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ABSTRACT: The accuracy of Kohn—Sham density functional theory
depends strongly on the approximation to the exchange-correlation
functional. In this work, we present a new exchange-correlation
functional called M11pz (M11 plus rung-3.5 terms with zero Hartree—
Fock exchange) that is built on the M11plus functional with the goal of
using its rung-3.5 terms without a Hartree—Fock exchange term,
especially to improve the accuracy for strongly correlated systems. The
Mllpz functional is optimized with the same local and rung-3.5
ingredients that are used in Mllplus but without any percentage of
Hartree—Fock exchange. The performance of M11pz is compared with
eight local functionals, and M11pz is found to be in top three when the
errors or ranks are averaged over eight grouped and partially overlapping
databases: AME418/22, atomic and molecular energies; MGBE172,
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exchange hybrid
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correlation correlation

main-group bond energies; TMBE40, transition-metal bond energies; SR309, single-reference systems; MRS4, multireference
systems; BH192, barrier heights; NCS579, noncovalent interaction energies; and MS20, molecular structures. For calculations of band
gaps of solids, M11pz is the second best of the nine tested functionals that have zero Hartree—Fock exchange.

1. INTRODUCTION

Kohn—Sham density functional theory"” is the most widely
used quantum mechanical electronic structure method for
molecules and materials.” The key to the success of density
functional calculations lies in the accuracy of the necessarily
approximate exchange—correlation functionals; however, the
best currently available density functionals suffer from self-
interaction error and delocalization error.”® Therefore, the
development of better approximate exchange—correlation
functionals is a major goal in theoretical chemistry. One route
to improving functionals is to add new ingredients.6 The
simplest exchange—correlation functionals are local functionals
in which the energy density at a point in space depends only on
local properties such as the local spin densities (p,, where ois
or f3), their reduced gradients defined as

s = IVpl/12(62%)°p )

in the spin-polarized form (see Appendix A of ref 7), and the
local kinetic energy densities (7,). Functionals for which the
energy density at a point in space involves an integral over the
entire space are called nonlocal. The most popular nonlocal
functionals are called global hybrids; in these, a portion8 (or
sometimes all) of the local exchange is replaced by a percentage
(denoted X) of nonlocal Hartree—Fock (HF) exchange; in these
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functionals, X is independent of the interelectronic distances.
Other types of nonlocal functionals containing HF terms are
range-separated hybrids” and local hybrids'”"" (LHs) in which
X can vary with interelectronic separation or other variables.
Hybrid functionals decrease self-interaction error and delocal-
ization error, often leading to more accurate thermochemistry,
chemical reaction barrier heights, and excitation ener-

3,7,8,12—14 .
1S However, nonzero X can also make the functional

gies.
less accurate for systems that have large static correlation (called
strongly correlated systems or multireference systems), like
many molecules containing transition metals,''® and in some
implementations (especially those employing plane wave
codes), it can appreciably raise the computational cost.

Local functionals account for static correlation through the
local exchange terms. A type of functional that attempts to
model static correlation more accurately has nonlocal
ingredients called rung-3.5 terms. Rung-3.5 terms involve the
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expectation value of range-restricted nonlocal one-electron
operators that sample the off-diagonal part of the one-particle
reduced density matrix. An adiabatic-projection derivation of
rung-3.5 density functionals that shows their relation to self-
interaction corrections and Hubbard corrections has been
presented elsewhere.'” Previously, we developed a novel
functional called M11plus'® that combines M11 local exchange
& correlation terms,'” HF exchange terms (in a range-separated
hybrid form), and rung-3.5 terms. The local terms and HF terms
in M11plus have the same functional form as those employed in
a previous range-separated-hybrid meta-generalized gradient
approximation called M11." After addition of the new rung 3.5
ingredient to the MI11 functional, the parameters were re-
optimized to obtain M11plus. The M11plus functional has been
found to have broad accuracy with especially good improvement
on strongly correlated systems. This improvement can be
ascribed to the new rung-3.5 terms that were added to the M11
functional form to explicitly account for the nondynamic (static)
correlation in the exchange—correlation functional.

