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Abstract. The ability of Kohn-Sham density functional theory (KS-DFT) to accurately predict
various types of electronic excitation energies with (necessarily approximate) exchange-correlation
functionals faces several challenges. Chief among these is that valence excitations are usually
inherently multiconfigurational and therefore best treated by functionals with local exchange,
whereas Rydberg and charge transfer excitations are often better treated with nonlocal exchange.
The question arises of whether one can optimize a functional such that all three kinds of excitations
(valence, Rydberg, and charge transfer — including long-range charge transfer) are treated in a
balanced and accurate way. The goal of the present work is to try to answer that question and then
to optimize a functional with the best possible balanced behavior. Of the variety of functional types
available, we select range-separated hybrid meta functionals because (i) range separation allows the
percentage of Hartree—Fock (HF) exchange to change with interelectronic separation, and therefore,
one can have 100% HF exchange at large interelectronic separations, which gives good
performance for long-range charge-transfer excitations, while the range separation allows one to
simultaneously have smaller values of HF exchange at small and intermediate inter-electronic
separations, which give good performance for valence and Rydberg excitations and (ii) meta
functionals allow one to obtain better accuracy with high HF exchange than is possible with
functionals whose local part depends only on spin densities and their gradients. This work starts
with the range-separated hybrid meta functional, M11, and re-optimizes it (with stronger
smoothness restraints) against electronic excitation energies and ground-state properties to obtain a
new functional called revM11 that gives good performance for all three types of electronic
excitations and at the same time gives very good predictions across-the-board for ground-state
properties.






1. Introduction
Kohn-Sham density functional theory (DFT)! was originally proposed using local exchange-
correlation functionals, but later on hybrid functionals including some percentage of nonlocal
Hartree-Fock (HF) exchange were found to have several advantages.? The first successful
functionals combining a portion of HF exchange with local DFT were proposed by Becke in
1993 .34 Very soon hybrid functionals became widely used in chemistry, and the improvement in
accuracy is especially pronounced for barrier heights, excitation energies, and charge transfer.’
Becke originally justified the admixture of HF exchange and local exchange by the adiabatic
connection, and later it was justified more fundamentally as the generalized Kohn-Sham scheme.¢
There is more than one way to mix HF exchange with local DFT. The original approach
involved substituting a percentage of local exchange by the same percentage of HF exchange, with
the percentage (which we label as X) independent of interelectronic separation; this yields what is
called a global hybrid functional. More generally the percentage can vary with interelectronic
separation, and functionals with this feature are called range separated or local hybrids. Five kinds
of functionals fall in this category: (i) long-range corrected functionals for which the percentage of
HF exchange increases monotonically with interelectronic separation up to 100%, (ii) Coulomb-
attenuated functionals in which the percentage of HF exchange increases monotonically with
interelectronic separation but not all the way up to 100%, (iii) screened hybrid functionals for
which the percentage of HF exchange decreases monotonically with interelectronic separation and
goes down to 0%, (iv) multi-range hybrid functionals in which the percentage of HF exchange is a
nonmonotonic function of interelectronic separation, and (v) local hybrid functionals for which HF
exchange changes with interelectronic separation in a way defined by a local mixing function.
(References for types i—iv are given in Section 5, and a review of functionals of type v is
available.”) Long-range-corrected functionals are particularly well suited to our present goal
because some properties — most importantly long-range charge transfer excitations — are only
predicted even qualitatively correctly with functionals having 100% HF exchange at long range.
However, functionals with 100% HF exchange at long range often show deterioration of accuracy
for other kinds of electronic transitions. This is part of a general difficulty of achieving across-the-
board good performance for excitation energies because improving a functional for one type of
excitation can worsen it for other types. For example, high HF exchange usually improves long-
range charge-transfer excitations but at the same time it can worsen short-range charge-transfer

excitations by overestimating it and can worsen valence excitation energies by increasing static



correlation error, which is more important for valence states because they are usually inherently
multiconfigurational.

The primary goal of the work reported here is the design of a long-range corrected hybrid
density functional with the objective of obtaining reasonably good performance for all three types
of electronic excitations — valence, Rydberg, and charge transfer — and within charge transfer for
both short-range and long-range charge-transfer excitations. Furthermore, within the latitude
allowed by satisfying this primary objective, we want the functional to be as good as possible for as
many ground-state properties as possible.

The long-range corrected density functional M11® has 42.8% HF exchange at short
interelectronic separation and 100% HF exchange at long interelectronic separation (i.e., X
increases from 42.8 to 100 as the interelectronic distance increases), and the range separation
parameter, ®, which gives the rate at which HF exchange increases with distance (it is defined
more precisely below) has a value of 0.25 ao™!, where ao denotes a bohr (1 ap = 0.529177 A). The
MI11 functional form with these parameters for HF exchange has been successfully used for
treating electronic excitation energies of both organic and inorganic molecules and ground-state
properties; however, it has larger than desirable errors in certain cases, in particular, for long-range
charge-transfer excitations where the overlap of density between the orbitals participating in the
excitation is negligible or zero. Because the M11 functional has already been shown to be good for
most of the excitation types, we use it as a starting point to obtain a balanced treatment for all types
of excitation energies. We revise the M11 functional by optimizing X and ® along with other
parameters of the M11 functional form to obtain improved ground-state properties and excitation
energies of molecules — this revised functional is called revM11. We optimize revM11 for
molecules, but not for solids. We do not attempt to optimize revM11 for solids because calculations
with long-range corrected functionals are very expensive in plane wave codes, and therefore, this
kind of functional form is not a favored choice for calculations on solids.

The curation of databases is a central component in our method for optimization and testing of
density functionals. We put diverse data in the databases to facilitate the broad testing of new and
existing functionals. One example of diversity is that the database should contain both weakly
correlated species, which are molecules or transition states for which a single configuration state
function makes a good zero-order reference wave function, and strongly correlated species, which

are molecules or transition states that are only well described, even in zero-order, by using two or



more configuration state functions. These two classes of species will be respectively called single-
reference (SR) species and multireference (MR) species; MR species are also called inherently
multiconfigurational.

In the present work, not only do we optimize the new revM11 functional, but also, we compare
its performance to the performance of various popular local, global hybrid, and range-separated
hybrid density functionals on databases with SR and MR species, with ground-state and excited-
state molecular properties, and with energetic and geometric properties of molecules.

This article is organized as follows. Section 2 presents the training and test databases used in
this work. Section 3 gives the basis sets used for all the databases. Section 4 gives the
computational details. Section 5 gives the functionals tested for comparison. Section 6 presents the
revM11 functional form. Section 7 presents the optimization scheme for the revM11 functional.
Section 8 gives the newly optimized parameters. Section 9 presents the performance of the revM 11
functional and other density functionals tested in this work. In Section 10 we attempt a
comprehensive ranking, in Section 11 we discuss other possible strategies for optimizing density

functionals, and Section 12 gives concluding remarks.

2. Databases

Our databases of reference values of chemical properties are composed of a combination
experimental data and — especially where accurate experimental data is not available — of
benchmark-quality theoretical data. The quality of a database is limited by the accuracy of this data.
We and other coworkers have developed several databases and updating the reference values with
more accurate values has been an ongoing process.

Our databases have been organized into many subdatabases>? 101 LIZ I3 1415161718 (the
subdatabases are referred to as both databases and subdatabases, depending on the context). In the
present work, we use subdatabases that were used in our recent work (Database 2018'®) plus
additional subdatabases that mainly have excitation energy (EE) data. This updated compilation is
referred to as Database 2019. Table 1 lists the databases that we have used in our recent past work

and the references>!4!5-16:17.18,19

where they were presented; the last line of the table refers to the
database used in the present work, which is called Database 2019, developed as part of the present

work.



Database 2019 has two main components: training set and additional test data; the former has
31 subdatabases and the latter has 25 subdatabases. Both the training and additional test data are

divided into ground-state properties and excitation energies.

Table 1. Databases used in some of our recent and present work.

Name Description” Reference”
Common Database 2.0 CE345 + PE39 + CS20 + PS47 review >
Database 2015 Reorganized old and new data GAM!™
Database 2017 Database 2015 + more data revMO06-L!7
Database 2018 Database 2017 + nine databases from Ref. 19 revMO06'®
Database 2019 Database 2018 + more data present work

“The subdatabases are explained in the references.
bThis column provides references for the paper in which the entire database was first reported. The
interested reader should see these papers and older papers cited therein for more complete explanations.

2.1 Database 2019 — data used for training as well as testing
The 31 subdatabases of Database 2019 that are used for training the new functional are given in
Table 2. These subdatabases comprise data only of molecules and ions, and they include energetic
data, and geometric data for ground states and also excitation energies. Some of the ground-state
properties databases are labeled as SR or MR depending on diagnostic tests performed with the B
diagnostic.?’ Some of the ground state properties are labeled BE or AE depending on whether we
calculate bond energy or atomization energy. The bond energies involve breaking of specific
bonds, while atomization energies involve breaking of all the bonds. For the AE databases, the
atomization energy of each molecule is divided by the number of bonds, so the error actually refers
to the average bond energy; for this purpose, double and triple bonds are counted as one bond.

Three of the excited-state databases (3dEES, 4dAEES, and pAEES) involve excitation energies
calculated using the ASCF method; the other two (EE23 and LRCTEEDY) involve time-dependent
DFT with linear-response approximation.

We added Fe> dimer to 3dAEE7 database in a previous work,!> and the combined database is
called 3dEES. Seven of the excitations in the 3dEE8 database involve a change in spin multiplicity,
but one datum — that for the Ca* ion — does not involve a change in spin multiplicity but rather

involves 3s — 3d excitation.



Table 2. Subset of Database 2019 used for both training and testing

Inverse
Database” Description ) Reference®

weight
Ground-state energies
SR-MGM-BES Single-reference main-group metal bond energies 12.0 14,21,22
SR-MGN-BE107  Single-reference main-group non-metal bond energies 0.04 14,23
SR-TM-BE15 Single-reference transition-metal bond energies 0.45 14,22,24,25
MR-MGM-BE4  Multi-reference main-group metal bond energies 0.40 14,21
MR-MGN-BE17  Multi-reference main-group non-metal bond energies 0.80 14
MR-TM-BE12 Multi-reference transition-metal bond energies 4.40 14,22,25
MR-TMD-BE3 Multi-reference transition-metal dimer bond energies 1.30 14,26
HTBH38/18 Hydrogen transfer barrier heights (38 data) 0.10 5,27,28
NHTBH38/18 Non-hydrogen transfer barrier heights (38 data) 0.10 5,14,27,28
NCCE30/18 Noncovalent complexation energies (30 data) 0.048 5,11,12,

14,29,30,31,32

NGD21/18 Noble gas dimer weak interactions (21 data) 0.01 5,14,33
S6x6 Subset of S66x8 — described in Table 3 (36 data) 0.02 34
P23 Ionization potentials 0.40 35,36
EA13/03 Electron affinities (13 data) 0.12 5
PAS Proton affinities 0.20 5,37
2plsoE4 Isomerization energies involving atoms of the 2p block 12.0 38
4plsoE4 4p isomerization energies 12.0 38
IsoL6/11 Isomerization energies of large molecules (6 data) 0.40 39
nTC13 Thermochemistry of  systems 12.0 37,40,41
AE17 Atomic energies 12.0 42
HC7/11 Hydrocarbon chemistry (7 data) 0.23 43
SMAE3/19¢ Sulfur molecules atomization energies (3 data) 1.00 44,45,46
DC9/19¢ Difficult cases (9 data) 1.00 47
ABDEI13 Alkyl bond dissociation energies 12.0 16
Ground-state bond lengths
DGL6 Bond lengths for diatoms with light atoms 0.01 5,14
DGH4 Bond lengths for diatoms with one or more nonhydrogenic atom 0.01 48,49
Excitation energies calculated by ASCF
3dEES Excitation energies of 3d transition-metal atoms and Fe» 0.30 21,26,36
4dAEES 4d transition-metal atomic excitation energies 5.00 50
pAEES p-block atomic excitation energies 12.0 51
Excitation energies calculated by LR-TDDFT
EE23 Excitation energies of molecules NAE 11,52,53,54,55,56
LRCTEE9 Excitation energies of long-range charge transfer complexes NAE 57

“When not stated otherwise, the number of data is given by the number ending the database name.

PInverse weight is the reciprocal of the weight used with each database in the training function F'
defined by equation 3 in Section 7. Its unit is kcal/mol for databases with energies and A for databases
with geometries.

“References for reference data, which means geometries and reference values.

9For the SMAE3/19 database, the error for each of the three molecules has been divided by the
number of bonds. Division of the error by the number of bonds was not done in our previous work
that presented the SMAE3 database.



“For the P4O19 — P4 + 50 reaction in the DC9 database, the error was divided by the net number of
bonds being broken (equals 5), which is defined as the difference between the number of bonds being

made and the number of bonds being broken. Therefore, in this work we renamed DC9/18 to
DC9/19.
/Furan and hexatriene geometries are from Ref. 54. Water geometry is from Ref. 11. B-TCNE

geometry is from Ref. 53. Geometries of the other 14 of the 18 molecules in the EE23 database are
from Ref. 56.

ENA = Not applicable

2.2 Database 2019 — additional test data

The 25 subdatabases of Database 2019 that are used for further testing of the new density
functional and for comparison to results obtained with other density functionals are given in Table
3. The ground-state properties included in these tests are bond energies, ionization potentials,
barrier heights, self-interaction error, noncovalent interactions energies and potential energy curves,
bond lengths, dipole moments, and delocalization error. The excitation energies include valence
excitations, Rydberg excitations, and intramolecular and intermolecular charge-transfer excitations.
We include appreciable diversity in the excited-state databases by considering both atoms and
molecules, by considering both organic and inorganic molecules, by considering both vertical and
adiabatic valence excitations, and by considering both short-range and long-range intermolecular

charge-transfer excitations.

