17.67 19.12  24.02 19.77
He," at 1.25 re 28.52  18.67 2422 2624 3395  29.92
Hey" at 1.5 re 38.01  25.12  30.84 3341 43.61  40.27
He," at 1.75 re 46.51  31.19  36.84 3990  52.10 49.42
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH
(NH3)2" at 1.0 re 11.73 6.14 5.02 6.60 9.99 8.63
(NH3)2" at 1.25 re 18.40 9.78 10.09 12.01 18.12 16.64
(NHz)2" at 1.5 re 24.68 13.64 14.45 16.77 2495  23.99
(NHs)2" at 1.75 re 30.01 17.24 1820  20.85 30.51 29.73
(H20)2" at 1.0 7. 17.81 8.85 8.00 10.22 16.26 14.43
(H20)2" at 1.25 re 26.61 13.76 14.05 16.80 2625  24.73
(H20)2" at 1.5 re 33.86 18.42 18.93 22.15 33.83  33.08
(H20)2" at 1.75 re 39.25  22.15 22.68 26.25 3936  38.76
XTMD-BE4 Cr -1.82  -29.72 -24.60 -19.64 4.16 3.23
Cuz 0.47 -3.45 -4.03 -3.03 -0.65 -2.25
Ag 1.22 -1.52 -2.24 -1.46 0.10 0.78
AgCu 0.77 -2.57 -3.52 -2.54 -0.66 -1.13
YXTML-BE17 TiCLL—Cl 8.94 -0.86 -5.94 -2.69 3.16 4.49
VCI-CI 16.00 12.40 4.13 6.72 7.70 10.10
CrCl -1.10 -4.66 -5.58 -4.30 -2.63 5.34
CrO; — Cr + 30 12.45  -2039 -21.18 -12.80  10.55 2.12
MnCI-Cl 0.41 -4.44 -6.63 -4.79 -2.50 0.09
MnCl 10.34 6.53 -5.55 -2.98 -1.23 -3.11
CuH -526  -10.13  -8.79 -6.97 -4.12 -6.76
ZnH 0.66 2.30 0.45 0.96 -0.86 -0.13
ZnO 232 -8.82  -13.63 -11.20  -1.19 -7.46
ZnCl-Cl 0.21 -0.30 -6.26 -4.75 -6.59 -4.41
Cu-H.O" 5.97 1.73 0.77 1.86 4.20 -2.67
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Database System PBE PBE0 BILYP B3LYP BLYP HCTH
Cr—CHs 14.77 3.94 3.34 5.93 13.27 13.67
CrH 5.19 1.40 6.67 7.62 10.09 18.21
CrN 1795 -18.81 -1542  -7.44 21.00 0.99
MnH 13.71 11.91 6.03 7.80 8.33 7.35
Mn-CH3" 9.81 -1.44 -2.31 0.54 8.35 16.83
AgH 1.89 -2.07 -1.26 0.47 2.57 2.16
TM-SS6 CoC2H4 17.88 14.81 15.07 15.82 18.01 15.27
Fe(H20)s*" 23.83 14.68 2190  22.39 31.58 3.20
Fe(H20)s™ 21.40 10.22 13.56 1590  24.56 5.77
FeO(NH3)s 10.49 -0.85 -0.59 2.29 9.82 -4.18
Fe’* -32.21  -26.54 -3033  -30.89  -36.28 -10.97
Mn?* -25.25  -20.65 -25.46 -25.770 -30.25 -9.70
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S-70

Table S21. Signed error (in kcal/mol) of all KS-DFT functionals tested in this work for each system (meta-GGAs)

Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
HTBH29 VtH+HCl — Hx + Cl -3.68 -2.24 -2.86 1.21 -0.11 -0.28
V:H+HCl — Hx + Cl -4.55 -6.52 -3.38 0.87 -0.66 -0.65
V: OH + H, — H.O + H -5.39 -6.59 -3.15 -2.85 -1.32 -2.47
ViCHs; +H, —» CHs + H -3.13 -1.14 -1.42 -2.20 0.10 -0.89
Vi OH + CHs — H20 + CH3 -6.58 -2.39 -0.69 1.31 -0.31 -0.88
V: OH + CHs — H20 + CH3 -8.57 -8.87 -3.08 -0.89 -1.76 -2.16
ViH+H, - Ho +H -0.70 -2.83 -0.91 -1.91 0.39 -0.47
Vi OH + NH3 — H,O + NHz -8.01 -5.36 -2.32 -0.50 -0.52 -0.74
Vr OH + NH3 — H,O + NHz -8.71 -7.03 -2.69 -0.91 -1.92 -2.07

Vi OH + C2He — H20 + CoHs -6.34 -3.01 -0.61 1.17 0.02 -0.70
V: OH + C2Hg — H2O + CoHs -6.94 -7.46 -1.64 -0.29 -0.55 -1.43

ViF+H, — HF + H -7.71 -6.96 -4.74 0.05 -2.75 -2.88
Vi F+H, - HF + H -7.35 -9.54 -5.11 -4.81 -3.05 -5.07
Vr O + CHs — OH + CH3 -7.49 -5.54 -2.00 0.01 -0.17 -0.18
ViH + PH3s — Ha + PH» -0.53 0.20 0.38 0.25 0.93 0.80
VrH+ PHs — Ha + PH» -0.24 -3.44 -0.10 2.88 1.49 1.31
Vi H+HO —-H,+ O -4.74 -4.18 -2.39 -3.36 -0.90 -1.44
ViH+HO —-H;+ O -6.10 -5.50 -2.04 0.00 -1.42 -1.77
VeH + H>S — Hy + HS -0.48 0.54 0.64 0.58 1.14 1.12
Vi H+ H>S — Hy + HS -1.06 -3.45 0.17 1.33 0.44 0.48
V: O+ HCl — OH + Cl -10.00  -10.30  -4.93 -5.30 -1.53 -1.69

Vi CH; + NH, — CHs + NH -5.91 -3.89 -2.31 0.91 0.89 0.27



Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
V.CHs +NH; — CHs+ NH 673 403 233 091 203  -1.22
ViCHs +NHy — CHe +NH  -3.18 096 039  2.60 3.15 2.13
V,CoHs+NH, — CHe +NH ~ -538 314 -098 004 065  0.10
ViNH, + C;Hg — NH; + CoHs 473 -0.69 022 1.89  0.54 0.04
ViNH, + C;Hs — NH; + CoHs — -4.63  -347  -045  0.85 1.37 0.64
ViNH,+ CHs — NH; + CHs  -6.15  -1.66  -127 088  -091  -1.29
V.NH,+CHs — NH; + CH;  -7.33  -638  -3.19 -080 -086  -1.14
MC-BE3 LiO 0.13 1837 -529 -0.46  2.88  -4.66
CuCl 295 051 -659 209 442 476
FeCl 414 224 -1047 572 059 0.48
MR-MGN- SiO (multiplicity = 1) 337 465 203 559 094  -036
BES Co 158 217 -144 077 028  0.69
Clo 3.95 175 -0.58  0.96 1.14 0.83
0; > 0,+0 516 621 939 203 524 -6.99
N> 3.02 474 791 014  -1.58  -1.75
0, 740 304  -1.01  -087 095 1.97
B, 0.09 1107 246 106 436  -0.82
C, 798 279 -6.17 -1044  -13.06  -16.12
NHTBH4 VtH+FH > HF +H 432 -125 073 -3.04 461  -501
V:H + CIH — HCl + H 174 007  -051  -039 0.7 0.68
V. H+ FCH; — HF + CH; 9.07  -7.54 308 -412 546  -5.13
ViH+F, — HF +F 472 541 441 440 308  -3.40
SR-MGM- NaO 3.02 716 391  -138  1.50 0.05