The new functional presented here consists of M11 local
exchange and M11 local correlation (which have ingredients
that depend on spin densities, reduced spin-density gradients,
and kinetic energy densities) and rung-3.5 nonlocal correlation,
all of which are also present in M1lplus, but it differs from
M11plus in not having HF exchange (it has X = 0) and in having
the other parameters reoptimized. Therefore, the new functional
form is equivalent to Mllplus with zero Hartree—Fock
exchange, and for brevity we name it M11pz, where the “p” is
short for “plus” and the “z” is short for “zero Hartree—Fock
exchange.”

The exchange—correlation energy is given by

EMUpz _ pMllx 4 pMlle | p3s (1)
where the first term has the form of M11 local exchange

pMllx _ EM11X(pa) D S S T %) @
the second term has the form of M11 local correlation

pMlle _ EMllc(pa’ Dy Swr $pr T %) 3)

and the third term equals the sum of two kinds of rung-3.5
correlation terms

B35 = Z EM 4 BPOS
o 4)

The local terms in M11pz are described in the M11 paper,"’
and the rung-3.5 terms have the same form as those in the
M1 1plus functional and are presented in complete detail in the
Mllplus paper.'® There are two kinds of rung-3.5 terms in
M11plus and M11pz: E" is an energy term motivated by local
hybrid theory'®'" and E* is an energy term based on Becke’s
2005 nondynamic correlation functional*® (details are in ref 18).
Note that although the functional forms are the same as
presented previously, the linear parameters are re-optimized, as
discussed below.

There is more than one motivation for developing a new
functional with zero HF exchange. First, turning off nonlocal HF
exchange reduces the computational cost for plane-wave
calculations;” "> the actual speedup depends on the particular
code and other parameters, but in our experience, it is often 2—3
orders of magnitude. Another motivation is that long-range HF
exchange (in global hybrids or long-range-corrected hybrids)
causes a divergence of the group velocity at the Fermi level for
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solid-state systems (like metals) that do not have a gap.B’24 A

third motivation, perhaps the most important of all, is that HF
exchange causes static correlation error,25 and static correlation
error is generally somewhat smaller when HF exchange is not
present. However, due to greater self-interaction error, func-
tionals with zero HF exchange tend to show less accuracy than
functionals with HF exchange for many problems not
dominated by static correlation error.

The new M11pz functional is not local because it contains the
nonlocal rung-3.5 correlation terms of eq 4, but it is not hybrid
because “hybrid” in the density functional literature has the
generally accepted meaning of referring to the inclusion of some
HF exchange. It will be convenient to have a simple way to refer
to functionals with zero HF exchange, and we will use the term
“nonhybrid” for that.

2. DATABASE AND METHODOLOGY

2.1. Databases. We begin with Minnesota Database 2019
(MDB 2019),”**” which is a collection of databases containing
both experimental data and high-quality theoretical data. We
made a few minor changes to this database, as explained below.
The revised database is named Minnesota Database 2019/22,
but in the rest of this article we simply refer to the revised
database as MDB.

The MDB has data for both single-reference (SR) and
multireference (MR) systems; SR and MR systems are also
called weakly correlated and strongly correlated systems,
respectively. The correlation energy of weakly correlated
systems is mainly or entirely dynamic, whereas that of strongly
correlated systems also contains a significant amount of static
correlation (which is due to near-degeneracy effects and is also
called nondynamic correlation). It is well appreciated that
Kohn—Sham density functional theory is more accurate for
dynamic correlation than for static correlation.””>*** The
inclusion of significant MR data is very appropriate for
optimizing M11plus and Mllpz since they contain rung-3.5
terms that should provide a better description of static
correlation than density functionals with only more conven-
tional ingredients.