Table 3. Additional test data in Database 2019

Database”  Description Ref.?
Ground-state energies

Al2X6 Dimerization energies of aluminum compounds 19
BHDIV10 Barrier heights of diverse reactions 19
BHPERI26  Barrier heights of pericyclic reactions 19
BHROT27  Barrier heights for rotation around single bonds 19
DIPCS10 Double-ionization potentials of closed-shell systems 19
HeavySB11 Dissociation energies in heavy-element compounds 19

PX13 Proton-exchange barriers in H,O, NH3, HF clusters 19
SIE4x4 Self-interaction-error (16 data) 19
YBDEIS Ylide bond-dissociation energy 19,58
S492 Subset of S66x8 for noncovalent interaction energies by removing S6x6° 34
TMBH22 Transition-metal reaction barrier heights of Mo, W, Zr, and Re reactions 59,60,61
WCCR10 Ligand dissociation energies of large cationic transition-metal complexes 62,63
ASNC2 Atmospheric sulfur-nitrogen cluster binding energies 64
Ground-state dipole moments

DM79 Dipole moments 65,66, NIST

Ground-state noncovalent potential energy curves




PEC4 Potential energy curves of Ary, Ky, KrHe, Ne» (4 curves) 67

Ground-state bond lengths

Transition state geometries (16 transition structures with 3 distances for

TSG48 68
each)

MGBL193¢ Bond lengths of main-group compounds 69

TMDBL10  Transition-metal dimer bond lengths 70

Test of ground-state delocalization error

NaCl Charge on Na in NaCl at 10 A interatomic separation (1 datum) NA¢

Excitation energies calculated by LR-TDDFT

EEAI1 Excitation energies of atoms 71

AEEL1S5 Adiabatic excitation energies of molecules 72

EEAroT5 Excitation energies of aromatic molecule complexes with TCNE 53

EE69 Excitation energies of organic molecules (30 valence + 39 Rydberg states) 73

EERS5 Excitation energies of retinal and dihydroretinal 74,75

LRCTEE2  Excitation energies of long-range charge transfer complexes 57

“When not stated otherwise, the number of data is given by the number ending the database name.

bReferences for reference data, which means geometries and reference values.

“The S66x8 database consists of interaction energies that are especially relevant to biomolecular
structures. The S66x8 has 528 data, and we divided it in various ways: Division 1 is into the S6x6
subset, which is in Table 2 (used for training), and the remaining 492 data, called S492. The
second division is into S66, which contains 66 data at equilibrium internuclear separations of the
complexes and S462, which contains the data at nonequilibrium geometries; S66 is then divided
into DD23, HB23, and Mix20. The third division is into S6x6, S66, and data remaining after data
in those subdatabases are removed; because six data occur in both S66 and S6x6, the remaining
number of data is 432, and the database containing these data is called S432.

9The SE47 database was presented in Ref. 16; it has 193 bond lengths of 47 semi-experimental
(SE) equilibrium structures taken from Ref. 69, and it is here renamed as MGBL193 to conform to
our conventions for naming subdatabases.

“NA = Not applicable

3. Basis sets

The basis sets used with each database are given in Table 4. To evaluate the performance of density
functionals on a given database, the same basis set is used with all the functionals. Most of the
basis sets of Table 4 are the same as those used in our previous work,!*!>16:17-18 byt for some of

them, changes were made, and the complete updated list is provided in Table 4.
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Table 4. The basis sets used and the type of calculation performed (optimization versus single-
point calculation) on each database.

Database Type” System or subdatabase” Basis set(s)”

Database 2019 — ground-state properties used for training

SR-MGM-BES SP AICI, AICl3, AlF3, ZnSe, ZnCl def2-QZVP’®;
KOH Feller's CVQZ (K), jun-cc-pV(Q+d)Z"""87 (0),
aug-cc-pVQZ (H);
NaO cc-pCVQZ (Na), jun-cc-pV(Q+d)Z (O);
LiCl cc-pCVQZ (Li), jun-cc-pV(Q+d)Z (Cl)
SR-MGN-BE107  SP all MG3S¥
MR-MGM-BE4 SP all cc-pCVQZ (metal), aug-cc-pCVQZ (non-metal)
MR-MGN-BE17 SP all MG3S
SR-TM-BE15¢ SP 3dSRBE4 def2-TZVP (metal), ma-TZVP (non-metal);
SRMBES def2-TZVP;
PdBE2 SDD-2fg (Pd), cc-pVTZ (non-metal);
FeCl aug-pwCVTZ (Fe), aug-pVTZ (Cl)
MR-TM-BE12¢ SP CuCl, NiCl, VO aug-cc-pwCVTZ (metal), aug-cc-pVTZ (non-metal);
3dMRBE6 def2-TZVP (metal), ma-TZVP (non-metal);
MRBE3 def2-TZVP
MR-TMD-BE3 SP V2, Cr2 def2-TZVP;
Fe def2-QZVP
HTBH38/18 SP all MG3S
NHTBH38/18 SP all MG3S
NCCE30/18 SP all MG3S
NGD21/18 SP all aug-cc-pvVQZ
4plsoE4 SP all cc-pvVQZ
2plsoE4 SP all cc-pvVQZ
IsoL6/11 SP all MG3SXP¥!
nTC13 SP all MG3S
HC7/11 SP all 6-311+G(2df,2p)
EA13/03 SP all MG3S
PAS SP all MG3S
1P23 SP  Co, Cr, Cu, Mo, Pd, Rh, Ru, Sc, Zn cc-pVTZ-DK;*
FeC SDD+2fg (Fe),** def2-QZVPP (C);™
rest MG3S
AE17 SP H, He cc-pV5SZ;
rest cc-pwCVS5Z
SMAE3/19 SP all MG3S
DC9/19 SP all MG3S
DGL6 Opt all 6-311+G(2df,2p)**
DGH4 Opt ZnS B2 basis (Zn),* aug-cc-pVQZ (S);*%7
HBr aug-cc-pVQZ (H), jun-cc-pVQZ (Br);**7”
NaBr cc-pCVQZ (Na),* jun-cc-pVQZ (Br);
Ag jun-cc-pVTZ-PP (Ag)’™*"
S6x6 SP all def2-QZVP
ABDEI3 SP all ma-TZVP®'!
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Database 2019 — excitation energies used for training

3dEES SP Ca" cc-pCVQZ;
Fe, def2-QZVP;

Fe, Mn", Ni*, Sc, V, Zn cc-pVQZ-DK
4dAEES SP all cc-pVTZ-DK
pAEE5 SP Al C%, Sit cc-pVQZ-DK;

F, Ar d-aug-cc-pVQZ-DK?¢
EE23 SP water aug-cc-pVTZ;¥’
B-TCNE aug-cc-pVDZ;¥
DMABN, pNA 6-31+G**;%?
rest jul-cc-pVTZ¥"7
LRCTEE9 SP all jul-cc-pVTZ
Database 2019 — additional test data — ground-state properties
AI2X6 SP all def2-QZVP
BHDIV10 SP all def2-QZVP
BHPERI26 SP all def2-QZVP
BHROT27 SP all def2-QZVP
DIPCS10 SP all def2-QZVP
HeavySB11 SP all def2-QZVP
PX13 SP all def2-QZVP
SIE4x4 SP all def2-QZVP
YBDEI18 SP all def2-QZVP
S66x8 SP all def2-QZVP
MGBL193 Opt all aug-cc-pVTZ
TMBH22 SP all cc-pVQZ (B,C,H,0O,N,Br), cc-pV(Q+d)Z (S,P,Cl), cc-
pVQZ-PP (W,Mo,Re,Zr)
WCCR10 SP all def2-QZVPP
TSG48 Opt all MG3S
TMDBL10 Opt all def2-QZVP
DM79 Opt all def2-QZVP
PEC4 SP all aug-cc-pvVQZ
ASNC2 SP all MG3S
NaCl SP all aug-cc-pVQZ (Na), aug-cc-pV(Q+d)Z (C)
Database 2019 — additional test data — excitation energies
EEAI11 SP Li, Be, Na, Mg, K def2-QZVP;
H, He, B, Ne, Al, Ar aug_cc-pVQZS6’87=f
AEE15 SP all def2-TZVP
EEAroTS5 SP all cc-pVDZ
EE69 SP all 6-31(2+,2+)G(d,p)*
EERS SP all 6-31++G(d,p)
LRCTEE2 SP CoHs-CoFy aug-cc-pVDZ;
Fy---NH3 6-31+G**

“Opt indicates optimizations, and SP indicates single-point energy calculations.

PSee the SI for complete lists of systems in each subdatabase.

“References for basis sets are specified at the first mention of each basis set.

9The subdatabases of the SR-TM-BE15 database are as follows. The 3dSRBE4
subdatabase contains CrCl,, MnF,, FeCl,, and CoCl,, the SRMBES subdatabase
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contains Ags, AgH, CrCH3", Cuz, CuAg, Cu(H20)", VCO", and Zr», and the
PdBE2 subdatabase contains Pd(PH3)>—CsHs and Pd(PH3)>2—CioH12-b.
°The subdatabases of the MR-TM-BE12 database are as follows. The 3dMRBE6

subdatabase contains TiCl, VFs, CrCIl, CrOF, (FeBr2)2, and Co(CO)s+H and the
MRBE3 subdatabase contains NiCH»", Fe(CO)s, and VS.

/The basis sets for atomic Rydberg states are the same as in Ref. 71; it is shown

there that using double augmentation for Rydberg states would make the results
worse.

4. Computational details

Software. All calculations presented in this work were performed using Gaussian 09,°* Gaussian
16,”° or Minnesota—Gaussian Functional Module®® (MN-GFMG6.10), which is a locally modified
version of Gaussian 09.

Grids. The UltraFine grid, which is a pruned (99, 590) grid with 99 radial shells and 590
angular points per shell, was used for most of the calculations. For two cases, namely M11 and
MN12-SX calculations on SH3* in the MGBL193 database, a finer grid (—-96032) was used.

Stability. The stability of the wave function was checked for all the databases in the training set
of Database 2019 (both during and after optimization) except for EE23 and LRCTEE9 and for the
ground-state databases of the additional test data of Database 2019, and if the wave function was
found to be unstable, it was further optimized until it converged to a minimum-energy stationary
point.

Geometries. Calculations on all the databases were single-point calculations except for the
geometry databases and the dipole moment database — those were consistently optimized with each
functional. The geometries used for the single-point calculations may be found in the references
given in Tables 2 and 3.

Zero-point energy. For ground-state properties, all the energies calculated in this work are
Born—Oppenheimer energies (total electronic energy including nuclear repulsion at a fixed
geometry) and do not include zero-point vibrational energy (ZPVE). Hence, for reference data that
are obtained from experiments, zero-point vibrational energy and thermal contributions due to
vibrational and rotational energies were removed, if present. Among excited-state properties
databases, only the AEE15 database includes ZPVE. For this database, the ZPVE values for the
ground-state and excited-state structures were obtained using B3LYP in Ref. 72, and these values

are used in this work for all density functionals.
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Spin-orbit coupling. For databases in the training set of Database 2019 with experimental
reference values, we compare calculated values to experimental values by adding spin-orbit
coupling (SOC) to the calculated values. For the additional test data of Database 2019 and when the
reference values were from high-level theoretical calculations without SOC, we omitted SOC in the
density functional calculations. The databases for which SOC was added to at least one species (in
a reaction database this can be reactant(s) and/or the product(s)) are SR-MGM-BES, SR-MGN-
BE107, SR-TM-BE15, MR-MGM-BE4, MR-MGN-BE17, MR-TM-BE12, MR-TMD-BE3, 1P23,
EA13/03, 3dAEES, 4dAEES, pEES, DC9/19, DGL6, and SMAE3/19. See page S-11 of the
Supporting Information of Ref. 18 for further discussion of spin-orbit energies and see Table S19
of that Supporting Information for SOC values of the species involved in these databases.

AEI17. The AE17 database is a special case and is an exception to our usual procedure. Whereas
the reference data in all other databases are best estimates of electronic energies, including
relativistic effects (which are always present in experimental data), the reference values in
the AE17 database are best estimates of absolute nonrelativistic atomic energies. They were
obtained*! by removing relativistic effects from experimental ionization potentials. Thus, our
comparisons to this data are entirely nonrelativistic — no spin-orbit energy and no scalar relativistic
effects.

Scalar relativistic effects. Most of the calculations tested in this work are nonrelativistic
calculations. When scalar relativistic effects are included, it is done either by using relativistic
effective core potentials for heavy elements or by using all-election calculations with the second-
order Douglas—Kroll-Hess (DKH) method.”” When the DKH Hamiltonian is used, one must use
basis sets specially developed for this purpose; such basis sets have a suffix “~DK” in Table 4. The
databases for which relativistic effects were taken into consideration for one or more species in the
database by using the DKH Hamiltonian and DK basis sets are: [P23, 3dAEES, 4dAEES, and
pEES. The databases (and species or atoms) for which relativistic effects were taken into
consideration for one or more species in the database by using relativistic effective core potentials
are SR-TM-BE15 (Pd), IP23 (Fe), DGH4 (Zn, Ag), TMBH22 (W, Mo, Re, Zr), WCCR10 (Ru, Pd,
Ag, Pt, Au), TMDBL10 (Pd, Ag, Pt, Au), and DM79 (Rb, Sr, Y, Zr, 1, La, Hf, TI, Pb).