BE2
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
ZnCl 521 214 -10.77 140 229  -1.93
SR-MGN- CH;—CH; 2097 030 -022 -394 013  -027
BEL7 CH;O-CHj 366  -563  -1.15 288 100  -0.55
Et-H 360 342 218 319 -1.85  -L.1l
Et-CHj 321 324 202 -456  -1.18  -0.78
Et-OCH; 9.65 -11.92 -6.65 -744 383  -4.85
Et-OH 288 602 -198 376  0.14  -0.80
CH (210) 145 137 074 133 262 -0.79
NH 006  -1.86 206 096  -2.12  -1.11
OH 271 481 268 -3.02  -1.08  -0.10
HCI 326 -191  -1.88 061  -1.11  -0.13
Si, (multiplicity = 3) 126 662 579  2.73 1.63 2.76
P, 196 -140 316  -393 234 314
S, 328 618 224 225 0.53 1.57
Cl, 0.75 1,76 164  2.15 0.61 0.48
SC 157 115 -1.85 316 054 1.10
Ha 397 603 224 044  -1.50  -0.34
SH 093 068 -0.12  1.03 1.20 1.93
CH-BE5 C.H-H 161 777 464 348 244 0.64
C,Hs-H 391 613 375  -468  -141  -1.54
CoHy— CoHy + Hy 331 363 070 085  0.39 0.80
C™H 152 <115 050 1.02  0.13 0.70
tert-butyl-H 576 698 416  -419 266  -1.30
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
DAC-DES AlLbH¢ — 2AlH; -2.52 0.20 -3.10 1.75 3.24 -1.06
AlLF¢ — 2AlF; -5.37 -0.38 -2.62 1.21 2.39 1.26
AlLCls — 2AICI -6.67 -2.22 -4.31 -0.56 1.41 -0.87
Al HMes — AlHMe: + AlMe; -6.74 -1.13 -3.19 1.20 1.44 -1.92
AlbMes — 2AIMes -8.90 -1.05 -1.95 1.95 1.37 -1.45
G2-BES Bex 3.33 6.34 1.83 0.35 -0.98 3.40
Mg> 0.83 0.40 0.97 -0.43 0.57 -0.05
Ca, 1.38 1.20 1.47 -0.82 -0.87 -1.22
Sy 0.71 0.37 0.73 -1.29 -1.04 -1.10
Bax 0.63 0.52 0.63 -1.41 -1.70 -1.47
HP-BE6 H3Ge-GeHs -0.34 1.28 1.98 -7.48 -3.69 -0.90
Mes;Pb—PbMes -6.21 -7.99 -3.64  -14.27 -7.93 -4.23
Me:As—AsMe» -5.63 -3.53 -1.56 -5.28 -6.16 -3.00
HS-SH -2.30 0.25 -0.14 -0.26 -0.82 -0.48
Br, -6.83 -10.12 -10.53  -11.98  -12.82 -9.82
MeTe-TeMe -1.34 -0.62 -0.44 -9.06 -8.18 -3.59
IP10 Cl -2.94 -7.36 -4.34 -1.64 0.37 -1.12
SH 232 -1.41 -0.77 -1.20 2.74 -0.20
PH> 4.35 1.43 -2.80 4.46 3.16 -1.18
Oz 9.93 1.84 4.84 2.06 5.50 2.98
Zn 3.66 -3.85 5.90 -5.35 -2.25 -3.25
OH 3.74 -3.96 -0.05 -2.62 491 3.32

Mo 1.83 -2.03 -4.52 7.58 2.33 3.55



Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
Cu 1.30 1.10 6.33 -1.42 -0.98 -1.02
Cr -0.04 1.52 -0.12 -1.06 -5.00 -0.76
Cl 3.02 -1.58 -1.04 0.06 2.96 1.11
IsoE6 CsHa 3.98 2.16 0.73 4.13 2.35 2.35
CeNH7 8.54 9.49 5.61 1.96 0.64 3.18
C14H200 -2.81 -4.99 -3.15 -3.00 -2.48 -1.35
CisHi2F2 0.20 -1.43 -0.90 -0.34 -0.83 -0.57
Ci2N2H12 -3.06 -2.16 -2.40 -0.83 -3.60 -2.48
Ci2H2o -3.70 -2.87 0.12 -1.36 -1.47 -0.54
Lix-AE3 Li -1.39 0.36 0.05 -0.16 -0.40 1.67
Li4 -2.45 -0.52 -1.08 -1.64 -2.16 1.11
Lis -2.86 -0.24 -1.58 -1.24 -1.74 -0.16
MG-SS26 NH -19.44  -21.04 -1633 -16.45 -21.42  -17.90
OH" -27.49 2723 -2191 -22.42  -2980  -28.16
NF -19.33  -19.18 -16.00 -14.45 -1795 -16.15
Oz -10.07 -8.46 -6.33 -3.88 -9.97 -8.56
HoCC 1.37 9.07 2.54 1.10 1.33 -1.60
C.HsCHS 4.47 4.15 3.60 -0.28 2.03 0.40
C4H3CHO 0.71 1.19 0.42 0.52 -1.07 -0.25
C4H3NH: 0.47 1.39 0.46 0.68 -1.43 -0.35
Me,C=CHz 3.36 5.72 6.00 1.16 0.71 -0.44
CH;CHO 7.22 6.61 4.79 0.98 3.83 1.92
NH.CHO 5.19 3.78 4.29 -2.45 4.48 2.04
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
He 13.88 15.55 15.16  27.55 28.54 21.79
acetone -7.15 -6.52 -4.56 -0.56 -3.31 -0.49
propynal -7.05 -7.23 -5.45 -2.24 -4.29 -2.76
pyrimidine -6.35 -9.37 -3.85 0.26 2.49 5.22
cyanoformaldehyde -7.88 -8.84 -5.91 -3.34 -4.19 -2.69
butadiene -3.18 -4.88 -3.80 -0.07 1.09 2.08
cyclopropenone -543 -5.18 -3.32 2.54 -0.72 0.76
pyrrole -1.67 -1.08 -3.16 2.66 0.09 1.84
CH» -1.09 -2.37 -1.12 -1.33 -2.53 0.55
NH; -5.72 -7.00 -3.12 -5.83 -10.14 -7.16
SiH» 1.14 1.50 -3.56 6.17 2.76 -0.54
PH> 2.22 1.51 -3.74 8.42 2.70 -0.58
Be,CO 36-16 -2.85 -4.39 -5.63 -2.63 -6.38 -6.97
Be,CO %6-16 -2.74 -4.34 -5.34 -2.49 -6.29 -6.89
Be,CO 35-15 -1.03 -3.96 -4.74 -2.21 -1.28 -2.32
MR-MGM- CaO 9.56 10.31 -0.75 -5.50 -6.36 -6.39
BE3 BeO 129 312 051  -48 134 167
MgS -4.47 -2.79 -4.21 -3.18 -5.72 -8.64
MR-MGN- CN -2.23 2.98 -3.52 -2.22 -6.58 -8.03
BE4 Cl-O 092 255 309 027 167  LI9
SO 3.34 1.09 -1.58 0.51 0.56 0.61
NO 1.75 -2.12 -4.12 -0.49 0.08 -0.12
NC-CE5 H>O-H>O -0.29 -0.18 -0.15 -0.67 0.05 0.02
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D