A subset, shown in Table 1, of MDB is used for training the
M11pz functional, and the databases in this subset are also used
for testing against selected other functionals. Thus, they are
called training-and-testing databases since they are used for both
purposes. These are mainly the same databases as were used in
MIl1plus functional optimization, and references are given in
Table 2 of ref 26. The differences from refs 18 (M11plus) and 26
(revM11) are that we added the LC18 database and 37 repulsive
energies from the PEC150 database in the training set for the
optimization of M11pz, and we made some minor changes that
are explained in the footnotes of Table 1. The LC18>" database
has 18 lattice constants for 17 solids, and it was previously called
LC17.> The PEC150 database consists of potential energy
curves of five van der Waals complexes (Ne,, Ar,, Kr,, KrHe, and
benzene--Ar’®) of which four (Ne,, Ar,, Kr,, and KrHe) are
from the testing set of our previous work (PEC4 in revM11°°
and M11plus'®), and the benzene-+-Ar complex™ is newly added
in this work. For the four inert gas dimers in PEC4, we used 36
interatomic distances for Ne,, 31 interatomic distances for Ar,,
31 interatomic distances for Kr,, and 31 interatomic distances
for KrHe, which altogether total 129 energy points; therefore,
we renamed PEC4 as PEC129 in the present work because we
are moving to a naming convention where the number in the
database name always (rather than just usually) gives the

https://doi.org/10.1021/acs.jctc.2c01315
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Table 1. Databases Used for Training and Testing

inverse

database” description weight”

SR-MGM-BES8 single-reference main-group metal bond 0.90
energies

SR-MGN-BE107  single-reference main-group nonmetal bond 0.045
energies

SR-TM-BE15 single-reference transition-metal bond 0.60
energies

MR-MGM-BE4  multireference main-group metal bond 0.11
energies

MR-MGN-BE17  multireference main-group nonmetal bond 3.00
energies

MR-TM-BE13° multireference transition-metal bond energies 0.03

MR-TMD-BE3 multireference transition-metal dimer bond 1.00
energies

HTBH38/18 hydrogen-transfer barrier heights 0.10

NHTBH38/18 non-hydrogen-transfer barrier heights 0.075

NCCE23/18 noncovalent complexation energies 0.04

CT7/04 noncovalent complexation energies (charge 0.04
transfer)

NGD21/18 noble gas dimer weak interactions 0.01

S6x6 noncovalent interaction energies of six dimers 0.015
at six intermonomer distances (subset of
S66x8)

P23 ionization potentials 0.12

EA13/03 electron affinities 0.14

PA8 proton affinities 0.13

pBIsoESd 2p- and 4p-block isomerization energies 40.00

IsoL6/11 isomerization energies of large molecules 20.00

aTC13 thermochemistry of 7 systems ¢

AE17 atomic energies 0.17

HC7/11 hydrocarbon chemistry 0.42

SMAE3/19 sulfur molecule atomization energies 2.00

DCY/19 difficult cases 0.18

ABDE13 alkyl bond dissociation energies 40.00

DGL6 diatomic geometries (bond lengths) for 0.009
diatoms with light atoms

DGH4 diatomic geometries (bond lengths) for 0.009
diatoms with one or more heavy atom

3dEE7/22" excitation energies of 3d transition-metal 0.08
atoms and Fe,

4dAEES 4d transition-metal atomic excitation energies 0.45

pAEES p-block atomic excitation energies 0.20

LC18 lattice constants of solids 0.004

PEC37¢ 37 repulsive energy points from the potential 0.004

energy curves of Ne,, Ar,, Kr,, KrHe, and
benzene---Ar

“The number of data is given by the number ending the database
name if there is no solidus and by the number before the solidus when
it is present. The references for all of the databases are provided in ref
26, except for the LC18 database, benzene:--Ar (in the PEC37 and
PEC150 databases), and FeO" (in the MR-TM-BE13 database),
where LC18 is provided in ref 31 and the latter two are provided in
this work. “Inverse weight is the reciprocal of the weight used with
each database during optimization of the functional as explained in eq
S in Section 2.3. All inverse weights are in kcal/mol or A. °MR-TM-
BE13 adds the bond energy of FeO* into MR-TM-BE12. deIsoE8 is
the merger of databases 2pIsoE4 and 4plsoE4. “During optimization,
#TC13 database was treated as two subdatabases (7IE3 and 7PA10)
with different inverse weights, 2.50 and 0.20, respectively. J3dEE7/22
excludes Ca® from 3dEE8. ®PECI150 adds 21 energy points of
benzene--Ar to database PEC129 (formerly called PEC4 in ref 26),
which contains 129 energy points. The 37 points of PEC150 that are
in repulsive regions were used for training and testing, and the
remaining points were used only for testing.
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number of data points. After adding 21 intermonomer distances
of benzene--Ar, the database then has 150 energy points, which
we call PEC150. The PEC150 database has 37 of the 150 energy
points in repulsive regions of the five complexes, and only these
37 were used for training.