Excited states. There are three types of excited-state energy calculations in this work. The first
type is ASCF, in which method the excitation energy is the difference in the energies of ground-
state and excited-state SCF calculations, where both states are converged to a stable solution; this

method is limited to cases where the ground and excited states have different symmetries. The
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excitation energies for the 3dEES, 4dAEES, and pAEES databases are calculated using the ASCF
method, which involves performing two SCF calculations (one for the ground state and another one
for the excited state) and taking the energy difference of the ground state and the excited state to be
the excitation energy. In the second type, we do linear-response time-dependent DFT (LR-TDDFT)
calculations, wherein vertical excitation energy for the desired state is obtained. Note that stability
check was not performed with LR-TDDFT calculations. All the excitation energies for the EE23
and LRCTEEY databases in the training set and the EEA11, EEAroT5, EE69, EER2, and
LRCTEE2 databases in the additional test data of Database 2019 were treated using LR-TDDFT.
The third type of calculation yields adiabatic excitation energies. The adiabatic excitation energies
of AEE15 for the desired state were obtained by adding three quantities: (a) the energy difference
between excited-state and ground-state structures (with structures obtained by B3LYP in Ref. 72),
(b) the energy difference between the ZPVE values of the excited-state and ground-state structures,
and (c) LR-TDDFT vertical excitation energy on the excited-state structure.

Solvent effect. Almost all of the reference data is gas-phase data. There is one exception. For
one of the complexes of EEAroTS5, anthracene-TCNE, the experimental value is in solution phase,
and we estimated the solution-phase result by subtracting 0.32 €V from our calculated values.

Counterpoise correction. No counterpoise corrections were used in any of the calculations of

this paper.

5. Exchange—correlation functionals tested for comparison
Because revM11 is a range-separated hybrid functional, in this work, we compare the performance
of revM11 to ten previously published range-separated hybrid functionals. These include

e screened-exchange functionals (HSE06,%%%° N12-SX,!%° and MN12-SX!%) for which the
percentage X of HF exchange decreases monotonically from a finite value at short
interelectronic separations to zero at long interelectronic separations,

e middle-range functional (HISS!%!-192) for which X increases from zero to a finite value at
medium interelectronic separations and then decreases to zero at long interelectronic
separations, and

e long-range corrected functionals (M11, LC-oPBE,!** ®B97,!** ®B97X,!** and ®B97X-
D!%) for which X increases monotonically from zero or a finite value at short

interelectronic separations to 100% at long interelectronic separations.



e the CAM-B3LYP'® functional, for which X increases monotonically with increase in

interelectronic separation, but not all the way up to 100% at long interelectronic

separations.

Besides range-separated hybrid functionals, we also compare the performance of revM11 to
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popular local functionals (PBE,!*” BLYP,!%:10° TPSS, 1% and M06-L*!) and popular global hybrid

functionals (B3LYP,!!! PBEO0,!'? M06,'3 and M06-2X'%). Additionally, four recently developed
functionals, two of which are local (MN15-L and revM06-L) and two of which are global hybrids
(MN15 and revM06), are also tested. All the functionals tested in this work are listed in Table 5

along with their type and percentage of HF exchange.

Note that all functionals in the present tests have local correlation. The hybrid functionals have

nonlocal exchange, and the non-hybrid functionals are completely local. (Note that some

researchers use the word “semilocal” where we and many other chemists use “local”.
y

Table 5. Exchange—correlation functionals tested in this work.

Type“ Functional X [o]® Reference(s)  Year

GGA BLYP 0 108,109 1988

PBE 0 107 1996

meta-GGA TPSS 0 110 2002
MO6-L 0 41 2006

revMO06-L 0 17 2017

meta-NGA MNI15-L 0 15 2016
global hybrid GGA B3LYP 20 111 1993
PBEO 25 112 1996

global hybrid meta-GGA MO06 27 13 2008
MO06-2X 54 13 2008

revMO06 40.41 18 2018

global hybrid meta-NGA MN15 44 16 2016
RS hybrid® CAM-B3LYP 19-65 106 2004
HSEO06 25-0 98,99 2006

LC-oPBE 0-100 [0.4] 103 2006

HISS 0-60-0 101,102 2007

®B97 0-100 [0.4] 104 2008

®B97X 15.7706-100 [0.3] 104 2008

®B97X-D 22.2036-100 [0.2] 105 2008

M11 42.8-100 [0.25] 8 2011

N12-SX 25-0 100 2012

MN12-SX 25-0 100 2012

revM11 22.5-100 [0.40] this work 2018
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“GGA = generalized-gradient approximation; meta-GGA = GGA plus local kinetic energy
density; meta-NGA = nonseparable gradient approximation plus local kinetic energy density;
hybrid-GGA = GGA plus some percentage of nonlocal HF exchange; hybrid-meta-GGA = GGA
plus local kinetic energy density and some percentage of nonlocal HF exchange; hybrid-meta-
NGA = NGA with local kinetic energy density and some percentage of nonlocal HF exchange;
RS = range-separated

bX is the percentage of Hartree—Fock exchange. A single value indicates a local functional if X =0
or a global hybrid if X # 0; a range with two values indicates X at short and long interelectronic
separations (in that order); and a range with three values indicates X at short, medium, and long
interelectronic separations. For long-range-corrected functionals, we also list the range parameter
®, which has units of ag™!, where 1 ap = 1 bohr = 0.529177 A.

6. The revM11 functional
The revM 11 functional is obtained by reoptimizing the M 11 functional® with the following
differences: (i) we optimized the nonlinear range parameters mainly by using the excited-state
databases of the training set of Database 2019; (ii) we optimized the linear parameters mainly by
using the ground-state databases of the training set of Database 2019, which is larger and more
diverse than the database used for M11, (iii) we added smoothness restraints, and (iv) we deleted
some higher-order terms that did not contribute significantly to the accuracy.

The equations that describe the revM11 functional are the same as the equations of M11 with
the exception already mentioned that some terms are dropped. Since the original M11 functional
form is fully described in a previous paper,® here we simply review the key elements. The

functional form of the revM11 exchange-correlation functional may be separated into three terms:

X X - -
E;glel — (FOO) E,]C_IF + (1 _ F00) (E,%R HF E;’R relel) + Egelel (1)

where EXF is the full-range nonlocal Hartree-Fock exchange, and both the local exchange
ESR-TevM1L and the local correlation EF®VM11 depend on the spin-specific densities (i.e., the up-spin

density p, and the down-spin density pg), their gradients, and the spin-specific kinetic energy
densities (z5), with ¢ = a or f3.
The local exchange term consists of the short-range revM11 exchange functional ((1 -

X _ _ . . . .
?;)o) ESR-TevMIL) The ESR-TeVMIL term involves two polynomials with coefficients a¥, and b¥.

The nonlocal exchange term consists of short-range HF exchange (% ESR-HF) and long-range HF

exchange (ELRHF) where the former equals to % (EJF — ELR-HEY The correlation term involves

two polynomials with coefficients af, and by .
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The long-range HF exchange term (ELR~HF) is calculated by the Hartree-Fock expression for

the exchange energy of the Kohn-Sham determinant but with the replacement

1 N erf(wryy) (2)

T12lin long—range term T2

where 712 is the interelectronic separation, o is the range-separation parameter, and erf is the error
function, which increases zero to one as 712 increases from 0 to . This operator is nonsingular but

long-ranged, and it increases more rapidly when o is larger.

7. Optimization scheme

The parameters Xo and ® were determined based on a preliminary analysis of the performance
achievable for the EE23, LRCTEEY, and ground-state databases. Given trial values of Xo and ®, we
optimized the linear parameters with the training set of Database 2019 by using a preliminary set of
inverse weights on the subdatabases. Using those linear parameters with the given Xo and ®, we
then tested excited states. We then varied Xo and o and repeated this procedure until we got good
results for all kinds of excited states. Then, having selected Xo and ®, we varied the weights on the
databases in the training set until we got the best possible across-the-board behavior. We then
tested the final functional on both the training data and the additional test data. Once Xo and ® were
final, the optimization of linear polynomial coefficients af, b{*, a7, and b; (all defined precisely in
the original M 11 article®) was performed using the training set of Database 2019 that do not
involve TDDFT calculations. There are 29 such databases (see Table 2). Each optimization round
involved a new set of SCF calculations to update the Kohn—Sham Slater determinant representing
the density. After a few trials, the numbers of terms in each of the four polynomials (with

coefficients af’, bf, af, and b{) was set to seven. This may be compared to eleven terms in each

polynomial in M11. Therefore, the number of linear parameters in revM11 is 4x7 = 28, but there

are six physical constraints (discussed next), which reduces the number of free linear parameters to
22.

During the optimization process, six constraints are maintained — two of them are on exchange,
two of them are on correlation, and two of them are on kinetic energy density exchange
enhancement factors. The constraints are the same as in the M11 functional and are explained in the

M11 paper.® The two constraints on kinetic energy density exchange enhancement factors given by
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egs. 21 and 22 in the M 11 paper® have typos and the correct equations should have the factor (1 —
Y) deleted.
The optimization of the 28 linear parameters in revM11 was done by minimizing a training

function, F, which is given by
F=Y2 24+ 2a+b +c + d) 3)

where

R, = root mean squared error of database # in the training set of Database 2019,

I, = inverse weight of database 7,

a =3 o(af —af1)?,

b =¥ o(b{ — bf41)?,

¢ = X_o(af — af,)?,

d = %9_o(bf — bf,1)?, and

A is a parameter.
The terms multiplied by A in eq (3) constitute a smoothness restraint, and a higher value of A
increases the smoothness of the functional, albeit at the cost of deteriorating the performance of the
functional for minimizing R,. The value of A4 used here is 0.02, which is higher than that used in our
recent functionals,'>!!713 and for this reason, as well as because we decreased the order of the

polynomials, we expect the revM11 functional to be smoother than our other recent functionals.

8. Parameters of revM11
The 28 parameters in the last 14 rows of Table 6 were optimized on the same training set that was
used in our recent work on the revM06!® functional plus the S6x6 and ABDE13 databases. This
training set has only atomic and molecular properties databases with energies and geometries of
various systems. The values of Xo and ® were tuned mainly for excitation energies, the parameter A
was chosen to promote smoothness of the functional, and the linear parameters were chosen to
minimize the functional in eq 3.

In going from M11 to revM11, the percentage of HF exchange at short interelectronic
separations, Xo, is changed from 42.8% to 22.5% and the range-separation parameter, ®, is changed
from 0.25 ag! to 0.40 ag!. The percentage of HF exchange in the limit of large interelectronic

separations was not changed, and it remains at 100%.
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Efforts were made to make the revM11 functional smoother than our recent functionals by
increasing the smoothness restraint, A from 0.01 to 0.02. Other higher values of A such as 0.05 were
also tested but this led to significant worsening of a number of ground-state properties. Hence, to
get a balance between having a smooth functional obtaining good performance on various
properties, we use A = 0.02.

All the optimized parameters are given in Table 6. A Fortran version of revM11 is in the MFM

program, version 4.0, available for free download at https://comp.chem.umn.edu/mfm.!'"3

Table 6. The optimized exchange and correlation parameters of the revM11 functional.

parameter exchange“ correlation

) 0.40

Xo 22.5

ao —0.3288860885 1.0000000000
a —8.3888150476 0.0000000000
a 0.7123891057 —0.7860212983
as 3.6196212952 —5.1132585425
as 4.3941708207 —4.0716488878
as 5.0453345584 1.5806421214
as 7.8667061191 8.4135687567
bo 1.1038860885 0.9732839024
by 8.0476369587 —2.1674450396
by —0.7353624773 —9.3318324572
b3 —2.4735275550 —12.9399606617
by —4.7319060355 —2.2129320660
bs —5.8502502096 —2.9508549100
bs —7.5059975327 —1.5066319360

“Note that, for the exchange part, the parameters ao to bs were optimized such that they need to be

multiplied by factor (1 — Xo/100), where Xy = 22.5. Therefore, in the table above and in our code,”®
the factor (1 — Xo/100) is included with the parameters. However, in Table 1 of the M11 paper® the
parameters were presented without the factor (1 — X7100), in the notation of that paper, multiplied

into them.

9. Results and discussion

In the subsections that follow, we show the performance of the revM11 functional, and we compare
the results to those for 22 other density functionals on 56 databases of which 31 databases are in the
training set of Database 2019 (see Table 2) and 25 databases are in the additional test data of
Database 2019 (see Table 3). These two subsets of Database 2019 are further subdivided into

ground-state and excited-state databases. The results of some of the comparison functionals on
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some of these databases were presented in our very recent work on density functional
optimization,!>1617-18 byt we present them here again for easy comparison of functionals for a given
database. If some results for some databases were already presented in references other than
Refs.15, 16, 17, and 18, those references are specifically mentioned in the associated subsection.
The mean unsigned errors (MUEs) on the 31 databases in the training set of Database 2019 are
reported in Tables 7 and 8, where Table 7 gives results for range-separated hybrid functionals and
Table 8 gives results for local and global hybrid functionals. Tables 7 and 8 also have a mean
unsigned error over 467 atomic and molecular energies (AME467), as explained in footnotes to
these tables. Notice that density functionals in the remaining tables are always listed in the same

order as in Table 5.
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Table 7. Mean unsigned errors on the training set of Database 2019 with 11 range-separated hybrid functionals.