CoHa—F> 0.39 0.93 -0.04 1.07 0.04 0.21

parallel-displaced CO>—CO» -1.25 -0.55 -0.86 0.12 -0.23 -0.16

sandwich C¢Hes—CsHs -2.91 -0.10 -0.81 1.80 0.16 -0.10

parallel-displaced CsHs—CsHe -3.44 -0.15 -0.75 232 0.51 0.02

NG-IP4 He 5.01 0.90 3.56 9.86 6.77 3.30
Ne 3.80 -8.36 231 -3.48 2.20 -2.78

Ar 2.20 0.68 0.14 3.73 1.21 0.23

Kr 5.05 -4.45 -2.47 1.18 -0.01 2.51

NGD-CES5 He 0.013 0.016  0.107  0.006 0.010 0.039
Nez -0.048  0.078 0.042 -0.008 -0.018 0.045
An -0.349  -0.159 -0.273  0.029 0.081 -0.052

Hes 0.009 0.004  0.053 -0.001 0.005 0.049

Hes 0.000 0.012  0.078  0.013 0.036 0.066

PAS NH3 1.73 1.87 -0.63 -1.96 -1.00 -2.43
H>O 1.53 2.81 1.48 0.16 1.30 -0.90

CoH; 4.50 6.24 3.74 4.43 2.82 2.18

SiH4 2.05 -0.97 -0.37 -5.39 -1.85 0.14

PH3 0.92 0.32 -1.93 -1.86 -1.65 0.23

H.S 2.51 3.40 1.10 -1.10 -0.89 0.08

HCI 2.50 3.12 1.10 -0.90 -0.11 -0.18

H> 0.47 -0.35 3.65 1.44 0.08 1.28

PB-BE4 BN 1.63 7.88 1.33 4.61 5.05 1.44
SiO -4.03 -5.31 -2.74 -6.24 0.21 -1.05
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
AlCI1 -2.84 0.48 0.14 -0.72 2.36 0.21
H-P-H 0.11 0.26 1.81 1.69 0.81 1.14
PC-ED5 N2 0.86 0.81 0.20 5.68 3.97 4.25
F> 2.44 -2.30 -5.47 -0.15 -0.38 -1.69
Li 1.15 -1.40 0.71 -3.62 -1.66 2.95
KH 1.56 5.28 3.39 -2.66 0.84 -0.51
CIF 1.45 0.61 3.80 4.43 6.06 4.07
PERI-BH4 C4Hs (cyclobutene) -1.02 2.75 1.68 3.25 1.71 1.40
CeHs (cis-1,3,5-hexatriene) -2.60 -1.35 -0.40 1.07 -0.16 0.04
CsHs (ortho-xylylene) -2.15 -0.44 0.67 -0.36 -0.40 0.25
CsHs (1,3-cyclopentadiene) -2.72 -3.53 -2.76 -4.52 -3.27 -2.38
PX-BH3 4NH; -6.88 -1.25 -0.31 4.82 0.50 -1.38
4H,0 -7.29 -0.90 -2.48 6.92 -1.83 -0.24
4HF -6.90 0.53 0.84 5.96 -2.45 -1.14
SIE4x4 Hy"at 1.0 re 4.59 3.94 2.18 1.87 -3.14 0.41
Ho"at 1.25 r. 7.06 6.77 5.44 4.09 1.50 333
Hy"at 1.5 r. 9.75 9.28 8.62 6.20 6.39 6.09
Ho"at 1.75 r. 12.99 12.14 1225 9.40 10.95 9.61
He;" at 1.0 re 14.98 15.00 13.71 -0.59 8.51 8.25
He>" at 1.25 7. 22.61 21.89  20.60 7.99 16.25 15.96
He;" at 1.5 re 30.33 29.54 2745 17.01 23.64 23.01
He>" at 1.75 7. 37.47 37.05 3394  24.86 29.80 28.57
(NHs)2" at 1.0 7e 8.82 5.19 2.69 -0.96 3.78 3.71



Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
(NH3)2" at 1.25 re 13.92 12.03 7.86 6.68 7.88 7.49
(NHs)2" at 1.5 7e 18.68 17.65 12.41 12.97 11.35 10.30
(NHz)2" at 1.75 re 22.92 22.44 16.07 17.81 14.03 12.64
(H20)2" at 1.0 7e 12.39 11.69 6.79 5.24 5.96 6.15
(H20)2" at 1.25 re 18.84 19.90 13.44 13.88 10.56 10.18
(H20)2" at 1.5 7e 24.55 26.15 18.31 20.34 14.22 13.16
(H20)," at 1.75 re 29.05 31.08  22.00 25.15 16.84 15.59
>TMD-BE4 Cr -3.09 -530  -1590 -1730 -17.12  -26.42
Cuz 2.05 1.89 -0.23 -0.69 -1.22 -1.61
Ag 3.68 1.85 1.61 1.35 1.32 0.60
AgCu 2.94 1.67 0.32 0.33 0.32 -0.32
XTML-BE17 TiCL—Cl 6.62 12.90 8.99 8.69 -0.33 -0.26
VCI-CI 7.83 15.94 7.80 15.67 12.24 15.11
CrCl 2.63 7.46 -0.17 5.88 3.86 0.74
CrO; — Cr+ 30 -3.12 -0.71  -15.08 -10.00 -1526  -20.59
MnCI-Cl 5.50 10.25 5.11 2.55 3.52 -1.27
MnCl -7.87 2.00 -10.25 4.66 2.60 2.69
CuH -4.05 -3.96 -7.26 -4.95 -7.71 -6.79
ZnH -1.42 -1.63 -6.49 3.65 0.67 1.32
ZnO -9.87 -8.99  -20.78 -11.43  -10.27 -9.78
ZnCl-Cl 2.18 6.54 2.28 3.00 2.97 1.83
Cu-H,O" 2.11 6.58 3.62 0.48 3.04 1.92
Cr—CHs 11.82 14.95 4.60 3.23 2.82 3.95
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Database System THCTH MO06-L MO06 MNI1S5-L MNI15 CF22D
CrH 10.26 10.98 4.14 10.43 8.18 6.17
CrN -1.11 0.35 -16.48  -7.35 -9.41 -18.38
MnH -0.43 5.56 -6.01 8.32 7.17 7.69
Mn-CH3;" 10.74 8.90 0.87 0.25 4.42 -0.46
AgH 3.90 0.54 -0.59 2.15 2.03 1.77
TM-SS6 CoCzH4 16.42 11.63 17.35 7.65 29.02 24.76
Fe(H20)6*" 13.69 14.50 -4.05  -14.22 27.36 18.13
Fe(H20)s* 12.91 3.33 -1.36  -14.24 19.92 15.88
FeO(NHs)s 2.70 -1.62 -9.46  -16.70 0.41 -0.03
Fe’* -25.70  -12.76  -0.93 29.49 -19.57  -19.09
Mn?* -21.23  -12.01  -1.07 21.40 -14.57  -13.75

S-79



S-80
S11. Sample Input Files

S11.1. Sample Input File for CASSCF Calculations

The following OpenMolcas input file performs a CASSCF calculation of the F> molecule at the
equilibrium bond distance (1.41193 A). The coordinates of the F» molecule are stored in a file
named “F2_eq.xyz”. One needs to put the basis set file “JUN-CC-PVTZ” in the basis library
under the OpenMolcas installation directory. Both files are available in the Zenodo repository,!!?
as indicated in the Data Availability section of the paper. At the end of the calculation, the
RunFile and Joblph files are saved to the current working directory. These two files are
necessary for further post-CASSCF calculations.