The basis sets used for most of the databases except benzene---
Ar (in the PEC150 database) and FeO* (in the MR-TM-BE13
database), are described in earlier work, for example, most of
molecular databases are in ref 26, and most of the solid-state
databases are in ref 7.

For benzene:--Ar, the reference values for each of the 21
points on the potential energy curve are calculated using the
CCSD(T) method™ and the aug-cc-pVQZ basis set.”> > Its
equilibrium geometry is obtained from the Supporting
Information of ref 33. The density functional calculations for
benzene---Ar also used the aug-cc-pVQZ basis set.

For FeO", the calculation of bond energy is done using the
aug-cc-pVTZ basis set®>° for triplet O and the aug-cc-pwCVTZ
basis set’® for sextet Fe’. The ground spin state of FeO" is a
sextet state. The equilibrium bond len§th (r.) of FeO"is 1.638 A
estimated from an experimental r,.>”* The reference spin-orbit-
free equilibrium bond energy, D,, of FeO" is calculated to be
83.8 + 0.5 kcal/mol. We obtained this from the experimental
zero-point dissociation energy (D, = 81.2 + 0.5 kcal/mol)*' by
removing zero-point energy and spin-orbit coupling. The zero-
point energy was estimated in the harmonic apzproximation as
1.20 kcal/mol based on the experimental’” fundamental
frequency. The spin—orbit energies were obtained from atomic
energy levels in the NIST database as —1.19 kcal/mol for Fe®
and —0.22 kcal/mol for O (the spin-orbit energy of FeO" is zero
because it is a X state).

The performance of the M11pz functional is further evaluated
on testing databases that are listed in Table 2. Some of these
testing databases are from MDB 2019, as described in Table 3 of
ref 26. Those not in MDB include both molecular and solid-state
databases. The molecular databases not in MDB are (i) four
databases from GMTKNSS,* namely, ALKBDE10, WCPT18,
W4-11, and RSE43, which were also used in the assessment of
the M11plus functional'® and (i) a database with 41 metal—
organic reactions (MOR41).** The solid-state databases contain
transition-metal oxide band gaps (TMOBG4)* and semi-
conductor band gaps (SBG31).” More explanations of the
databases are in the footnotes of Table 2 and references in the
footnotes of Table 2.

2.2. Computational Details. For selected databases, the
errors for the new M11pz functional were compared to those for
15 other functionals, including eight local functionals
(BLYP,*”*! PBE,*” OreLYP,*"**** GAM,>* TPSS,*® M06-L,”’
MN15-L,* and revM06-L**) and seven nonlocal functionals
(B3LYP,* 190 B97-1°" PW6B9S,”> PW6B95-D3(BJ), ">
MN15,%* revM06,65 and M1 lpluslg). For all the databases, the
errors for M11pz were compared to those for the eight local
functionals.

The Mllpz functional was optimized using Gaussian
Development Version, Revision ].16,66 and Gaussian Development
Version, Revision 114+ was used for calculations with
M11plus. Calculations for BLYP, PBE, TPSS, M06-L, MN15-
L, B3LYP, B97-1, PW6B9S, PW6B95-D3(BJ), and MN15 were
performed using Gaussian 16;°® calculations for GAM, revMO06-
L, and revMO06 were performed using a locally modified version
of Gaussian 16; and calculations for OreLYP were performed
with Minnesota-Gaussian Functional Module (MN-GFM6.10).®°
All calculations were done using the UltraFine grid (99, 590

https://doi.org/10.1021/acs.jctc.2c01315
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Table 2. Databases Used Only for Testing

database” description
Databases in MDB

AL2X6 dimerization energies of aluminum compounds

ASNC2 atmospheric sulfur—nitrogen cluster binding energies

BHDIV10 barrier heights of diverse reactions

BHPERI26 barrier heights of pericyclic reactions

BHROT27 barrier heights for rotation around single bonds

DIPCS10 double-ionization potentials of closed-shell systems

DM79 dipole moments (ground state)