Databases” CAM-B3LYP HSE06 LC-oPBE HISS ®B97 ®B97X ®B97X-D M11 N12-SX  MN12-SX revM11

Ground-state energetics

SR-MGM-BES 34 3.7 32 35 34 3.1 2.5 59 1.9 4.5 2.6
SR-MGN-BE107 1.8 1.9 2.1 2.4 1.2 1.2 1.1 09 1.5 1.0 1.5
SR-TM-BE15 4.9 33 7.4 5.3 5.6 4.3 2.5 7.3 4.4 10.0 5.4
MR-MGM-BE4 10.5 8.5 14.0 5.3 8.3 11.9 9.5 11.2 8.3 9.2 6.7
MR-MGN-BE17 6.8 5.3 8.2 9.0 7.7 7.1 6.3 7.0 6.1 4.4 5.6
MR-TM-BE12 5.0 5.0 4.5 8.7 5.0 4.8 4.0 6.9 33 8.6 4.7
MR-TMD-BE3 65.5 65.0 75.8 50.4 53.8 62.0 60.9 83.2 204 23.0 48.7
HTBH38/18 34 4.6 1.1 1.4 1.9 2.1 2.6 1.4 4.1 09 1.8
NHTBH38/18 2.6 3.6 2.3 1.6 2.3 2.9 3.7 1.3 2.7 1.3 2.0
NCCE30/18 0.79 0.88 1.02 0.59 0.47 0.45 0.36 0.28 0.85 0.44 0.38
NGD21/18 0.15 0.10 0.23 0.10 0.10 0.03 0.16 0.14 0.26 0.27 0.04
S6x6 2.52 2.36 2.83 2.16 0.82 1.07 0.31 0.63 2.52 1.29 0.52
1P23 4.7 39 6.6 4.1 4.6 39 29 7.9 4.3 6.9 4.0
EA13/03 2.1 2.7 2.1 3.1 2.5 2.0 1.8 1.0 29 2.1 1.9
PAS 1.4 1.1 1.8 2.1 1.8 1.5 2.4 1.0 2.0 1.2 1.4
2plsoE4 3.2 2.4 1.1 2.2 09 1.5 1.9 1.9 2.6 2.0 09
4plsoE4 3.9 2.6 1.4 2.6 1.9 2.4 2.5 2.5 2.0 2.7 1.7
IsoL6/11 2.1 1.2 1.9 1.5 1.5 1.6 1.1 1.1 1.8 1.2 2.3
nTC13 3.7 6.2 43 7.1 39 4.4 6.2 2.2 7.9 32 1.6
AE17 11.0 32.8 25.1 23.6 6.3 5.7 5.7 9.1 10.5 4.1 5.0
HC7/11 6.2 7.3 17.7 15.2 11.5 6.8 4.6 3.7 11.0 2.2 10.9
SMAE3/19 2.6 2.5 2.3 4.5 2.1 1.7 1.5 2.0 0.8 09 1.1
DC9/19 3.1 3.6 2.3 1.6 3.1 1.7 3.0 1.9 2.4 1.6 2.7
ABDE13 4.9 49 3.7 4.1 0.8 1.1 1.5 2.3 1.9 1.6 2.1
Ground-state bond distances

DGL6 0.008 0.003 0.013 0.010 0.011 0.008 0.005 0.007 0.005 0.003 0.009
DGH4 0.010 0.016 0.012 0.014 0.019 0.017 0.023 0.018 0.011 0.017 0.010
Excitation energies

3dEE8 8.3 12.9 12.0 10.2 13.8 10.0 8.3 14.5 17.7 234 9.3
4dAEES 6.2 5.7 5.7 6.2 5.7 8.8 7.0 5.8 6.2 16.2 4.8
pAEES 2.6 5.5 8.0 7.4 9.9 59 8.1 5.3 10.8 7.9 1.8
EE23 0.37 0.41 0.33 0.47 0.34 0.25 0.30 0.35 0.46 0.68 0.33
LRCTEE9 2.84 5.47 0.56 4.57 0.49 1.07 2.13 1.08 5.61 5.13 0.39

467 atomic and molecular energies (AME467)

AME467" 3.7 4.7 4.6 4.3 3.2 3.0 29 3.3 3.6 3.0 2.7
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“The unit for all the databases is kcal/mol except for DGL6 and DGH4, which are in A and for EE23 and LRCTEE9, which are in eV.

P AMEA467 is a subdatabase of 467 atomic and molecule energies. It includes all the data in the subdatabases of Table 2 except

for DGL6, DGH4, EE23, and LRCTEED9. This row of the table contains the MUE of AME467. It can be computed as the unweighted
MUE over its 467 data or as the weighted average of its 27 subdatabase MUEs, with each MUE weighted by the number of data in the
subdatabase.

Table 8. Mean unsigned errors on the training set of Database 2019 with 12 local and global hybrid functionals.

Databases” BLYP PBE TPSS  MO6-L  revM06-L MNI15-L  B3LYP PBE0 M06  MO06-2X revM06  MNI15
Ground-state energetics
SR-MGM-BER 49 2.5 3.0 3.8 2.5 2.6 4.4 3.7 4.1 1.6 1.8 1.6
SR-MGN-BE107 2.6 34 2.3 2.0 1.8 1.5 2.2 1.9 1.2 0.7 1.0 0.9
SR-TM-BE15 4.8 5.4 4.0 44 54 3.0 4.4 3.1 2.8 6.6 2.8 2.9
MR-MGM-BE4 8.7 9.3 6.7 11.9 6.4 1.9 7.8 8.9 5.0 10.4 6.4 3.9
MR-MGN-BE17 6.7 14.8 4.2 3.0 2.3 2.1 5.1 5.2 4.1 5.7 4.2 2.8
MR-TM-BE12 10.3 10.2 6.5 35 3.8 3.1 4.8 49 3.6 12.4 5.7 4.1
MR-TMD-BE3 314 18.7 12.3 6.5 20.8 20.9 27.8 68.6 36.7 120.0 43.5 22.8
HTBH38/18 7.9 9.7 8.1 4.6 2.0 1.3 4.5 4.6 2.4 1.3 1.5 1.1
NHTBH38/18 8.5 8.4 8.9 3.7 2.2 2.0 4.5 33 2.3 1.2 1.1 1.7
NCCE30/18 1.88 1.43 1.42 0.65 0.61 0.81 1.25 0.84 0.49 0.34 0.38 0.39
NGD21/18 0.38 0.10 0.17 0.13 0.07 0.02 0.28 0.11 0.19 0.11 0.04 0.02
S6x6 4.96 2.61 3.52 0.80 0.79 1.72 3.78 2.44 1.12 0.54 0.55 0.34
P23 6.4 6.0 4.1 3.9 4.5 2.5 5.3 33 5.0 34 3.1 2.5
EA13/03 2.7 2.2 2.3 3.8 54 2.1 2.3 2.7 1.8 2.1 1.6 0.9
PAS 1.6 1.3 2.7 1.9 2.6 2.2 1.0 1.2 1.8 1.6 1.6 1.1
2pIsoE4 5.5 2.7 3.5 32 44 2.0 4.7 2.2 1.6 1.8 1.9 0.3
4plsoE4 4.0 2.4 2.6 2.9 5.9 3.8 4.2 2.3 2.3 2.7 2.4 2.0
IsoL6/11 3.7 2.0 3.7 2.8 1.3 1.3 2.6 1.4 1.3 1.5 1.0 1.8
7TC13 6.1 5.6 8.1 6.7 7.0 4.8 6.0 6.1 44 1.5 2.8 3.5
AE17 8.4 473 18.1 7.0 4.5 7.5 18.3 38.6 4.5 2.2 3.9 6.8
HC7/11 274 4.0 10.5 34 3.5 4.0 16.8 9.4 2.8 2.1 2.4 3.7
SMAE3/19 1.4 4.4 2.0 1.1 1.2 1.1 3.5 2.0 0.4 2.0 0.8 0.1
DC9/19 8.2 6.5 6.2 3.7 2.7 2.8 6.2 3.5 2.0 2.3 1.8 2.3
ABDE13 12.0 5.1 10.7 5.4 2.4 4.6 8.6 43 2.3 1.4 1.3 1.8
Ground-state bond distances
DGL6 0.019 0.013 0.010 0.006 0.009 0.004 0.009 0.003 0.006 0.004 0.008 0.005

DGH4 0.040 0.021 0.014 0.009 0.009 0.024 0.028 0.014 0.022 0.048 0.018 0.011
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Excitation energies

3dEES8 12.8 9.0 9.8 7.2 83 3.9 94 10.3 9.9 7.6 7.7 9.2

4dAEES 6.3 53 5.8 7.2 5.0 1.1 6.3 53 7.3 9.3 3.9 59

pAEES 4.9 3.7 2.0 7.7 7.3 5.0 2.6 5.5 5.5 4.8 4.5 4.5

EE23 0.86 0.81 0.69 0.55 0.56 0.34 0.50 0.40 0.66 0.23 0.35 0.34

LRCTEE9 7.25 7.23 7.03 6.73 6.38 6.17 5.47 4.98 4.88 2.70 3.73 3.58
467 atomic and molecular energies (AME467)

AME467” 5.7 6.7 5.1 3.2 2.8 23 4.6 4.8 2.6 29 2.1 2.0

“The unit for all the databases is kcal/mol except for DGL6 and DGH4, which are in A and for EE23 and LRCTEE9, which are in eV.
P AME467 is a subdatabase of 467 atomic and molecule energies. It includes all the data in the subdatabases of Table 2 except

for DGL6, DGH4, EE23, and LRCTEED9. This row of the table contains the MUE of AME467. It can be computed as the unweighted

MUE over its 467 data or as the weighted average of its 27 subdatabase MUEs, with each MUE weighted by the number of data in the

subdatabase.
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9.1 Performance for excited-state properties

9.1.1 Performance on excitation energies of subdatabases in Table 2

The excited-state databases used in training the revM11 functional are 3dEES, 4dAEES, pAEES,
EE23, and LRCTEE9. The 3dEES, 4dAEES, and pAEES databases are treated by the ASCF method
and were the only excited state databases used in the optimization of our functionals in recent
work!>16:17.18 Here, for training the new functional, we include two more databases (EE23 and
LRCTEEDY) that were not part of our past work. The excitation energies for these two databases are
obtained from linear response time-dependent density functional theory calculations. Each of the
five databases is discussed in detail below.

Excitation energies calculated using TDDFT calculations. The values of Xo and o give the
amount of HF exchange in the revM11 functional at various interelectronic distances, and they
were determined mainly based on the performance of revM11 on EE23 and LRCTEE9 databases;
although in finalizing these two parameters the performance of revM11 on training sets involving
ground-state properties was also taken into account.

The EE23 database represents a diverse set of vertical electronic excitations of 19 molecules:

18 valence excitation energies (VEE18), two Rydberg excitation energies (REE2), and three
intramolecular and intermolecular charge transfer excitations (CTEE3), and therefore, it is a good
database for testing the performance of quantum mechanical methods on various types of
excitations. Because CTEE3 contains only short-to-medium range CT excitations, we also include
the LRCTEE9 database, which has nine long-range charge transfer excitations, in particular, the
— * A} excitations of the NH3---HNO, complex at nine intermonomer distances (3.6772, 6.1133,
8.5632, 11.0156, 13.4708, 15.9272, 18.3868, 23.3034, and 25.7630 A), where none of the distances
are equilibrium distances.

In Tables 7 and 8, the MUE reported for EE23 database is the average MUE over MUE
(VEE18), MUE (REE2), and MUE (CTEE3) with the three subdatabases of EE23 weighted
equally. We find that the best performance is by M06-2X with an MUE of 0.23 eV and the second
best is by ®B97X with an MUE of 0.25 eV; revM11 improves negligibly over M11 and is the third
best functional amongst 11 range-separated hybrid functionals of Table 7. All local density
functionals give large errors, and Rydberg and/or CT excitations dominate the error in every case.

The LRCTEEDY database is very interesting as it allows us to see long-range charge transfer

excitations up to intermonomer distances as long as ~26 A, and previous work’>!''* has shown that
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the type of functionals that do well for short-to-medium range CT excitations may or may not work
well for this kind of excitation. Tables 7 and 8 show that the M06-2X, ®B97X, and ®B97X-D
functionals, which are the best, second best, and the third best for EE23, give MUEs of 2.70, 1.07,
and 2.13 eV, respectively, for LRCTEEDY, all of which are above 1 eV and can therefore be deemed
unsuitable for long-range charge transfer excitations. Therefore, it was a major objective of the
present reparametrization to do well for this database. Of the 23 functionals tested in Tables 7 and
8, only three functionals give an MUE less than 1 eV for LRCTEE9 — these are revM11, LC-
®PBE, and ®B97, all of which are long-range corrected hybrid functionals that have @ = 0.4 ag!.
Table 7 shows though that simply having 100% HF exchange at long range is insufficient to ensure
good predictions for LRCTEEDY; rather the HF exchange must increase rapidly to its asymptotic
value. Thus Table 7 shows that the long-range corrected functionals M11, ®B97X, and ®B97X-D,
each of which has ® < 0.3 a¢!, all yield an MUE greater than 1 eV. The revM11 functional not
only improves significantly over M11 but also has the smallest MUE (= 0.39 eV) among the 23
tested density functionals; the second and third best functionals being ®B97 and LC-0PBE,
respectively. The good performance of revM 11 for LRCTEED is particularly noteworthy because
obtaining good performance for this database required a Hartree-Fock exchange profile that
increases rapidly with interelectronic separation, and this then presents a challenge in obtaining
good performance for both excited-state and ground-state systems with high static correlation; this
is a good example of how obtaining good performance in one kind of test makes it harder to obtain
good performance in some other tests.