&GATEWAY

COOR = F2_eq.xyz
BASI = jun-cc-pVTZ
GROU = C1

RICD

&SEWARD

Grid Input

Grid = Ultrafine
End of Grid Input

&RASSCF

INAC = 4

RAS2 = 6

NACT = 10 0 ©
CIRO=111
SPIN =1

CHAR = ©

>> COPY $Project.JobIph $CurrDir/$Project.JobIph
>> COPY $Project.RunFile $CurrDir/$Project.RunFile
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S11.2. Sample Input File for CASPT2 Calculations
The following OpenMolcas input file performs a CASPT2 calculation of the F> molecule at the
equilibrium bond distance using the CASSCF reference wave function from the RunFile and
Joblph files generated by the previous input file.

&GATEWAY

COOR = F2_eq.xyz
BASI = jun-cc-pVTZ
GROU = C1

RICD

&SEWARD

Grid Input

Grid = Ultrafine
End of Grid Input

>>> COPY $CurrDir/$Project.JobIph $Project.JobIph
>>> COPY $CurrDir/$Project.RunFile $Project.RunFile

&CASPT2
IPEA=0.25
IMAG=0. 25
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S11.3. Sample Input File for MC-PDFT Calculations
The following OpenMolcas input file performs several MC-PDFT calculations of the F»
molecule at equilibrium bond distance using the CASSCF reference wave function from the
RunFile and Joblph files generated by the previous input file.

&GATEWAY

COOR = F2_eq.xyz
BASI = jun-cc-pVTZ
GROU = C1

RICD

&SEWARD

Grid Input

Grid = Ultrafine
End of Grid Input

>>> COPY $CurrDir/$Project.JobIph $Project.JobIph
>>> COPY $CurrDir/$Project.RunFile $Project.RunFile

&MCPDFT
KSDFT=t :MGGA_X_tau_HCTH

&MCPDFT
KSDFT=t:GGA_C_tau_HCTH

&MCPDFT
KSDFT=t:M@6L

&MCPDFT
KSDFT=t:PBE

From the last two &MCPDFT sections, one can directly obtain the energy of tM06-L and tPBE. By
adding the classical energy, the tt-HCTH exchange energy from the first &MCPDFT section, and
the tt-HCTH correlation energy from the second &MCPDFT section, one can obtain the total
energy of tt-HCTH. One can combine 0.75 times the tPBE energy with 0.25 times the wave
function energy to obtain the tPBEO energy.
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S11.4. Sample Input File for MC23 Calculations
The following OpenMolcas input file performs an MC-PDFT calculation using the MC23
functional of the F> molecule at the equilibrium bond distance using the CASSCF reference wave
function from the RunFile and Joblph files generated by the previous input file.

&GATEWAY

COOR = F2_eq.xyz
BASI = jun-cc-pVTZ
GROU = C1

RICD

&SEWARD

Grid Input

Grid = Ultrafine
End of Grid Input

>>> COPY $CurrDir/$Project.JobIph $Project.JobIph
>>> COPY $CurrDir/$Project.RunFile $Project.RunFile
>>> COPY /path_to_param_files/rtMo6-L.expm EXPM

&MCPDFT

KSDF = t:Me6L
EXPM = EXPM
LAMB = 0.2952

This calculation requires a parameter file of the optimized functional parameters. Replace
“/path_to_param_files/rtMe6-L.expm” with the actual location of your parameter file.
The content of the parameter file is given below. Note that the parameter file should contain only
four lines, where the third and fourth lines correspond to the parameters of the exchange and
correlation part of the functional, respectively.

2
18 27

.352197e+00 6.332929e-01 -9.469553e-01 2.030835e-01 2.503819e+00
.085354e-01 -3.619144e+00 -5.572321e-01 -4.506606e+00 9.614774e-01
.977048e+00 -1.309337e+00 -2.426371e+00 -7.896540e-03 1.364510e-02 -
.714252e-06 -4.698672e-05 0.0

.06 0.0031 0.00515088 0.00304966 2.427648e+00 3.707473e+00 -
.943377e+00 -2.521466e+00 2.658691e+00 2.932276e+00 -8.832841e-01 -
.895247e+00 -2.899644e+00 -5.068570e-01 -2.712838e+00 9.416102e-02 -
.485860e-03 -5.811240e-04 6.668814e-04 0.0 2.669169e-01 -7.563289e-02
.036292e-02 3.493904e-04 6.360837e-04 0.0 le-10

N Wk, N = O 00 W



S-84

References

L]J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple. Phys.
Rev. Lett. 77, 3865—3868 (1996).

2 A. D. Becke, Density-functional exchange-energy approximation with correct asymptotic
behavior. Phys. Rev. A 38, 3098—3100 (1988).

3 C. Lee, W. Yang, R. G. Parr, Development of the Colle-Salvetti correlation-energy formula into
a functional of the electron density. Phys. Rev. B 37, 785—789 (1988).

4 B. Miehlich, A. Savin, H. Stoll, H. Preuss, Results obtained with the correlation energy density
functionals of Becke and Lee, Yang and Parr. Chem. Phys. Lett. 157, 200206 (1989).

> F. A. Hamprecht, A. J. Cohen, D. J. Tozer, N. C. Handy, Development and assessment of new
exchange-correlation functionals. J. Chem. Phys. 109, 6264—6271 (1998).

®H. S. Yu, W. Zhang, P. Verma, X. He, D. G. Truhlar, Nonseparable exchange—correlation
functional for molecules, including homogeneous catalysis involving transition metals. Phys.
Chem. Chem. Phys. 17, 12146—12160 (2015).

7 C. Adamo, V. Barone, Toward reliable adiabatic connection models free from adjustable
parameters. Chem. Phys. Lett. 274, 242—250 (1997).

8 P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, Ab Initio Calculation of
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force Fields.
J. Phys. Chem. 98, 11623—11627 (1994).

% J. P. Perdew, M. Ernzerhof, K. Burke, Rationale for mixing exact exchange with density
functional approximations. J. Chem. Phys. 105, 9982—9985 (1996).

10°C. Adamo, V. Barone, Toward reliable density functional methods without adjustable
parameters: The PBEO model. J. Chem. Phys. 110, 6158—6170 (1999).

'TA. D. Boese, N. C. Handy, New exchange-correlation density functionals: The role of the
kinetic-energy density. J. Chem. Phys. 116, 9559—9569 (2002).

12Y. Zhao, D. G. Truhlar, A new local density functional for main-group thermochemistry,
transition metal bonding, thermochemical kinetics, and noncovalent interactions. J. Chem.
Phys. 125, 194101 (2006).

13Y. Wang, P. Verma, X. Jin, D. G. Truhlar, X. He, Revised M06 density functional for main-
group and transition-metal chemistry. Proc. Natl. Acad. Sci. U.S.A. 115, 10257-10262 (2018).