HeavySB11 dissociation energies of heavy-element compounds

PX13 proton-exchange barriers of H,O, NH;, and HF clusters

SIE4x4 self-interaction errors

S66x8 noncovalent interaction energies of complexes relevant to
biomolecules

YBDEI18 ylide bond-dissociation energies

TMBH22 transition-metal reaction barrier heights of Mo, W, Zr, and Re
reactions

TMDBLI10 transition-metal dimer bond lengths

WCCRY/ 18 ligand dissociation energies of large cationic transition-metal
complexes

PEC150° potential energy curves of five dimers—Ne,, Ar,, Kr,, KrHe,
and benzene---Ar

Databases not in MDB

ALKBDE10?  dissociation energies of group-1 and group-2 diatomics

RSE437 radical stabilization energies

wcCpT18¢ proton-transfer barriers of uncatalyzed and water-catalyzed
reactions

W4-11¢ total atomization energies

MOR41%* metal—organic reactions

TMOBG4 transition-metal oxide band gaps

SBG31¢ semiconductor band gaps

“When not stated otherwise, the number of data is given by the
number ending the database name if there is no solidus and by the
number before the solidus when it is present. Some of these testing
databases are from MDB 2019, as described in Table 3 of ref 26.
Those not in MDB include both molecular and solid-state databases,
as described in the text of the present paper. "WCCR9/18 is from
WCCR10/18 by excluding reaction 4 from ref 46. “As mentioned in
footnote g of Table 1, 37 of these data were used for training and
testing, and the remaining data were used only for testing. “The
molecular databases not in MDB consist of five databases
(ALKBDE10, RSE43, WCPT18, W4-11, and MOR41) of which the
first four are from GMTKNSS; they used the def2-QZVP basis set,
and the geometries of systems in each database are described in ref 43.
“The MOR41 database used the def2-QZVP basis set, and the
geometries and reference values are from ref 44. fThe TMOBGH4
database used the POB-TZVP" basis set with reference values in the
Supporting Information of ref 48. #The 31 semiconductor band gaps
database (SBG31) used three sets of basis set explained in refs 48 and
49, and the geometries and reference values are also from those
references and references therein.

grid), which is a pruned grid having 99 radial shells and 590
angular points per shell.

All databases except DGL6, DGH4, TMDBL10, and LC18
involve single-point calculations at geometries specified as part
of the database. For the calculation of geometrical parameters
with units of length in bond-length databases (DGL6, DGH4,
and TMDBL10) and in the lattice-constant database (LC18),
energy calculations were performed at at least five bond
distances or seven lattice constants, and equilibrium bond
lengths and lattice constants were obtained from least-squares
fitting to these energies.
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Stability checks were performed for all calculations on the
ground-state and the three excited-state (3dEE7/22, 4dAEES,
and pAEES) databases, but not for the solid-state databases—
lattice constants database (LC18), semiconductor band gaps
database (SBG31), and transition-metal oxide band gaps
database (TMOBG4). Electronic excitation energies for the
three excited-state databases were calculated by the ASCF
method.

Some data include zero-point vibrational energy, spin—orbit
coupling, and scalar relativistic effects. These details are
explained in the revM11 paper.*

2.3. Functional Optimization. The M11pz functional form
is obtained from that of Mllplus by eliminating its HF
exchange. The functional forms of the local exchange and local
correlation terms in M11plus (and hence in the new functional
presented here) are the same as in M1 1."” During optimization
of M11pz, the linear parameters of the M11 local exchange and
M11 local correlation and of the M11plus rung-3.5 terms were
optimized using the training databases of Table 1. The nonlinear
parameters of the rung-3.5 terms (eq 4) are fixed to be the same
as in the M11plus functional (as given in Table 1 of ref 18). In
particular, the optimization of Mllpz involves 36 linear
coefficients—combining 28 from local M11 terms and eight
from rung-3.5 terms (four from local-hybrid terms + four from
BOS terms). These coefficients were optimized to minimize the
following function