3d excitation energies. The 3d excitation energies database, 3dEES, has seven atomic excitation
energies and one molecular excitation energy. The subset of seven atomic excitation energies is
referred to as 3dAEE7 and the one molecular case is the first excitation energy of Fe, dimer. One of
the seven atomic excitation energies, namely Ca®, is not 3d transition metal; but Ca* is interesting
because its first excitation energy is a doublet-to-doublet transition from a 4s to a 3d orbital. (Note
that the second excitation energy of Ca* is a 4s — 4p transition). Except for Ca”, all the excitations
involve change in spin multiplicity from the ground spin state to the excited spin state. The 3dEE8
database has more challenging systems than the 4dAEES and pAEES databases, and Table 7 shows
that for this database revM11 has MUE = 9.3 kcal/mol, which is a significant improvement over

M11 with MUE = 14.5 kcal/mol.
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4d atomic excitation energies. The 4d atomic excitation energies database, 4dAEES, comprises
atomic excitation energies of five 4d atoms/ions, Mo", Pd, Rh*, Ru*, and Y*. All five excitations
involve a change in spin multiplicity from the ground spin state to the excited spin state. From
Tables 7 and 8, we see that the revM 11 functional is the third best functional for 4dAEES, trailing
only the MN15-L and revMO06 functionals, and it improves over M11 by 1.0 kcal/mol.

p-block atomic excitation energies. The p-block atomic excitation energies database, pAEES,
comprises atomic excitations of five p-block atoms and ions: Al, Ar, C*, F, and Si*. All five
excitations involve a change in spin multiplicity from the ground spin state to the excited spin state.
The revM11 functional has the smallest MUE, 1.8 kcal/mol, for pAEES (see Tables 7 and 8) and it
also improves significantly over M 11, which has an MUE of 5.3 kcal/mol.

9.1.2 Performance on excitation energies of subdatabases in Table 3
The excitation energy databases of the additional test data of Database 2019 are EEA11, AEEIS,
EEAroTS5, EE69, EERS, and LRCTEE2. The results obtained with 16 density functionals for these

databases are summarized in Table 9.

Table 9. Mean unsigned errors (in eV) for excitation energies on the additional test data of
Database 2019 using 16 density functionals.

. EEALI AEE15 EEAroT5 EE69 EER5 LRCTEE2
unctional e Ryd® val+Ryd®  val® cT’  val’ Ryd® val+Ryd® CT? ct?
PBE 012 132 077 0.38 179 043 138 0.97 0.95 6.65
B3LYP 015 082 0.2 0.21 138 023 085 0.58 0.55 477
MO06-2X 030 085  0.60 0.34 053 036 026 0.30 0.15 2.10
revMO6 0.17 075  0.49 0.30 089 033 025 0.29 0.28 3.03
MN15 024 081 0.5 0.35 0.79 028 024 0.26 0.22 2.98
CAM-B3LYP 0.4 071 045 0.24 055 034 031 0.32 0.27 2.44
HSEO06 0.11 068 042 0.24 133 025 057 0.43 0.56 4.59
LC-wPBE 0.16 071 046 0.33 034 044 035 0.39 0.78 0.59
HISS 0.13 053 035 0.27 105 043 023 0.31 0.41 3.57
©B97 0.19 066 045 0.35 037 045 039 0.41 0.82 0.53
®B97X 0.17 0.68 045 0.31 0.08 040 028 0.33 0.65 0.98
®B97X-D 0.18 085  0.54 0.28 049 032 028 0.30 0.45 1.96
Mi1 021 092  0.60 0.35 007 037 059 0.49 0.60 0.88
N12-SX 033 091  0.65 0.24 137 025 085 0.59 0.56 4.60
MNI2-SX 053 147  1.04 0.29 128 039 190 1.24 0.54 4.47
revMI1 012 082  0.50 0.30 038 038 024 0.30 0.71 0.40

“MUE over valence excitations.

PMUE over Rydberg excitations.
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“MUE over all the excitations (valence + Rydberg) of EEA11 or EE69 database.
IMUE over charge-transfer (CT) excitations.

The EEA11 database has valence excitations of five atoms (Li, Be, Na, Mg, and K) and
Rydberg excitations six of atoms (H, He, B, Ne, Al, and Ar). The valence excitations of atoms are
excitations in which the principal quantum number does not increase, and the Rydberg excitations
considered here are excitations in which the principal quantum number increases by 1. The MUEs
in Table 9 show that a middle-range hybrid functional, HISS, has the smallest MUE over the 11
excitations, and its good performance is due to Rydberg excitations because many functionals in
Table 9 do well for valence excitations. We see that revM11 shows improvement over M11, and its
performance is similar to the LC-oPBE and ®B97X-D range-separated hybrid functionals.

The AEE1S5 database is a representative database of a set of 109 adiabatic excitation energies
which were presented in Ref. 72. It consists of 15 adiabatic valence excitation energies of 15
systems that represent a variety of kinds of systems — organic and inorganic molecules and radicals.
Unlike other TDDFT based excitation energies databases in this work, which involve vertical
excitations, this one involves adiabatic excitations. Almost every functional in Table 9 gives an
MUE in the range 0.25—0.35 eV and revM11 lies in the middle of this range with an MUE of 0.30
eV. Additionally, revM11 improves over M11 by 0.05 eV.

The EEAroTS5 database consists of excitation energies of five charge-transfer molecular
complexes taken from Ref. 53. These complexes involve an aromatic donor (Ar = benzene, toluene,
o-xylene, naphthalene, and anthracene) and an organic acceptor, tetracyanoethylene (TCNE). The
geometries of all the five complexes are the same as those provided in Ref. 53 and these
equilibrium geometries, which were obtained with B3LYP/cc-pVDZ, are used to do single-point
LR-TDDFT calculations with all the 16 functionals of Table 9 to get CT excitation energies. These
five complexes are very different from those used in the LRCTEE9 database (which is part of the
training set), which also has CT complexes. The revM11 value of 0.4 for o is intermediate between
that of the “off-the-shelf” y (= 0.5) and the tuned y* (= ~0.3) in Tables 1 and 2 of Ref. 53, and the
MUE (= 0.38 eV) one gets with revM11 is intermediate between the MUEs obtained with the two y
values when they are used with the range-separated BNL functional!! in Ref. 53. For the EEAroT5
database, M11 does better than revM11, but revM11 is found to be nearly as good as other range-
separated hybrid functionals in Table 9.
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The EE69 database has vertical excitation energies for 11 organic molecules — acetaldehyde,
acetone, ethylene, formaldehyde, isobutene, pyrazine, pyridazine, pyridine, pyrimidine, s-tetrazine,
and s-trans-butadiene. For each molecule, we look at both valence and Rydberg excitations. Of the
total of 69 excitations in the EE69 database, 30 are valence and 39 are Rydberg states. Some of the
molecules in EE69 are the same as those used in EE23 but unlike the EE23 database, the EE69
database has higher order excitations for each molecule (not just the lowest-energy excitation). The
results in Table 9 show that revM11 not only improves over M11 (MUE:s are 0.30 and 0.50 eV,
respectively, for revM11 and M11), but it and ®@B97X-D are the best range-separated functionals
for EE69 in in Table 9.

The EERS database consists of two vertical excitation energies of 11-Z-cis-retinal and three
vertical excitation energies of the analogous 11-Z-cis-7,8-dihydroretinal compound resulting in a
total of five excitations. For 11-Z-cis-retinal, the S| and S» excitations are considered, and for 11-Z-
cis-7,8-dihydroretinal, the Si, S, and S3 excitations are considered. The S3 of dihydroretinal is a ¢
— m* excitation, and the remaining four excitations are = — m* excitations. The revM11 functional
overestimates the five excitation energies, especially for the S; and S3 excitations of dihydroretinal,
and this yields a large MUE of 0.71 eV for the EERS database.

The LRCTEE2 database consists of long-range charge transfer excitations of two complexes —
the B, state of C2F4---C,Hg4 at 8 A and A state of NH;3---F; at 6 A. Neither of these complexes
were part of the LRCTEE9 charge transfer subdatabase used for training. The revM11 functional
has an MUE of 0.40 eV, which is a significant improvement as compared to M11 (MUE = 0.88
eV). Also, revM11 gives the smallest MUE in Table 9; the second and third best functionals are
®B97 and LC-wPBE, with MUEs of 0.53 and 0.59 eV, respectively. This trend is similar to what
was seen for the LRCTEEY database in Table 7.

9.1.3 Unified discussion of performance for excitation energies

In this section we combine the performance for excitation energies in the training set of Database
2019 and the additional test data of Database 2019 to obtain a unified assessment on all available
excitation energy tests in both the databases. Table 10 summarizes the performance of 16 density
functionals that are tested in this work on eight excitation energies databases (two in the training set

of Database 2019 and six in the additional test data of Database 2019) that involve LR-TDDFT
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calculations. This section highlights the overall performance of each functional on all the valence,

all the Rydberg, and all the CT excitations.

Table 10. Mean unsigned errors (in eV) for all valence, all Rydberg, and all CT excitations using
16 density functionals.

Functional ValEE68* RydEE47” CTEE24¢ EE139
PBE 0.38 1.36 3.97 1.33
B3LYP 0.23 0.83 2.94 0.90
M06-2X 0.31 0.32 1.39 0.50
revMO06 0.28 0.32 1.96 0.58
MNI15 0.30 0.31 1.86 0.57
CAM-B3LYP 0.31 0.36 1.49 0.53
HSE06 0.25 0.57 291 0.82
LC-oPBE 0.41 0.38 0.55 0.42
HISS 0.39 0.27 2.39 0.69
®B97 0.40 0.41 0.53 0.43
®B9I7X 0.36 0.32 0.68 0.40
®B97X-D 0.30 0.35 1.21 0.47
Ml1 0.35 0.62 0.66 0.49
N12-SX 0.27 0.84 2.98 0.93
MN12-SX 0.39 1.81 2.74 1.27
revM11 0.34 0.31 0.46 0.35

“MUE over valence excitations in EE23, EEA11, AEE1S5, and EE69 databases (= 68 in total).
PMUE over Rydberg excitations in EE23, EEA11, and EE69 databases (= 47 in total).

‘MUE over CT excitations in EE23, EEAroT5, EERS5, LRCTEEY, and LRCTEE2 (= 24 in total).
IMUE over all the excitation (valence, Rydberg, and CT) (= 139 in total).

The total number of valence excitations tested in this work is 139, obtained by adding 18
valence excitations in EE23, 5 in EEA11, 15 in AEE1S5, and 30 of EE69. Combining all these tests
yields a cumulative database that we will call EE139. Although a few excitations appear in both
EE23 and EE69, these tests use different basis sets so trying to eliminate the duplicates in EE139
would involve some arbitrary decisions, and therefore we did not attempt that.

The best functional in Table 10 for the 68 valence excitations is B3LYP, which has an MUE of
only 0.23 eV. The other global hybrids (M06-2X, revM06, and MN15) in Table 10 also give
reasonable errors, with MUEs ~0.3 eV. Of the 11 range-separated functionals, the best functional is
N12-SX with MUE of 0.27 eV, the next best are CAM-B3LYP and ®B97X-D both with MUE 0.30
eV, and after that are M11 and revM11 both with MUE 0.34 eV.
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The total number of Rydberg excitations tested in this work is 47, obtained by adding 2 from
EE23, 6 from EEA11, and 39 from EE69. The best functional in Table 10 for the 47 Rydberg
excitations is HISS, which is a middle-range functional, and the next best functionals are MN15
and revM 11 both with MUE of 0.31 eV. The next best functionals, ®B97X, M06-2X and revM06
have MUEs only 0.01 eV larger.

The total number of CT excitations tested in this work is 24, obtained by adding 3 from EE23, 5
from EEAroTS5, 5 from EERS, 9 from LRCTEEY, and 2 from LRCTEE2. The best functional in
Table 10 for the 24 CT excitations is revM11 with an MUE of 0.46 eV and the second and third
best are ®B97 and LC-oPBE with MUEs 0.53 and 0.55 eV, respectively. Note that, most of the
functionals give MUE > 1 eV, including the popular M06-2X and ®B97X-D functionals; this
illustrates that predicting CT excitations accurately with DFT is very difficult. High HF exchange
is required for CT, especially for long-range CT excitations, and in Table 10 the only functionals
that give reasonable value are revM11, LC-0oPBE, ®B97, and ®B97X, which have 100% HF
exchange at long range. But these functionals give reasonable CT excitations only at the cost of
deteriorating other excitations such as valence, for which high HF exchange can be detrimental,
which can be seen from Table 10.

If we compare only the three long-range corrected functionals, revM11, ®B97, and LC-oPBE,
which were the three best for CT excitations, we see that for both valence and Rydberg excitations,
®B97 and LC-oPBE have MUEs ~0.4 ¢V, while revM11 has MUE ~0.3 eV. Hence, for all three
types of excitations considered independently, revM11 does better than ®B97 and LC-oPBE in
each category.

Overall if we look at all 139 excitations tested in this work using TDDFT, the best functional is
revM11 with an MUE of 0.35 eV, the second and third best functionals are ®B97X and LC-owPBE
with MUEs of 0.40 and 0.42 eV, respectively.

Having shown that we achieved our primary objective of obtaining a functional with good
results for all three kinds of electronic excitation, we next examine how well we met our second
objective of obtaining the best possible ground-state properties consistent with obtaining good
excitation energies for all three types of electronic excitation while also keeping the functional
smooth with a higher value for the smoothness parameter than used in previous work and with

fewer terms than in the M 11 functional.
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9.2 Performance for ground-state properties
9.2.1 Performance on ground-state properties of subdatabases in Table 2

Single-reference bond energies. The databases SR-MGM-BES, SR-MGN-BE107, SR-TM-BE15
represent single-reference bond energies of main-group metal, main-group nonmetal, and transition
metal containing systems. In Table 7, the revM11 functional improves over M11 for SR-MGM-
BES and SR-TM-BE15 databases and for SR-MGN-BE107 database its performance compared to
M11 is worse by only 0.6 kcal/mol.