14 R. Peverati, D. G. Truhlar, An improved and broadly accurate local approximation to the
exchange—correlation density functional: The MN12-L functional for electronic structure
calculations in chemistry and physics. Phys. Chem. Chem. Phys. 14, 13171 (2012).

ISH. S. Yu, X. He, D. G. Truhlar, MN15-L: A new local exchange-correlation functional for
Kohn—Sham density functional theory with broad accuracy for atoms, molecules, and solids. J.
Chem. Theory Comput. 12, 1280—1293 (2016).

16V, N. Staroverov, G. E. Scuseria, J. Tao, J. P. Perdew, Comparative assessment of a new
nonempirical density functional: Molecules and hydrogen-bonded complexes. J. Chem. Phys.
119, 12129-12137 (2003).

7Y. Zhao, D. G. Truhlar, The M06 suite of density functionals for main group thermochemistry,
thermochemical kinetics, noncovalent interactions, excited states, and transition elements: Two



S-85

new functionals and systematic testing of four M06-class functionals and 12 other functionals.
Theor. Chem. Acc. 120, 215-241 (2008).

8 P. Verma, Y. Wang, S. Ghosh, X. He, D. G. Truhlar, Revised M11 Exchange-Correlation
Functional for Electronic Excitation Energies and Ground-State Properties. J. Phys. Chem. A
123, 2966—2990 (2019).

H. S. Yu, X. He, S. L. Li, D. G. Truhlar, MN15: A Kohn—Sham global-hybrid exchange—
correlation density functional with broad accuracy for multi-reference and single-reference
systems and noncovalent interactions. Chem. Sci. 7, 5032—5051 (2016).

20Y. Liu, C. Zhang, Z. Liu, D. G. Truhlar, Y. Wang, X. He, Supervised learning of a chemistry
functional with damped dispersion. Nat. Comput. Sci. 3, 48—58 (2022).

21'Y. Zhao, B. J. Lynch, D. G. Truhlar, Doubly Hybrid Meta DFT: New Multi-Coefficient
Correlation and Density Functional Methods for Thermochemistry and Thermochemical
Kinetics. J. Phys. Chem. A 108, 4786—4791 (2004).

22Y. Zhao, B. J. Lynch, D. G. Truhlar, Multi-coefficient extrapolated density functional theory
for thermochemistry and thermochemical kinetics. Phys. Chem. Chem. Phys. 7, 43 (2005).

23 S. Grimme, Semiempirical hybrid density functional with perturbative second-order
correlation. J. Chem. Phys. 124, 034108 (2006).

24 T. Benighaus, R. A. DiStasio, R. C. Lochan, J. Chai, M. Head-Gordon, Semiempirical Double-
Hybrid Density Functional with Improved Description of Long-Range Correlation. J. Phys.
Chem. A 112, 2702—2712 (2008).

25 A. Karton, A. Tarnopolsky, J. Lamére, G. C. Schatz, J. M. L. Martin, Highly Accurate First-
Principles Benchmark Data Sets for the Parametrization and Validation of Density Functional
and Other Approximate Methods. Derivation of a Robust, Generally Applicable, Double-
Hybrid Functional for Thermochemistry and Thermochemical Kinetics. J. Phys. Chem. A 112,
12868—12886 (2008).

26Y. Zhang, X. Xu, W. A. Goddard, Doubly hybrid density functional for accurate descriptions of
nonbond interactions, thermochemistry, and thermochemical kinetics. Proc. Natl. Acad. Sci.
U.S.A4. 106, 4963—4968 (2009).

27 M. Dion, H. Rydberg, E. Schroder, D. C. Langreth, B. I. Lundqvist, Van der Waals Density
Functional for General Geometries. Phys. Rev. Lett. 92, 246401 (2004).

28.0. A. Vydrov, T. Van Voorhis, Nonlocal van der Waals Density Functional Made Simple. Phys.
Rev. Lett. 103, 063004 (2009).

29 B. G. Janesko, Rung 3.5 density functionals. J. Chem. Phys. 133, 104103 (2010).

30P. Verma, B. G. Janesko, Y. Wang, X. He, G. Scalmani, M. J. Frisch, D. G. Truhlar, M11plus: A
Range-Separated Hybrid Meta Functional with Both Local and Rung-3.5 Correlation Terms
and High Across-the-Board Accuracy for Chemical Applications. J. Chem. Theory Comput. 15,
4804—4815 (2019).

3I'R. Peverati, D. G. Truhlar, Quest for a universal density functional: The accuracy of density
functionals across a broad spectrum of databases in chemistry and physics. Phil. Trans. R. Soc.
A.372,20120476 (2014).

32]. Zheng, Y. Zhao, D. G. Truhlar, The DBH24/08 database and its use to assess electronic
structure model chemistries for chemical reaction barrier heights. J. Chem. Theory Comput. S,
808—821 (2009).



S-86

3 B. J. Lynch, D. G. Truhlar, What are the best affordable multi-coefficient strategies for
calculating transition state geometries and barrier heights? J. Phys. Chem. A 106, 842—846
(2002).

3* H. Yu, D. G. Truhlar, Components of the bond energy in polar diatomic molecules, radicals,
and ions formed by group-1 and group-2 metal atoms. J. Chem. Theory Comput. 11,
2968—2983 (2015).

35'W. Zhang, D. G. Truhlar, M. Tang, Tests of exchange-correlation functional approximations
against reliable experimental data for average bond energies of 3d transition metal compounds.
J. Chem. Theory Comput. 9, 3965-3977 (2013).

36 X. Xu, W. Zhang, M. Tang, D. G. Truhlar, Do Practical Standard Coupled Cluster Calculations
Agree Better than Kohn—Sham Calculations with Currently Available Functionals When
Compared to the Best Available Experimental Data for Dissociation Energies of Bonds to 3d
Transition Metals? J. Chem. Theory Comput. 11, 2036—2052 (2015).

37 B. B. Averkiev, Y. Zhao, D. G. Truhlar, Binding energy of d!° transition metals to alkenes by
wave function theory and density functional theory. J Mol. Catal. A: Chem. 324, 80—88 (2010).

38 B. J. Lynch, D. G. Truhlar, Small representative benchmarks for thermochemical calculations.
J. Phys. Chem. A 107, 8996—8999 (2003).

39 K. T. Tang, J. P. Toennies, The van der Waals potentials between all the rare gas atoms from
He to Rn. J. Chem. Phys. 118, 4976—4983 (2003).

407.7J. Bao, L. Gagliardi, D. G. Truhlar, Weak interactions in alkaline earth metal dimers by pair-
density functional theory. J. Phys. Chem. Lett. 10, 799—805 (2019).

41J. M. Merritt, V. E. Bondybey, M. C. Heaven, Beryllium dimer—caught in the act of bonding.
Science 324, 1548—1551 (2009).

42W. J. Balfour, A. E. Douglas, Absorption spectrum of the Mg, molecule. Can. J. Phys. 48,
901-914 (1970).

43 D. Yang, F. Wang, Theoretical investigation for spectroscopic constants of ground-state
alkaline-earth dimers with high accuracy. Theor. Chem. Acc. 131, 1117 (2012).

4Y. Zhao, D. G. Truhlar, Design of density functionals that are broadly accurate for
thermochemistry, thermochemical kinetics, and nonbonded interactions. J. Phys. Chem. A 109,
5656—5667 (2005).