31
Rn X X 4 C
F=ZI—+/1(a + b+ a4 b)

n=1 'n

(5)

where the sum is over the 31 databases in Table 1, R,, is the root-
mean-square error (RMSE) of database n defined by

1 m
Rn =4 Z (xcal,i - xref,i)z
m i1 (6)

where m defines the number of data points in each database ;
a1, and x,.¢; are the calculated and reference values, respectively,
of datum i in database n; I, is the inverse weight assigned to each
database; 4 is the smoothness restraint parameter; and the terms

multiplied by 4 are given by

s

a* = Z (“ix - “ix+1)2
i=0
s

b* = Z (b" - bix+1)2
i=0

5

2

a‘ = Z (af - ayy)
i=0

5
b= Z (bic - bic+1)2
i=0 (7)

where af and b} are the linear coefficients of the local exchange
and af and bf are the linear coefficients of the local correlation
terms of the M11 component in M1lpz. The smoothness
restraint parameter 4 is set equal to 0.02, which is the same as
used in optimizing the Mllplus and revMI11 functionals. A
higher A provides higher functional smoothness, but it is found
to worsen the performance of the M1lpz functional on the
calculation of some of the databases. Therefore, we decided to

https://doi.org/10.1021/acs.jctc.2c01315
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Table 3. Optimized Linear Coeflicients of M11pz

M11 local components

rung-3.5 components

coeff. exchange correlation

dy 1.779814645 0.654261662
a, —10.571375988 —0.207847301
a, 1.629528796 6.103621816
as 8.197709995 —8.341650131
a, 1.367809302 —16.74138168

as 6.989993689 2.670647007
ag —1.721874988 15.009114025
b, —0.734882925 1.346551698
b, 10.968372186 —4.895049845
b, —2.562767164 —9.335618679
by —7.450063720 —11.261291120
b, —0.833616768 —1.119367653
by —8.134636163 —15.895534350
by 2.075989103 —17.83586876

coeff.

o
51
53
(%)

4

LH coeff. BOS
—0.075495695
—0.214440400 d, —0.529686873
d, 0.304731639
3.125017527 dy 0.574245383
—2.904680019 d, 0.527981900

use the same A of 0.02 to balance the smoothness and the
accuracy of the functional. The summation term in eq §
minimizes the RMSE in reproducing the reference data and the 4
terms promote smoothness in the functional. For the other eight
linear parameters from rung-3.5 terms, we did not use the
smoothness restraint.

The final functional obtained by this process depends strongly
on the inverse weights I, used with the databases (see eq 5), and
that is where the optimization becomes an art rather than a
science. The use of inverse weights has the slight disadvantage
that the reader must keep in mind that a large inverse weight
means a lower importance in the fitting, but they have the major
advantage that the inverse weight has the same units as the
property in question, and its magnitude shows the relative
sought accuracy for that property. The optimization involves
many rounds of changing the inverse weights to get good across-
the-board accuracy. This means we want small errors on every
database, but if we must make the inverse weight of some
database so small that the errors on other databases rise too
rapidly, then we make the decision to accept larger errors for the
databases in question. The first round of inverse weights is
chosen based mainly on errors obtained with electron densities
from a previous functional, but then the densities are updated
with self-consistent field calculations employing the new
functional. The new densities lead to new calculations of all of
the terms contributing to the energies, for all data in the training
set, and a new choice of inverse weights is made based on this
new data; this leads via eq 5 to new round of coefficients and
hence another new functional, leading to newer densities,
leading to new weights, until the process does not seem to allow
for further improvement. At that point, the parameters are
finalized. The final linear coeflicients of M11pz are given in
Table 3.

2.4. Statistical Analysis. No single statistic can fully capture
performance, and this is especially true when one seeks to
compare methods (in our case, density functionals) over diverse
databases with non-normal error distributions; variable number
of data; and different magnitudes of the data, the data errors, and
the percentage errors of the data. Some of the data even have
different units. Since no error measure will fully capture quality
and universality of the functionals under examination, but some
measure of this is needed for capturing trends, and since
avoiding complicated weighting schemes makes the analysis
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easier to comprehend, we chose the following simple scheme to
compare the performance of functionals.