Multi-reference bond energies. The databases MR-MGM-BE4, MR-MGN-BE17, and MR-TM-
BE12, represent multi-reference bond energies of main-group metal, main-group nonmetal, and
transition-metal containing systems. The revM11 functional improves over M11 for these three
multi-reference databases. The MR-TMD-BE3 database contains bond energies of three transition-
metal dimers (V2, Crz, and Fe») all of which are multireference in character and these are more
challenging systems than those in other three multi-reference databases. For all four multi-reference
databases, revM11 does better than M 11 functional and the improvement for the MR-TMD-BE3
database especially deserves attention as the MUE drops by ~35 kcal/mol. Most of the density
functionals in Tables 7 and 8 fail catastrophically for the MR-TMD-BE3 database and the ones that
do well are local functionals and among local functionals, M06-L is the only functionals that gives
an MUE less than 10 kcal/mol. This could be because the dimers of MR-TMD-BE3 database have
unique bonding pattern between their atoms and deserve special attention, which is hard to
accommodate when fitting a wide variety of data.

Barrier heights. The barrier heights databases used in training the new functional are hydrogen
transfer barrier heights (HTBH38/18) of 19 reactions and non-hydrogen transfer barrier heights
(NHTBH38/18) of 19 reactions, where both forward and reverse barrier heights are considered for
each reaction leading to 38 data for each of these databases. These two databases are sometimes
combined and referred to as BH76. The average MUE over HTBH38 and NHTBH38 databases
with revM11 is less than 2 kcal/mol, which is not an improvement over M11 but is still reasonable
when one considers the improvement on other databases. Tables 7 and 8 show that in general
hybrid functionals do much better than local functionals for barrier heights, as one would expect
from previous experience.

Noncovalent interaction energies. Three noncovalent interaction energies databases, namely
NCCE30/18, NGD21/18, and S6x6 were used in the optimization of the revM11 functional. They
are collectively referred to as the NC87 database. On the NCCE30/18 database, revM11 is the
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fourth best functional, with an MUE of 0.4 kcal/mol, behind the M11, M06-2X, and ®«B97X-D
functionals. On the NGD21/18 database it is fourth best functional preceded by ®B97X, MN15-L,
and MN15 functionals, and on the S6x6 database it is the third functional and is preceded by
MNI15, and ®B97X-D, which has damped-dispersion molecular mechanics terms designed to
improve its performance for noncovalent interactions.

lonization potentials, electron affinities, and proton affinities. The ionization potential (IP),
electron affinity (EA), and proton affinity (PA) are fundamental quantities for which accurate
experimental values are readily available for atoms and small molecules. Therefore, these
quantities provide good data for benchmarking and optimizing density functionals. Here we use the
1P23, EA13/03, and PAS8 databases to optimize the revM11 functional, and in Table 7 we see that
for two of them, in particular EA13/03 and PAS8, revM11 has an MUE less than 2 kcal/mol, and for
IP23, the MUE is 4.0 kcal/mol, which improves quite significantly over the M11 functional, which
has an MUE of 7.9 kcal/mol for the IP23 database.

Isomerization energies. There are 14 isomerization energies in the training set (IsoE14), which
are divided into three subdatabases: 2plsoE4, 4pIsoE4, and [soL.6/11. Table 7 shows that the
revM11 functional has small MUESs on these databases (< 2.5 kcal/mol), and therefore it is a
promising functional for isomerization energies of both large and small molecules.

Other energetic databases. A number of additional energetic databases were used in optimizing
the revM11 functional. These are 1TC13, AE17, HC7/11, SMAE3/19, DC9/19, and ABDE13,
which contain thermochemistry of organic systems containing © bonds, total electronic energies of
the first 17 atoms of the periodic table, hydrocarbon chemistry, atomization energies of sulfur
molecules, reaction energies of cases that have proven to be difficult for DFT, and alkyl bond
dissociation energies of organic molecules, respectively. Our recent work has shown that, with
modern density functionals, most of the systems in DC9/19 database do not give especially large
errors, and therefore it no longer seems to be a difficult case for DFT. Except for the HC7/11
database, the revM11 functional does reasonably well for the remaining five databases; it gives the
second best performance for t'TC13 among 23 functionals, being behind the M06-2X functional by
only 0.1 kcal/mol.

Geometries of molecules. The MS10 database contains 10 molecular structures divided into two
subdatabases — DGL6 and DGH4. The systems in DGH4 provide a different kind of challenge than

those in DGL6 because they contain at least one heavy element. In Tables 7 and 8 we can see that
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of all the hybrid functionals tested, revM 11 and CAM-B3LYP give the smallest MUE (= 0.010 A)
for the DGH4 database. As we shall see in 9.2.2, revM11 is also found to be good for predicting
geometries of even more challenging systems than those in the DGH4 database.

The mean unsigned error over the 467 energetic data in AME467 is 2.7 kcal/mol for revM11,
which is a significant improvement over M11 that has an MUE of 3.3 kcal/mol. Moreover, of the
11 range-separated hybrid functionals in Table 7, revM11 has the smallest value for this average.
Comparing the MUE for AME467 in both Tables 7 and 8, we find that revM11 is the fifth best

functional among 23 functionals.



9.2.2 Performance on ground-state properties of subdatabases in Table 3
Barrier heights. Recently'® we included four barrier heights databases (BHDIV10, BHPERI26,
BHROT27, and PX13 — referred to as NewBH76 here) from Ref. 19 (the GMTKNSS5 database)

in Database 2018, and they are also part of the additional test data of Database 2019 to test the
performance of various density functionals. Additionally, we test a transition-metal reaction

barrier heights database (the TMBH22 database) that has six reactions involving Mo, seven
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reactions involving W, four reactions involving Zr, and five reactions involving Re. In Table 11

we show the performance of revM 11 on all these subdatabases plus the BH76/18 database.

Finally we combine all 174 data in these databases into a new composite called BH174, and the

MUEs for this composite are shown in the last column.

Table 11. Mean unsigned errors (kcal/mol) on barrier heights databases.

Functional BHDIV10 BHPERI26 BHROT27 PX13 NewBH76* TMBH22 BH76/18” BHI174¢
BLYP 53 4.6 0.4 7.0 3.6 4.4 8.2 5.7
PBE 8.2 3.9 0.5 11.6 4.6 3.5 9.1 6.4
TPSS 6.1 2.2 0.5 8.4 3.2 2.8 8.5 5.5
MO6-L 3.1 1.9 1.0 0.9 1.6 2.6 4.1 2.8
revMO06-L 24 3.9 1.1 6.0 3.1 2.5 2.1 2.6
MN15-L 2.1 1.8 0.9 6.4 23 1.9 1.7 2.0
B3LYP 2.8 4.3 0.4 3.6 2.6 3.1 4.5 3.5
PBEO 4.3 1.3 0.6 6.2 23 2.3 4.0 3.0
MO06 1.9 23 0.7 1.5 1.5 1.3 23 1.8
MO06-2X 1.0 1.4 0.4 5.4 1.7 2.5 1.3 1.6
revMO06 1.3 23 0.7 1.1 1.4 2.0 1.3 1.4
MNI15 1.7 1.3 0.5 2.0 1.2 1.9 1.4 1.4
CAM-B3LYP 1.9 4.6 0.4 4.5 2.8 3.2 3.0 2.9
HSEO06 4.2 1.2 0.6 5.8 2.2 2.1 4.1 3.0
LC-oPBE 1.5 4.8 0.6 4.5 2.8 4.4 1.7 2.5
HISS 1.8 23 0.9 2.9 1.8 3.2 1.5 1.8
®B97 1.8 5.1 0.4 2.0 24 3.7 2.1 24
oB97X 1.3 4.4 0.4 1.1 2.0 3.4 2.5 24
oB97X-D 1.2 2.2 0.4 1.5 1.3 2.3 3.2 23
M1l 1.5 2.2 0.7 3.5 1.8 2.7 1.3 1.7
N12-SX 4.0 1.4 0.9 5.8 23 2.7 3.4 2.8
MN12-SX 1.7 2.8 0.6 24 1.8 1.8 1.1 1.5
revM11 1.7 3.7 0.5 5.1 2.5 33 1.9 23

“The NewBH76 database includes BHDIV10, BHPERI26, BHROT27, and PX13.
bThe BH76/18 database includes HTBH38/18 and NHTBH38/18.

“The BH174 database is the union of NewBH76, TMBH22, and BH76/18.
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The revM11 functional is slightly worse than M 11 for all of the databases in table 11 except
BHROT?27. However, the average MUE on BH174 for the 23 functionals in Table 11 is 2.8
kcal/mol, and the MUE on BH174 for revM11 is only 2.3 kcal/mol.

Geometries. Our training set has geometries for only 10 molecules (MS10 database). The
performance of the revM11 functional is tested on three non-training databases involving
geometries, which represent a diverse set of systems including systems very different from those
used in training the new revM11 functional. These three databases are (a) the MGBL193
database, which has 47 molecules and ions and for each one of them at least one bond distance is
considered, resulting in 193 bond lengths, (b) the TSG48 database, which has transition-state
(TS) geometries for 16 reactions and for each of the 16 TS structures, three bond distances are
considered, which results in a total of 48 bond lengths in the TSG48 database, and (c) the
TMDBL10 database, which has 10 transition-metal dimers, and hence 10 bond lengths. The
results for the three databases are shown in Table 12. The 16 TS structures of the TSG48
database are characterized by the presence of one imaginary frequency for each density
functional reported in Table 12. For the TMDBL10 database, the results were quite different with
and without the stability check for some of the dimers, and in Table 12 the values for the most
stable solution are given.

For the MGBL193 database, most of the density functionals do well and have MUEs less
than 0.010 A with the exceptions being the local functionals, BLYP, PBE, and MN15-L, which
have MUEs > 0.010 A. The M11 and revM11 functionals give the same MUE to the number of
decimal places reported in Table 12 and are comparable in performance to the other hybrid
functionals in the table. As one goes from the MGBL 193 database to the TMDBL10 database,
the errors in bond lengths increase for each density functional, as one would expect for these
difficult dimers, which can be inherently multiconfigurational in nature. In general, the local
functionals have smaller MUEs than the hybrid functionals, which could be due to the fact that,
in hybrid density functionals, HF exchange causes static correlation error. In any case, the
revM11 functional (MUE = 0.078 A) improves quite significantly over the M11 (MUE = 0.104
A) functional for the TMDBL10 database. In contrast to the TMDBL10 database, for the TSG48
database in Table 12, the hybrid functionals in general do better than the local functionals and
revM11 is the third best performing functional (MUE = 0.019 A) of the 23 functionals, and is
behind M06-2X, and LC-oPBE by only 0.002 and 0.001 A, respectively.
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Table 12. Mean unsigned errors (A) on databases with geometries.

Functional MGBL193* TSG48 TMDBL10 MS10
BLYP 0.012 0.123 0.061 0.027
PBE 0.010 [0.1411° 0.043 0.016
TPSS 0.008 0.112 0.058 0.012
MO06-L 0.004 0.057 0.059 0.007
revMO06-L 0.008 0.052 0.069 0.009
MN15-L 0.010 0.043 0.061 0.012
B3LYP 0.004 0.065 0.084 0.017
PBEO 0.005 0.036 0.083 0.008
MO06 0.006 0.037 0.073 0.012
MO06-2X 0.004 0.017 0.163 0.022
revMO06 0.005 0.029 0.094 0.012
MNI15 0.003 0.021 0.070 0.007
CAM-B3LYP 0.004 0.032 0.075 0.009
HSEO06 0.005 0.038 0.082 0.008
LC-oPBE 0.006 0.018 0.068 0.012
HISS 0.008 0.024 0.094 0.012
oB97 0.005 0.022 0.076 0.014
oB97X 0.004 0.025 0.082 0.012
oB97X-D 0.004 0.030 0.083 0.012
M11 0.006 0.020 0.104 0.011
N12-SX 0.006 0.035 0.089 0.007
MN12-SX 0.007 0.023 0.077 0.009
revM11 0.006 0.019 0.078 0.010

“This database developed by Piccardo e al.*’ has a set of 47 semi-experimental equilibrium
structures. We called it SE47 in our recent work;!¢ it has been renamed here and comprises 193
bond lengths of 47 molecules and ions.

’The MUE for the PBE functional is obtained by averaging over 14 transition structures (42
bond lengths), excluding reactions R1 and R6. Reactions R1 and R6 were excluded because the
transition structure could not be located for these reactions with this functional. See Table S47 of
the Supporting Information.

Self-interaction error and delocalization error. One of the major sources of error in KS-DFT
is self-interaction error (SIE). Adding HF exchange to a local density functional mitigates SIE to
some extent but the effect of SIE can be very pronounced for the interaction of charged
fragments. Here the SIE4x4 database is used as a test for self-interaction error of the 23 density
functionals tested in this work. The SIE4x4 database has four doublet cation complexes (H>",

He>", (NH3)2", and (H20)2") with each complex at four intermonomer distances (1.0, 1.25, 1.5,



37

and 1.75 times the equilibrium intermonomer distance). The results for the SIE4x4 database are
presented in Table 13.

For delocalization error test, we consider the stretched NaCl molecule with 10 A separation
between Na and Cl atoms. Table 13 also present results for the ability of the 23 tested density
functionals to predict charges on Na and Cl atoms at 10 A. At 10 A, the system should already be
separated into neutral atomic fragments, so any partial charge on the fragments (either a whole
charge or a partial charge) at this distance is an error and in particular is a measure of charge
delocalization error. The choice of 10 A distance between Na and ClI atoms is arbitrary, but large
enough for a consistent comparison of density functionals. Table 13 shows the charge on Na at

10 A in spin-unrestricted calculations.

Table 13. Mean unsigned errors (kcal/mol) on SIE4x4 database and charge ¢ (in atomic units) on
Na atom of NaCl at 10 A separation between Na and Cl atoms.