Y. Zhao, D. G. Truhlar, Benchmark databases for nonbonded interactions and their use to test
density functional theory. J. Chem. Theory Comput. 1, 415—432 (2005).

4 M. S. Marshall, L. A. Burns, C. D. Sherrill, Basis set convergence of the coupled-cluster

correction, S&CPSZD(T): Best practices for benchmarking non-covalent interactions and the

attendant revision of the S22, NBC10, HBC6, and HSG databases. J. Chem. Phys. 135, 194102
(2011).

47]. D. McMahon, J. R. Lane, Explicit correlation and basis set superposition error: The structure
and energy of carbon dioxide dimer. J. Chem. Phys. 135, 154309 (2011).

48 K. M. de Lange, J. R. Lane, Explicit correlation and intermolecular interactions: Investigating
carbon dioxide complexes with the CCSD(T)-F12 method. J. Chem. Phys. 134, 034301 (2011).

49 0. A. Vydrov, T. Van Voorhis, Benchmark assessment of the accuracy of several van der Waals
density functionals. J. Chem. Theory Comput. 8, 1929—1934 (2012).



S-87

S0 L. Goerigk, A. Hansen, C. Bauer, S. Ehrlich, A. Najibi, S. Grimme, A look at the density
functional theory zoo with the advanced GMTKNS5S5 database for general main group
thermochemistry, kinetics and noncovalent interactions. Phys. Chem. Chem. Phys. 19,
32184-32215 (2017).

S A. Karton, R. J. O’Reilly, B. Chan, L. Radom, Determination of Barrier Heights for Proton
Exchange in Small Water, Ammonia, and Hydrogen Fluoride Clusters with G4(MP2)-Type,
MPn, and SCS-MPn Procedures—A Caveat. J. Chem. Theory Comput. 8, 3128—3136 (2012).

52.S. 0. Odoh, G. L. Manni, R. K. Carlson, D. G. Truhlar, L. Gagliardi, Separated-pair
approximation and separated-pair pair-density functional theory. Chem. Sci. 7, 2399-2413
(2016).

33 A. Karton, L. Goerigk, Accurate reaction barrier heights of pericyclic reactions: Surprisingly
large deviations for the CBS-QB3 composite method and their consequences in DFT
benchmark studies. J. Comput. Chem. 36, 622—632 (2015).

>4 A. Karton, Highly Accurate CCSDT(Q)/CBS Reaction Barrier Heights for a Diverse Set of
Transition Structures: Basis Set Convergence and Cost-Effective Approaches for Estimating
Post-CCSD(T) Contributions. J. Phys. Chem. A 123, 6720—6732 (2019).

35 B. Barakat, R. Bacis, F. Carrot, S. Churassy, P. Crozet, F. Martin, J. Verges, Extensive
analysis of the X'X*; ground state of "Li» by laser-induced fluorescence Fourier transform
spectrometry. Chem. Phys. 102, 215-227 (1986).

6 M. Mansoori Kermani, D. G. Truhlar, Creating benchmarks for lithium clusters and using them
for testing and validation. (2024) Manuscript submitted

37 ]. H. Thorpe, D. Feller, D. H. Bross, B. Ruscic, J. F. Stanton, Sub 20 cm™' computational
prediction of the CH bond energy — a case of systematic error in computational
thermochemistry. Phys. Chem. Chem. Phys. 25,21162—-21172 (2023).

8 E. R. Johnson, P. Mori-Sanchez, A. J. Cohen, W. Yang, Delocalization errors in density
functionals and implications for main-group thermochemistry. J. Chem. Phys. 129, 204112
(2008).

9 L. Goerigk, S. Grimme, A General Database for Main Group Thermochemistry, Kinetics, and
Noncovalent Interactions — Assessment of Common and Reparameterized (mefa-)GGA Density
Functionals. J. Chem. Theory Comput. 6, 107-126 (2010).

0'S. Luo, B. Averkiev, K. R. Yang, X. Xu, D. G. Truhlar, Density Functional Theory of Open-
Shell Systems. The 3d-Series Transition-Metal Atoms and Their Cations. J. Chem. Theory
Comput. 10, 102—121 (2014).

1 Atomic Spectra Database - energy levels form NIST. Available at:
https://physics.nist.gov/PhysRefData/ASD/levels_form.html [Accessed August 6, 2024].

2 D. Zhang, D. G. Truhlar, An accurate density coherence functional for hybrid
multiconfiguration density coherence functional theory. J. Chem. Theory Comput. 19,
6551-6556 (2023).

63 L. Bytautas, N. Matsunaga, T. Nagata, M. S. Gordon, K. Ruedenberg, Accurate ab initio
potential energy curve of F2. II. Core-valence correlations, relativistic contributions, and long-
range interactions. J. Chem. Phys. 127, 204301 (2007).

% F. R. Gilmore, Potential energy curves for N, NO, O and corresponding ions. J. Quant.
Spectrosc. Radiat. Transfer 5, 369—IN3 (1965).




S-88

%S, Luo, Y. Zhao, D. G. Truhlar, Validation of electronic structure methods for isomerization
reactions of large organic molecules. Phys. Chem. Chem. Phys. 13, 13683 (2011).

66y, Zhao, D. G. Truhlar, Assessment of density functionals for 7 systems: Energy differences
between cumulenes and poly-ynes; proton affinities, bond length alternation, and torsional
potentials of conjugated polyenes; and proton affinities of conjugated Shiff (sic) bases. J. Phys.
Chem. A 110, 10478—10486 (20006).

87T. Schwabe, An isomeric reaction benchmark set to test if the performance of state-of-the-art
density functionals can be regarded as independent of the external potential. Phys. Chem.
Chem. Phys. 16, 14559 (2014).

68 J. L. Bao, A. Sand, L. Gagliardi, D. G. Truhlar, Correlated-Participating-Orbitals Pair-Density
Functional Method and Application to Multiplet Energy Splittings of Main-Group Divalent
Radicals. J. Chem. Theory Comput. 12, 4274—4283 (2016).

9'S. J. Stoneburner, D. G. Truhlar, L. Gagliardi, MC-PDFT can calculate singlet—triplet splittings
of organic diradicals. J. Chem. Phys. 148, 064108 (2018).

70'S. J. Stoneburner, J. Shen, A. O. Ajala, P. Piecuch, D. G. Truhlar, L. Gagliardi, Systematic
design of active spaces for multi-reference calculations of singlet—triplet gaps of organic
diradicals, with benchmarks against doubly electron-attached coupled-cluster data. J. Chem.
Phys. 147, 164120 (2017).

"I R. Sarkar, P. Loos, M. Boggio-Pasqua, D. Jacquemin, Assessing the Performances of CASPT2
and NEVPT?2 for Vertical Excitation Energies. J. Chem. Theory Comput. 18, 2418—2436
(2022).

2 P. Loos, F. Lipparini, M. Boggio-Pasqua, A. Scemama, D. Jacquemin, A Mountaineering
Strategy to Excited States: Highly Accurate Energies and Benchmarks for Medium Sized
Molecules. J. Chem. Theory Comput. 16, 17111741 (2020).

3 P. Loos, A. Scemama, A. Blondel, Y. Garniron, M. Caffarel, D. Jacquemin, A Mountaineering
Strategy to Excited States: Highly Accurate Reference Energies and Benchmarks. J. Chem.
Theory Comput. 14, 4360—4379 (2018).