On a given database, the metric used is mean unsigned error
(MUE), which is given by

cal,i xref, il

1 m
MUE = — Z lx
m_i (8)

where m is the number of data in the evaluation, x,, is the
calculated value, and x,, is the reference value (experimental
value or high-level theory as specified in the database). We use
MUE because it is a simple, robust quality indicator for
distributions that do not necessarily have a normal error
distribution, and its use on the smaller databases where the data
are more homogeneous in character is reasonable. But to
compare the performance of functionals across several databases
that are quite different from each other, we use average rank.
That is, for each of the individual databases, we rank all of the
functionals in order of MUE (the lowest MUE gets rank 1, the
second lowest rank 2, and so forth). Then, we compute the
average rank of each functional over a set of databases. In later
discussions, we also report overall MUE of combined databases
that we obtain by grouping several databases together. The
overall MUE can be calculated as

Zf’ (m; X MUE,)
X m (9)

where i is the index of summation representing a database,  is
the number of databases, m; is the number of data in database i,
and MUE,; is the mean unsigned error of each database i.

We also examine the performance of functionals using the
maximum absolute error of each functional on each database.
The maximum absolute error of a given database is the largest
error calculated from the absolute difference between calculated
values and reference values. We also ranked the functionals by
the maximum absolute error on the databases, where the lowest
maximum absolute error gets rank 1, the second lowest rank 2,
and so forth.

overall MUE =

3. RESULTS AND DISCUSSION

The MUEs of 29 of the training-and-testing databases calculated
by local and nonlocal functionals are shown in Table 4. (The
LC18 training-and-testing database and the PEC150 database,

https://doi.org/10.1021/acs.jctc.2c01315
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part of which is used for training and testing (PEC37) and the
rest of which is used only for testing, are not considered in this
table but are considered later.) There are three main groups of
results in Table 4: ground-state energies, ground-state bond
lengths (geometries), and electronic excitation energies
calculated by the ASCF method. The ASCF method consists
of calculating the energies of ground and excited states by
separate SCF calculations and then taking their difference;
ordinarily, this can only be applied when the excited state has a
different symmetry than the ground state.

To evaluate the performance of the functionals, the overall
MUEs and the average ranks are calculated and shown in Table
S. The final rank in Table § is assigned based on average rank

Table S. Overall Mean Unsigned Errors (MUEs) and Ranks
of the 16 Functionals Based on the 29 Databases of Table 4

overall
energetic overall rank of
MUE geometric  average  nonhybrid
functional (kcal/mol) MUE (A) rank functionals”

MN1S 1.9 0.007 3.9 NA°
revMO06 2.1 0.012 4.6 NA
MNI1S5-L 2.3 0.012 59 1

M1 lplus 2.1 0.012 6.3 NA
PW6B95-D3(BJ) 5.8 0.010 65 NA
Mllpz 2.8 0.009 72 2
PW6B9S 6.3 0.008 7.3 NA
revMO06-L 2.7 0.009 7.6 3
B97-1 2.9 0.015 7.6 NA
Mo06-L 3.1 0.007 9.0

GAM 39 0.019 10.4 S
B3LYP 4.5 0.017 11.3 NA
PBE 6.5 0.016 11.3 6
TPSS 49 0.012 114 7
OreLYP 4.6 0.020 11.6 8
BLYP 5.6 0.027 14.0 9

“The overall MUEs are calculated by eq 9 over the 27 energetic
databases in Table 4 and over the two geometric databases in Table 4.
The average ranks of the 16 functionals are obtained by ranking the
functionals over each of the 29 databases and then averaging the 29
ranks. The PEC37 and LC18 databases of Table 1 are not considered
here. ®The rank is based on the previous column (the average rank
column). “NA denotes not applicable.

rather than overall MUE. Ranks of all functionals based on their
MUEs on 29 of the training-and-testing databases are given in
Tables S1—S3 (tables with the prefix S are in the Supporting
Information).