Functional SIE4x4 ¢(Na)®
BLYP 24.7 0.454
PBE 234 0.462
TPSS 21.5 0.473
MO06-L 17.9 0.614
revMO06-L 14.2 0.502
MN15-L 11.0 0.517
B3LYP 17.6 0.445
PBEO 14.1 0.445
MO06 14.2 0.535¢
MO06-2X 8.6 0.421
revMO06 11.3 0.485
MN15 11.3 0.482
CAM-B3LYP 13.5 0.400
HSEO06 14.3 0.449
LC-oPBE 9.4 0.000
HISS 8.6 0.445
®»B97 10.4 0.995
®B97X 11.4 0.995
®B97X-D 13.4 0.536
M1l 9.6 0.908
NI12-SX 14.4 0.500
MN12-SX 9.0 0.538
revM11 10.6 0.000

“The self-interaction error energy is calculated as the difference in energies between the complex
and the monomers infinitely separated from each other.
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’The charge on Na atom is calculated from the dipole moment of NaCl at 10 A separation
between Na and Cl atoms. Note that the charges obtained with some of the functionals presented
in this table were also presented in Table 1 of Ref. 116.

“This datum is calculated with the aug-cc-pV(T+d)Z basis set, while charges using other density
functionals are calculated with the basis set mentioned in Table 5.

Local density functionals are expected to yield large errors for SIE4x4, and three (PBE,
BLYP, and TPSS) of the six local functionals (PBE, BLYP, TPSS, M06-L, revM06-L, and
MN15-L) give MUEs greater than 20 kcal/mol. The best local functional is MN15-L (MUE =
11.0 kcal/mol), and its errors are comparable to some of the hybrid density functionals in
performance. The M11 and revM11 give similar MUEs for the SIE4x4 database and are within 1
kcal/mol of each other.

In delocalization error test, we found that only two of the 23 functionals give zero charge on
Na atom; both these functionals, LC-oPBE and revM11, are long-range corrected functionals
which have 100% HF exchange at large interelectronic separations. Additionally, we found in a
recent work (Table 1 of Ref. 116) that functionals such as HFLYP, M06-HF, and LC-BLYP,
which have 100% HF exchange at large interelectronic separations also give zero charge on Na
at 10 A. It is perhaps surprising though that four long-range corrected functionals (M11, ®B97,
®B97X, and ®B97X-D) in Table 13 do not yield zero charge on Na atom at 10 A, although
going beyond 10 A will result in zero charge with these functionals. An important point to be
noted here is that revM11 improves significantly over M11 in predicting the charge.

Dipole moments. In a recent work,* dipole moments of 78 molecules (DM78 database)
representing a diverse set of molecules were reported using 48 density functionals. These 78
molecules were divided into single-reference (SR) and multi-reference (MR) molecules based on
B diagnostics,?° of which 55 were found to be single reference and 23 were found to be
multireference. Here we add one more molecule, NaLi, to the set of 78 molecules, giving rise to
the DM79 database. The NaLi molecule is found to be single reference, which increases the
count of single-reference molecules to 56. The dipole moment is the first moment of the charge
distribution, and as such it is a key measure of the accuracy of electron densities.

Each molecule is consistently optimized with each density functional; that is, each calculated
dipole moment is at a different geometry, namely the one predicted by the functional being
tested. The results are presented in Table 14, where we see that 19 of the 23 functionals give

MUESs on 79 molecules in the range 0.21—0.30 D. The 23 multi-reference molecules distinguish
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the performance of the functionals more than do the 56 single-reference molecules, and the range
of MUEs for multi-reference molecules is very wide — from 0.35 D to 0.79 D. In contrast, the
range of MUEs for single-reference molecules is only 0.14-0.27 D. The revM11 functional
improves over M 11 for both SR and MR molecules and its MUE over all the 79 molecules is

0.30 D. Note that the dipole moment is not in the training set of revM11 optimization.

Table 14. Mean unsigned errors (in Debye) on the DM79 database.”

Functional SRDM56° MRDM23¢ DM79¢
BLYP 0.19 0.39 0.25
PBE 0.18 0.40 0.24
TPSS 0.16 0.39 0.22
MO06-1.¢ 0.20 0.36 0.24
revM06-L 0.20 0.35 0.25¢
MNI15-L 0.21 0.40 0.26
B3LYP 0.16 0.39 0.22
PBEO 0.14 0.36 0.21
MO06 0.15 0.43 0.23
M06-2X 0.21 0.58 0.32
revM06 0.17 0.43 0.24
MN15 0.16 0.51 0.27
CAM-B3LYP 0.17 0.52 0.27
HSE06 0.14 0.36 0.21
LC-oPBE 0.20 0.54 0.30
HISS 0.17 0.59 0.30
®B97 0.19 0.61 0.31
®B97X 0.19 0.52 0.28
®B97X-D 0.17 0.48 0.26
Ml1 0.27 0.68 0.39
N12-SX 0.17 0.46 0.25
MN12-SX 0.18 0.79 0.36
revM11 0.17 0.62 0.30

“Some of the results in this table were also presented in Ref. 66.
PMUE over dipole moments of 56 single-reference molecules
“MUE over dipole moments of 23 multi-reference molecules
YMUE over dipole moments of all the 79 molecules

*MUE (DM79) is smaller for M06-L than for revM06-L by 0.01 D, which seems incongruous
given that MUE (SRDMS56) is shown to be the same for M06-L as for revM06-L and MUE
(MRDM23) for M06-L is shown to be 0.01 D higher than that of revM06-L. However, the
numbers are correct, and the seeming inconsistency is simply a result of rounding all values in
the table to two decimal places.
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Noncovalent interaction energies. The noncovalent interaction energies are tested for two
databases, which consist of noncovalently bound systems, the S66x8 and PEC4 databases.

The S66x8 database and its subdatabases were designed with the objective of validating
quantum mechanical methods.** The S66x8 database contains interaction energies of 66
complexes relevant to biomolecular structures at 8§ interacting distances for each — 0.90, 0.95,
1.00, 1.05, 1.10, 1.25, 1.50, and 2.00 times the equilibrium distance. Table 15 gives MUEs for
the S66x8 database, its subset S66, and three subsets of S66. The S66 database has interaction
energies of the 66 complexes at their equilibrium distances, and it is further subdivided into
DD23, HB23, and Mix20 subdatabases, which correspond subdatabases respectively to
dispersion-dominated complexes, hydrogen-bonding dominated complexes, and complexes that
are dominated by a mix of damped dispersion and electrostatics. Note that, the S6x6 database,
which is a different subset of the S66x8 database, contains six of the complexes (water...peptide,
uracil...uracil, and acetic acid...acetic acid from HB23, benzene...uracil and pyridine...uracil
from DD23, and benzene...benzene (T-shaped CH...n interaction) from Mix20) at six
interacting distances each (0.90, 0.95, 1.00, 1.05, 1.10, and 1.25 times the equilibrium distance),

and it was used in training the revM11 functional.

Table 15. Mean unsigned errors (kcal/mol) for the S66x8 database, its subdatabase S66, and
three subdatabase (DD23, HB23, and Mix20) of S66.

Functional DD23¢ HB23* Mix20¢ S66>¢ S66x8¢  S492¢  S462

BLYP 6.19 2.15 3.69 4.02 2.95 2.87 2.80
PBE 3.64 0.71 1.89 2.09 1.50 1.46 1.42
TPSS 4.83 1.34 2.69 2.97 2.10 2.04 1.98
MO6-L 0.60 0.38 0.72 0.56 0.46 0.45 0.45
revMO06-L 0.41 0.51 0.48 0.47 0.45 0.45 0.45
MN15-L 243 1.36 1.00 1.62 1.06 1.02 0.98
B3LYP 5.15 1.38 291 3.16 2.32 2.26 2.20
PBEO 3.58 0.63 1.79 2.01 1.45 1.41 1.37
MO06 0.83 0.43 0.72 0.65 0.56 0.55 0.55
MO06-2X 0.30 0.22 0.26 0.26 0.29 0.29 0.29
revMO06 0.24 0.29 0.26 0.26 0.26 0.26 0.26
MNI15 0.57 0.36 0.32 0.42 0.32 0.31 0.31
CAM-B3LYP 3.77 0.54 1.95 2.09 1.55 1.51 1.47
HSEO06 3.51 0.54 1.73 1.94 1.39 1.35 1.31
LC-oPBE 3.84 1.32 2.09 243 1.76 1.71 1.66
HISS 3.24 0.48 1.51 1.75 1.27 1.23 1.20

®B97 0.29 0.56 0.20 0.35 0.42 0.43 0.43
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oB97X 0.74 0.48 0.36 0.53 0.52 0.52 0.52
oB97X-D 0.47 0.28 0.21 0.32 0.23 0.22 0.22
M1l 0.62 0.40 0.36 0.47 0.43 0.43 0.42
N12-SX 3.67 0.56 1.88 2.04 1.59 1.56 1.53
MN12-SX 1.03 1.02 0.80 0.96 0.85 0.84 0.83
revM11 0.30 0.38 0.33 0.34 0.30 0.30 0.29

“DD23, HB23, and Mix20 are the three subdatabases of the S66 database and correspond to
dispersion dominated, hydrogen bonding, and mixed subdatabases, respectively.

?S66 contains interaction energies of 66 non-covalently bound complexes at their equilibrium
distance.

“Note that S6x6 contains six data that are also in S66 and S66x8 and in one or another of DD23,
HB23, and Mix20, but we present the results for DD23, H23, Mix20, S66, and S66x8 for easy
comparisons to other results in the literature.

9566x8 has 66 complexes at 8§ interacting distances — 0.90, 0.95, 1.00, 1.05, 1.10, 1.25, 1.50, and
2.00 times the equilibrium distance.

©S492 is the complement to S6x6 in S66x8. There is no duplication between S6x6 and S492.

/3462 is the complement to S66 in S66x8. There is no duplication between $66 and S462.

We look first at the 22 functionals that do not have molecular-mechanics damped-dispersion
terms, and we find that the best performing functional for both S66x8 and its subset S66 is
revMO06. The revM11 functional improves over M11 for both these databases and its MUE is
quite close to revMO06 for both of them. The ®B97X-D functional has molecular mechanics
dispersion terms and it does well for S66x8, but only slightly better than revM06, M06-2X, and
revM11. However, one expects functionals with local correlation and no molecular mechanics to
do better for noncovalent complexes at their equilibrium geometries than at long range, and
MO06-2X and revMO06 do significantly better than ®B97X-D at equilibrium geometries (i.e., for
the noncovalent binding energies of S66 rather than for the whole potential energy curves of
S66x8), and revM11 has an MUE only 0.02 kcal/mol higher than ®B97X-D for S66. We prefer
to get noncovalent binding energies without using molecular mechanics, and Table 14 shows
good success for this.

The PEC4 database has potential energy curves (PECs) of four inert gas dimers (Arz, Kr,
KrHe, and Ne;), and for each dimer at least 30 points on the PEC are calculated. Some inert gas
dimers, which are part of the NGD21/18 database where equilibrium distances and two distances
on either side of the equilibrium distance are considered, were used in training the new

functional. But here we test the performance on non-equilibrium distances that go much farther
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from the equilibrium distance. Figures la, 1b, 1c, and 1d compare the reference potential curves
for four rare gas dimers to the results for five density functionals — M11, revM11, M06, M06-2X,
and revMO06. The display of the M11 and revM11 curves allows us to compare the new
functional, revM11, with its parent, M11, and the display of revMO06 curves allows us to compare
to results for the recent revMO06 functional, which has a percentage of HF exchange intermediate
between that of M06 and that of M06-2X. The M06-2X functional is known to usually provide
reasonably good accuracy for noncovalent interaction energies, and we want to see how well the
recent functionals, revM11 and revMO06, perform in comparison to it. In Figure 1, the revM11
curves are little bit smoother than the M11 curves. For all four inert gas dimers shown in these
figures, revM 11 gives tighter binding than experiments at short interatomic distances and gives a

binding energy similar to experiments at medium-to-long interatomic distances.
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Figure 1. Potential energy curves of (a) Arz, (b) Nez, (c) Kr2, and (d) KrHe calculated using
MI11, revM11, M06, M06-2X, and revMO6 density functionals with the aug-cc-pVQZ basis set.
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Other subdatabases of the additional test data of Database 2019. The other databases in the

additional test data of Database 2019 include A12X6, DIPCS10, HeavySB11, YBDEI1S,
WCCR10, and ASNC2, where the A12X6, DIPCS10, HeavySB11, and YBDE18 databases are

taken from the GMTKNS55 database.!® The mean unsigned errors for these databases are reported

in Table 16 for revM11 and 22 other density functionals.

Table 16. Mean unsigned errors (kcal/mol) on other subdatabases of Table 3.