"4 ]. Li, C. Geng, T. Weiske, M. Zhou, J. Li, H. Schwarz, Revisiting the Intriguing Electronic
Features of the BeOBeC Carbyne and Some Isomers: A Quantum-Chemical Assessment.
Angew. Chem. Int. Ed. 59, 17261-17265 (2020).

5 L. Chaussy, D. Hagebaum-Reignier, S. Humbel, P. Nava, Accurate computed singlet—triplet
energy differences for cobalt systems: implication for two-state reactivity. Phys. Chem. Chem.
Phys. 24,21841-21852 (2022).

76 G. Drabik, M. Radon, Approaching the complete basis set limit for spin-state energetics of
mononuclear first-row transition metal complexes. J. Chem. Theory Comput. 20, 31993217
(2024).

"7 G. Herzberg, Molecular Spectra and Molecular Structure: I. Spectra of Diatomic Molecules,
Second Edition (Van Nostrand Reinhold, New York, 1950).

8 G. Li Manni, R. K. Carlson, S. Luo, D. Ma, J. Olsen, D. G. Truhlar, L. Gagliardi,
Multiconfiguration Pair-Density Functional Theory. J. Chem. Theory Comput. 10, 3669—3680
(2014).



S-89

7 R. Pandharkar, M. R. Hermes, D. G. Truhlar, L. Gagliardi, A New Mixing of Nonlocal
Exchange and Nonlocal Correlation with Multiconfiguration Pair-Density Functional Theory. J.
Phys. Chem. Lett. 11, 10158—10163 (2020).

80°0. Tishchenko, J. Zheng, D. G. Truhlar, Multireference model chemistries for thermochemical
kinetics. J. Chem. Theory Comput. 4, 1208—1219 (2008).

81 7. A. Pople, Nobel lecture: Quantum chemical models. Rev. Mod. Phys. 71, 1267—1274 (1999).

82J. L. Bao, L. Gagliardi, D. G. Truhlar, Self-interaction error in density functional theory: An

appraisal. J. Phys. Chem. Lett. 9, 2353—2358 (2018).

8 1. Fdez. Galvan, M. Vacher, A. Alavi, C. Angeli, F. Aquilante, J. Autschbach, J. J. Bao, S. L.
Bokarev, N. A. Bogdanov, R. K. Carlson, L. F. Chibotaru, J. Creutzberg, N. Dattani, M. G.
Delcey, S. S. Dong, A. Dreuw, L. Freitag, L. M. Frutos, L. Gagliardi, F. Gendron, A. Giussani,
L. Gonzélez, G. Grell, M. Guo, C. E. Hoyer, M. Johansson, S. Keller, S. Knecht, G. Kovacevi¢,
E. Killman, G. Li Manni, M. Lundberg, Y. Ma, S. Mai, J. P. Malhado, P. A. Malmgqvist, P.
Marquetand, S. A. Mewes, J. Norell, M. Olivucci, M. Oppel, Q. M. Phung, K. Pierloot, F.
Plasser, M. Reiher, A. M. Sand, I. Schapiro, P. Sharma, C. J. Stein, L. K. Sgrensen, D. G.
Truhlar, M. Ugandi, L. Ungur, A. Valentini, S. Vancoillie, V. Veryazov, O. Weser, T. A.
Wesotowski, P. Widmark, S. Wouters, A. Zech, J. P. Zobel, R. Lindh, OpenMolcas: From
Source Code to Insight. J. Chem. Theory Comput. 15, 5925-5964 (2019).

84].]. Bao et al., A developer’s branch of OpenMolcas. GitLab.
https://gitlab.com/qq270814845/OpenMolcas. Accessed January 8 2024.

85 G. Li Manni, I. Fdez. Galvan, A. Alavi, F. Aleotti, F. Aquilante, J. Autschbach, D. Avagliano,
A. Baiardi, J. J. Bao, S. Battaglia, L. Birnoschi, A. Blanco-Gonzilez, S. I. Bokarev, R. Broer, R.
Cacciari, P. B. Calio, R. K. Carlson, R. Carvalho Couto, L. Cerdan, L. F. Chibotaru, N. F.
Chilton, J. R. Church, I. Conti, S. Coriani, J. Cuéllar-Zuquin, R. E. Daoud, N. Dattani, P.
Decleva, C. de Graaf, M. G. Delcey, L. De Vico, W. Dobrautz, S. S. Dong, R. Feng, N. Ferr¢,
M. Filatov(Gulak), L. Gagliardi, M. Garavelli, L. Gonzalez, Y. Guan, M. Guo, M. R.
Hennefarth, M. R. Hermes, C. E. Hoyer, M. Huix-Rotllant, V. K. Jaiswal, A. Kaiser, D. S.
Kaliakin, M. Khamesian, D. S. King, V. Kochetov, M. Kros$nicki, A. A. Kumaar, E. D. Larsson,
S. Lehtola, M. Lepetit, H. Lischka, P. Lopez Rios, M. Lundberg, D. Ma, S. Mai, P. Marquetand,
I. C. D. Merritt, F. Montorsi, M. Morchen, A. Nenov, V. H. A. Nguyen, Y. Nishimoto, M. S.
Oakley, M. Olivucci, M. Oppel, D. Padula, R. Pandharkar, Q. M. Phung, F. Plasser, G. Raggi,
E. Rebolini, M. Reiher, I. Rivalta, D. Roca-Sanjuan, T. Romig, A. A. Safari, A. Sdnchez-
Mansilla, A. M. Sand, I. Schapiro, T. R. Scott, J. Segarra-Marti, F. Segatta, D. Sergentu, P.
Sharma, R. Shepard, Y. Shu, J. K. Staab, T. P. Straatsma, L. K. Segrensen, B. N. C. Tenorio, D.
G. Truhlar, L. Ungur, M. Vacher, V. Veryazov, T. A. Vo3, O. Weser, D. Wu, X. Yang, D.
Yarkony, C. Zhou, J. P. Zobel, R. Lindh, The OpenMolcas Web: A Community-Driven
Approach to Advancing Computational Chemistry. J. Chem. Theory Comput. 19, 6933—6991
(2023).

86 K. Andersson, P. A. Malmgqvist, B. O. Roos, A. J. Sadlej, K. Wolinski, Second-order
perturbation theory with a CASSCF reference function. J. Phys. Chem. 94, 5483—5488 (1990).

87N. Forsberg, P. Malmqvist, Multiconfiguration perturbation theory with imaginary level shift.
Chem. Phys. Lett. 274, 196—204 (1997).

8 G. Ghigo, B. O. Roos, P. Malmqvist, A modified definition of the zeroth-order Hamiltonian in
multiconfigurational perturbation theory (CASPT2). Chem. Phys. Lett. 396, 142—149 (2004).



S-90

8 C. W. Murray, N. C. Handy, G. J. Laming, Quadrature schemes for integrals of density
functional theory. Mol. Phys. 78, 997—1014 (1993).

%0 F. Aquilante, R. Lindh, T. Bondo Pedersen, Unbiased auxiliary basis sets for accurate two-
electron integral approximations. J. Chem. Phys. 127, 114107 (2007).

°L'T. H. Dunning, Gaussian basis sets for use in correlated molecular calculations. I. The atoms
boron through neon and hydrogen. J. Chem. Phys. 90, 1007—1023 (1989).

92 E. Papajak, J. Zheng, X. Xu, H. R. Leverentz, D. G. Truhlar, Perspectives on basis sets
beautiful: Seasonal plantings of diffuse basis functions. J. Chem. Theory Comput. 7,
3027-3034 (2011).

93 F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and quadruple
zeta valence quality for H to Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys.
7, 3297 (2005).

94]. Zheng, X. Xu, D. G. Truhlar, Minimally augmented Karlsruhe basis sets. Theor. Chem. Acc.
128, 295-305 (2011).

%5 N. B. Balabanov, K. A. Peterson, Systematically convergent basis sets for transition metals. 1.
All-electron correlation consistent basis sets for the 3d elements Sc—Zn. J. Chem. Phys. 123,
064107 (2005).

%6 M. Douglas, N. M. Kroll, Quantum electrodynamical corrections to the fine structure of
helium. Ann. Phys. 82, 89—155 (1974).

97 B. A. Hess, Relativistic electronic-structure calculations employing a two-component no-pair
formalism with external-field projection operators. Phys. Rev. A 33, 3742—3748 (1986).

%8 E. Papajak, H. R. Leverentz, J. Zheng, D. G. Truhlar, Efficient Diffuse Basis Sets: cc-pVxZ+
and maug-cc-pVxZ, J. Chem. Theory Comput. §, 1197-1202 (2009).

% N. Schultz, Y. Zhao, and D. G. Truhlar, Benchmarking approximate density functional theory
for s/d excitation energies in 3d transition metal cations. J. Comp. Chem. 29, 185-189 (2008).

190 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. [zmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J.
Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J.
M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O.
Farkas, J. B. Foresman, D. J. Fox, Gaussian 16, RevisionC.01, Gaussian, Inc.: Wallingford, CT,
2016.

0T R, Seeger, J. A. Pople, Self-consistent molecular orbital methods. XVIII. Constraints and
stability in Hartree—Fock theory. J. Chem. Phys. 66, 3045-3050 (1977).

1027, Ansel, E. Yang, H. He, N. Gimelshein, A. Jain, M. Voznesensky, B. Bao, P. Bell, D. Berard,
E. Burovski, G. Chauhan, A. Chourdia, W. Constable, A. Desmaison, Z. DeVito, E. Ellison, W.
Feng, J. Gong, M. Gschwind, B. Hirsh, S. Huang, K. Kalambarkar, L. Kirsch, M. Lazos, M.
Lezcano, Y. Liang, J. Liang, Y. Lu, C. K. Luk, B. Maher, Y. Pan, C. Puhrsch, M. Reso, M.
Saroufim, M. Y. Siraichi, H. Suk, S. Zhang, M. Suo, P. Tillet, X. Zhao, E. Wang, K. Zhou, R.



S-91

Zou, X. Wang, A. Mathews, W. Wen, G. Chanan, P. Wu, S. Chintala, PyTorch 2: Faster
Machine Learning Through Dynamic Python Bytecode Transformation and Graph
Compilation, in Advances in Neural Information Processing Systems 32 (Curran Associates,
Inc., 2019), pp. 8024—8035.

103 C, R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers, P. Virtanen, D. Cournapeau, E.
Wieser, J. Taylor, S. Berg, N. J. Smith, R. Kern, M. Picus, S. Hoyer, M. H. van Kerkwijk, M.
Brett, A. Haldane, J. F. del Rio, M. Wiebe, P. Peterson, P. Gérard-Marchant, K. Sheppard, T.
Reddy, W. Weckesser, H. Abbasi, C. Gohlke, T. E. Oliphant, Array programming with NumPy.
Nature 585, 357-362 (2020).

194 The pandas development team. Pandas-Dev/Pandas: Pandas. Zenodo.
https://doi.org/10.5281/ZENODO.3509134.

195 C. G. Broyden, The convergence of a class of double-rank minimization algorithms. IMA J.
Appl. Math 6,222-231 (1970).

196 R. Fletcher, A new approach to variable metric algorithms. Comput. J. 13, 317-322 (1970).

197D, Goldfarb, A family of variable-metric methods derived by variational means. Math. Comp.
24,23-26 (1970).

198 D, F. Shanno, Conditioning of quasi-Newton methods for function minimization. Math.
Comp. 24, 647-656 (1970).

1097, A. Nelder, R. Mead, A simplex method for function minimization. Comput. J. 7, 308313
(1965).

0P, Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau, E.

Burovski, P. Peterson, W. Weckesser, J. Bright, S. J. van der Walt, M. Brett, J. Wilson, K. J.

Millman, N. Mayorov, A. R. J. Nelson, E. Jones, R. Kern, E. Larson, C. J. Carey, I. Polat, Y.

Feng, E. W. Moore, J. VanderPlas, D. Laxalde, J. Perktold, R. Cimrman, I. Henriksen, E. A.

Quintero, C. R. Harris, A. M. Archibald, A. H. Ribeiro, F. Pedregosa, P. van Mulbregt, A.

Vijaykumar, A. P. Bardelli, A. Rothberg, A. Hilboll, A. Kloeckner, A. Scopatz, A. Lee, A. Rokem,

C. N. Woods, C. Fulton, C. Masson, C. Haggstrom, C. Fitzgerald, D. A. Nicholson, D. R. Hagen,

D. V. Pasechnik, E. Olivetti, E. Martin, E. Wieser, F. Silva, F. Lenders, F. Wilhelm, G. Young, G.

A. Price, G. Ingold, G. E. Allen, G. R. Lee, H. Audren, 1. Probst, J. P. Dietrich, J. Silterra, J. T.

Webber, J. Slavi¢, J. Nothman, J. Buchner, J. Kulick, J. L. Schonberger, J. V. de Miranda

Cardoso, J. Reimer, J. Harrington, J. L. C. Rodriguez, J. Nunez-Iglesias, J. Kuczynski, K. Tritz,

M. Thoma, M. Newville, M. Kiimmerer, M. Bolingbroke, M. Tartre, M. Pak, N. J. Smith, N.

Nowaczyk, N. Shebanov, O. Pavlyk, P. A. Brodtkorb, P. Lee, R. T. McGibbon, R. Feldbauer, S.

Lewis, S. Tygier, S. Sievert, S. Vigna, S. Peterson, S. More, T. Pudlik, T. Oshima, T. J. Pingel, T.

P. Robitaille, T. Spura, T. R. Jones, T. Cera, T. Leslie, T. Zito, T. Krauss, U. Upadhyay, Y. O.

Halchenko, Y. Vazquez-Baeza, SciPy 1.0: fundamental algorithms for scientific computing in

Python. Nat. Methods 17, 261-272 (2020).

I C, Willmott, K. Matsuura, Advantages of the mean absolute error (MAE) over the root mean

square error (RMSE) in assessing average model performance. Clim. Res. 30, 79—82 (2005).

12°p_J. Huber, E. M. Ronchetti, Robust Statistics (John Wiley & Sons, Hoboken, NJ, 2009).

1137, J. Bao, D. Zhang, S. Zhang, L. Gagliardi, D. G. Truhlar, Data Set for the Development and

Testing of the MC23 Nonclassical-Energy Functional. Zenodo.

https://doi.org/10.5281/ZENODQ.10724675. Deposited 20 September 2024.