Functional Al2X6 DIPCS10 HeavySB11 YBDE1I8 WCCRI10 ASNC2
BLYP 12.0 7.9 8.1 11.1 9.8 7.7
PBE 4.3 4.6 4.6 5.9 6.8 2.7
TPSS 4.0 3.8 4.5 7.3 7.1 3.6
MO6-L 0.8 8.4 2.7 4.9 59 3.4
revMO06-L 1.5 9.5 2.7 5.5 5.4 6.4
MN15-L 1.4 10.3 6.5 4.2 6.4 7.6
B3LYP 8.9 4.4 7.6 8.2 7.6 4.7
PBEO 2.8 29 3.6 2.5 5.8 1.6
MO6 3.0 6.5 1.9 4.9 5.3 24
MO06-2X 0.9 3.1 8.3 2.5 6.0 1.2
revMO06 0.9 2.7 22 3.0 5.4 22
MNI15 1.5 4.3 5.1 3.4 7.5 1.6
CAM-B3LYP 6.0 4.3 7.3 5.4 5.5 0.5
HSEO06 3.0 3.1 32 3.0 5.6 1.0
LC-oPBE 2.3 3.0 6.6 2.9 5.9 2.2
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HISS 1.9 4.0 4.2 3.1 5.5 1.0
®B97 2.7 54 3.5 1.4 7.6 1.2
oB97X 3.3 5.6 3.1 2.1 7.0 1.0
oB97X-D 3.1 54 2.2 2.8 8.5 0.5
M1l 1.3 3.3 2.0 1.8 6.2 2.8
N12-SX 2.5 5.7 2.9 24 6.6 0.9
MN12-SX 3.2 8.2 1.9 3.9 4.9 3.2
revM11 0.6 4.9 4.2 2.1 7.0 1.3

The Al2X6 database contains dimerization energies of aluminum compounds. The
dimerization energies of six aluminum compounds (Al>Cls, AloFs, AloHg, Al2Mes, Al2Mes, and
AlbMeg) were calculated. (Here Al,Mes is a dimer of AlMe, and AlMes3). The MUEs over the
AlI2X6 database show that the best performing functional among 23 functionals in Table 16 is
revM11 (MUE = 0.55 kcal/mol), which improves considerably over the M11 functional (MUE =
1.32 kcal/mol).

The DIPCS10 database represents double-ionization potentials of 10 closed-shell systems,
which include both organic and inorganic systems. The systems are Be, C2Ha, CoHs, C4Ha,
CH-0, H2S, Mg, N>H», NH3, and PH3. The MUE over this database for the revM11 functional is
4.9 kcal/mol. Even though it does not do better than M 11, which has an MUE of 3.3 kcal/mol, it
does better than other range-separated hybrid functionals such as ®B97, ®B97X, and ®B97-D,
all three of which have an MUE in the range 5.4-5.6 kcal/mol.

The HeavySB11 database has homolytic dissociation energies of 11 covalently bonded
dimers where at least one of the monomers involves a “heavy” element (defined for this database
as having an atomic number in the range 15 to 82). The dimers are As:Mes, Br, Clz, GexHe,
H>S,, PxMes, SboMes, SnoMes, TeaMeo, HaSes, and PboMeg and they dissociate to give the
respective monomer. The revM11 functional has an MUE of 4.2 kcal/mol, only slightly better
than the average MUE of all 23 functionals, which is 4.3 kcal/mol.

The YBDEI18 database represents ylide bond-dissociation energy of 18 species. This
database for benchmarking density functionals was introduced in Ref. 58, and its reference
values were updated in Ref. 19 by Grimme and coworkers. The revM11 functional gives an
MUE of 2.1 kcal/mol, and it is the third best functional of the 11 range-separated hybrid
functionals in Table 16. It is also much lower than the average MUE of all 23 functionals, which

1s 4.1 kcal/mol.
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The WCCR10 database contains reaction energies of 10 reactions, where one of the elements
involved in each reaction is a transition metal (Cu, Ag, Au, Pd, Pt, or Ru). In our past work'® we
reported results for the subset WCCR9 of the WCCR10 database because one of the reactions,
reaction 4, of this database was found to be computationally very expensive for some of the
hybrid functionals. In this work, we loosened the convergence criterion for SCF energy
calculations for reaction 4 from 107 to 107 or 10-¢ hartrees, and in Table 16 we report results for
the entire WCCR10 database. The MUE with revM11 is 7.0 kcal/mol, which is slightly worse
than the average MUE of all 23 functionals, which is 6.5 kcal/mol.

The ASNC?2 database contains binding energies of sulfur-nitrogen clusters that are relevant
to atmospheric chemistry. It has two complexes (1A1D and 2A1N),% where A, D, and N are the
monomers of these complexes — A stands for the acid H2SO4, D stands for dimethylamine, and N
stands for ammonia. The number with each monomer indicates its stoichiometry in the complex.
Table 16 shows that the local functionals do better than hybrid functionals for the ASNC2
database, and among hybrid functionals, the range-separated hybrids give the smallest MUE, for
example, CAM-B3LYP and ®B97X-D give MUEs of only 0.5 kcal/mol. The revM11 functional
has an MUE of 1.3 kcal/mol, which is 0.8 kcal/mol higher than the two best functionals in Table
16 but 1.3 kcal/mol lower than the average MUE of all 23 functionals, which is 2.6 kcal/mol.

10. An attempt at a comprehensive ranking
There is no unambiguous way to assess overall performance of density functionals. The MUE for
the cumulative subdatabase AME467 is interesting, but as an overall summary it has two major
deficiencies: (i) the data in some of the databases (e.g. [P23) have much larger values than the
data in some others (e.g., noncovalent binding energy databases), which give each datum in the
former databases a higher relative weight; (ii) the different databases have different numbers of
elements, which gives the larger databases more influence in AME467. The MUE for EE139
does not suffer as much from these faults (and therefore it is very encouraging that revM11 has
the lowest MUE for EE139), but it still does not reflect our goal of obtaining a functional with
good performance in four categories of excitation: valence, Rydberg, long-range charge transfer,
and short- and medium-range charge transfer.

For these reasons we prefer another measure, namely average rank. To obtain the average

rank, we rank the functionals by MUE on each database; the rank is 1 for the lowest MUE, 2 for
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the second lowest, etc.), and then we average these ranks. A low average rank indicates good
universality. This clearly eliminates deficiencies i and ii, and it reflects reasonably well our goal
of obtaining a functional with good accuracy across the board, although of course it is not perfect
(since, as just one example, the number of databases of each type is somewhat arbitrary).

If more than one functional has the same MUE for a given database (to the number of digits
shown in the tables), the average rank is returned. For example, if two functional are tied for rank
2, they are each assigned rank 2.5.

First consider ground-state properties. For all of the ground-state databases we have tests for
23 functionals. For ground-state energetics we average the rank over 46 databases, in particular
the 24 ground-state energetic databases of Table 2and the 13 ground-state energetic databases of
Table 3 (except that — for convenience — we use S462 rather than S432) plus DD23, HB23, and
Mix20. For ground-state bond distances we average the ranks over five databases, in particular
the two ground-state bond-distance databases of Table 2 and the three ground-state bond-
distance databases of Table 3. (It would be redundant to also include MS10 because it is the
union of DGL6 and DGH4, which are in Table 2.) The average ranks of the 23 tested functionals

are provided in Table 17; the last column of the table is the average of the two average ranks.

Table 17. Average ranks (out of 23 functionals) for energetic databases and bond-distance

databases.

Functional Energies” Bond distances” Average®
MN15 6.2 5.3 5.7
revM11 8.9 9.9 9.4
revMO06 5.6 13.5 9.6
M06-2X 8.0 11.2 9.6
MO06-L 12.7 7.5 10.1

MNI12-SX 10.2 10.1 10.2

®oB97X-D 8.8 11.6 10.2
®B97X 10.2 10.7 10.5

MO06 9.5 13.1 11.3
Ml11 9.8 13.1 11.5
PBEO 13.1 10.2 11.6
CAM-B3LYP 14.7 8.6 11.6
®B97 11.0 12.5 11.8
HSEO06 13.1 10.6 11.9
revMO06-L 12.1 12.3 12.2

LC-oPBE 14.4 10.1 12.3
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MNI15-L 11.1 13.5 12.3
N12-SX 13.0 11.7 12.3
HISS 13.0 15 14.0
TPSS 16.8 13.9 15.4
B3LYP 17.2 15.9 16.6
PBE 16.9 16.8 16.8
BLYP 19.8 18.9 19.3

“ Average over 40 databases
b Average over 5 databases
¢ Average of previous two columns

We find that revM 11 has a rank of 6 or better (out of 23 functionals) on 16 of the 45
databases and a rank of 11 or better on 30 of them. The results in Table 17 are very encouraging;
when averaged over both ground-state energetics and ground-state bond distances, revM11 has
the second-best average rank.

Consider next the electronic excitation energies. One wants good performance for valence,
Rydberg, and charge transfer excitations even if one is nominally interested only in valence
excitations. The reason for this is that functionals that do poorly for Rydberg states typically
underestimate their excitation energies so the Rydberg states mix in an unphysical way with
lower-energy valence states, making the valence states less accurate; furthermore, in complex
molecules, various states that are nominally classed as valence states may have different amounts
of charge transfer character, and their relative energies can be skewed if the charge transfer
character is not treated well. Therefore we average ranks over the three classes of excitation in
Table 10. These ranks are in Table 18 in the column marked excitation energies. Table 10 has 16

functionals and Table 18 has those 16 functionals.

Table 18. Average ranks (out of 16 functionals) for ground-state properties and excitation
energies.

Ground state Excitation
Functional Energies” Bond distances” energies* Average?
MNI15 5.0 3.5 5.8 4.8
revM11 6.9 6.9 4.3 6.0
MO06-2X 6.0 8.0 6.7 6.9
revMO06 4.5 10.2 6.3 7.0
®B97X-D 6.7 8.8 6.3 7.3

oB97X 7.8 7.8 7.0 7.5




CAM-B3LYP 10.9 6.1 7.3 8.1
M1l 7.4 9.6 8.5 8.5
oB97 8.4 9.0 8.7 8.7

HSEO06 9.8 7.8 8.7 8.8
LC-oPBE 10.7 7.2 8.7 8.9
HISS 9.6 11.1 8.0 9.6
N12-SX 9.7 9.0 10.7 9.8
MN12-SX 7.9 7.4 14.7 10.0
B3LYP 12.5 11.3 9.3 11.1
PBE 12.2 12.3 15.0 13.2
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“ Average over 40 databases

b Average over 5 databases

¢ Average over three kinds of excitation in Table 12
4 Average of previous three columns

The rank of revM11 on the ValEE68, RydEE47, and CTEE24 databases of Table 10 is
respectively 8.5, 2.5, and 1, for an average rank of 4.0 (out of 16 functionals). This is the best
average rank by a considerable margin; it is followed by 5.5 for MN15, 6.0 for revM06 and
®B97X-D, and 6.3 for M06-2X. This analysis does not separate short-range and long-range

charge transfer, so it is also important to note the very good performance of revM11 for

LRCTEE9 and LRCTEE2, which contain long-range charge transfers. The good average rank of

revM11 combined with its good performance for long-range charge transfer makes a very
promising choice for electronic excitation calculations.
Table 18 also shows the result of combining the two ground-state averages ranks with the

excitation energy rank; again revM11 ranks very high.

11. Other strategies of optimizing density functionals

The approach taken here is only one route to try to obtain improved functionals. Some other
routes may be considered as well. For example, (i) we have considered enhancing exchange at
large reduced gradient of density to improve the asymptotic form of the local potential for
Rydberg states;!!” (ii) we have considered translating spin-polarized GGAs into functionals of
the total density and on-top pair density for use with multiconfiguration wave functions as
reference functions to improve the description of strongly correlated systems and excitation

energies;!'!8 (iii) we have considered increasing the local exchange globally as a way to, for

example, improve band gaps of semiconductors and some molecular excited states while keeping
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the computational cost affordable in plane wave codes,’®!'” and (iv) Kaupp, Janesko, and
coworkers have made progress in using local hybids’ and functionals with rung-3.5
ingredients.!?%!2! These approaches involve only a few parameters or even no new parameters,
but they could be combined with flexible functional forms such as used here to perhaps further
improve the accuracy in future work. The above list is just a sampling of possible routes to
further improvement. We anticipate that the quest for higher accuracy and more universal
functionals will involve various combinations of improved functional forms, more diverse

training databases, and improved reference functions.

12. Concluding remarks

This paper presents the revM11 functional, which is obtained by re-optimizing the M11 range-
separated functional. The strategy for optimizing the new functional is to obtain a balanced
treatment for electronic excitation energies (simultaneously good performance for all types of
excitation energies — valence, Rydberg, short-range charge transfer, and long-range charge
transfer) and — with this as a constraint — obtain the best possible performance across a diverse
set of databases for ground-state properties. The performance of the revM11 functional was then
compared to a variety of density functionals, including ten previous range-separated hybrid
density functionals tested on a variety of atomic and molecular properties for ground and excited
states.

For excitation energies, we looked at all the three types of excitations, in particular, 68
valence excitations, 47 Rydberg excitations, and 24 charge transfer excitations. The newly
optimized revM11 functional has performance similar to M11 for valence excitations (both have
an MUE of 0.34 eV), and it improves significantly over M11 for Rydberg and charge transfer
states. Although an MUE of 0.34 eV for valence excitations is moderately successful, several
other functionals, especially the B3LYP global hybrid, do even better for valence excitations, but
revM11 improves significantly over all global hybrids for charge transfer excitations, and it
improves significantly over B3LYP for Rydberg excitations. In comparison to ten other range-
separated hybrid functionals, revM11 performance similar to most of them for valence
excitations, does much better than screened-exchange functionals, HSE06, N12-SX, and MN12-
SX, for Rydberg excitations, and is the best for CT excitations. Overall, we find that for 139
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TDDFT excitations considered in this work, revM11 with an MUE of 0.35 eV is the best among
all the 16 density functionals tested for excitation energies.

For ground-state properties, the revM11 functional improves over the M11 functional for
about half of the database; it is significantly better for bond energies involving metal atoms,
ionization potentials, and noncovalent interaction energies and significantly less accurate for
isomerization energies of large molecules. However, it has relatively good performance across
the whole range of databases, and it joins M06-2X, MN15, and revMO6 in the class of most

universal density functionals devised so far.
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139 Excitation Energies
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