Table 5 shows that MN 1S5, which is a global-hybrid exchange-
correlation functional, performs the best of the 16 compared
functionals, with an average rank of 3.9. The next five are
revM06, MN15-L, M11plus, PW6B95-D3(BJ), and M11pz, in
that order. The table shows that M11pz is two ranks lower than
the M11plus functional that has the same functional form but
with HF exchange also present; this is not surprising since HF
exchange often improves overall performance on databases that
have more weakly correlated systems than strongly correlated
systems.

We can also make a comparison considering only the nine
nonhybrid functionals. When judged by performance on the 29
databases of Table 4, the best nonhybrid functional is MN15-L,
and the second best is M11pz (see Table 5). The popular PBE
local functional is ranked sixth out of nine nonhybrid
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functionals, and the historically important BLYP functional
(the first functional to have a large impact in computational
chemistry70) is ranked ninth. The difference between BLYP and
the top-ranked functionals is a measure of the historical progress
in density functional development.

Next, we broaden the evaluation of the nine nonhybrid
functionals to include databases in Table 2 not used in the
training of M1lpz. Table 6 gives the performance of 10
functionals—the eight local functionals, M11plus, and M11pz,
on a subset of the individual databases of Table 2 (all except the
PEC150, TMOBG#4, and SBG31 databases). Table 7 gives
results for eight combined databases that we made by grouping
the databases from Tables 4 and 6; the combined databases
contain atomic and molecular energies (AME418/22), main-
group bond energies (MGBE172), transition-metal bond
energies (TMBE40), single-reference systems (SR309), multi-
reference systems (MRS4), barrier heights (BH192), non-
covalent systems (NCS579), and molecular structures (MS20).
The details of which databases and systems are classified as
single-reference (SR309) and multireference (MRS4) are given
in Tables $59 and S60 of the Supporting Information and Tables
S2 and S3 of ref 18. The details of the errors on each database in
each combined database are provided in the Supporting
Information. The broader data is discussed in the following
subsections.

3.1. Ground-State Properties. 3.1.1. Main-Group Bond
Energies. The performance of 10 functionals on the main-group
bond energies database is shown for database MGBE172 in
Table 7. The hybrid functional M11plus shows the best accuracy
with the lowest MUE of 1.8 kcal/mol. The best nonhybrid
functionals in the table are MN15-L, revM06-L, and M11pz, in
that order; therefore, M11lpz performed better than the
remaining six tested local functionals. Figure 1 illustrates the
MUE:s on the databases (MGM-BE12, MGN-BE140, YBDE1S,
and ASNC2) that make up MGBE172. Most of the functionals
have similar performance on main-group non-metal-bond
energies (MGN-BE140, red line), but there are significant
differences for ylide bond dissociation energies (YBDE18, gray
line) and atmospheric sulfur-nitrogen cluster binding energies
(ASNC2, yellow line). Even though MN15-L shows the lowest
MUE among local functionals for the combined database
MGBE172, it has a significantly higher MUE on ASNC2 than
revM06-L and M11pz. For M11ypz, the highest MUE on any of
the four subsets of the combined database is 5.0 kcal/mol, which
is lower than the highest MUEs of the other local functionals
(which are in the range 5.5—15.7 kcal/mol). This illustrates the
success of the present design strategy at keeping the errors down
across-the-board.

3.1.2. Transition-Metal Bond Energies. Bond energies of
several molecules containing transition metals are combined in
TMBE40 in Table 7. This database combines SR-TM-BELS,
MR-TM-BE13, MR-TMD-BE3, and WCCR9/18. Mllpz
shows the best performance on TMBE40, with an MUE of 4.5
keal/mol and it also performs better than M11plus (5.8 kcal/
mol).

Figure 2 shows individual results for each database in
TMBE40. All functionals except OreLYP have their highest
MUE for the multireference transition-metal dimer bond
energies (MR-TMD-BE3) database. M11pz is the fourth best
of the 10 functionals for MR-TMD-BE3. Most hybrid
functionals do poorly on MR-TMD-BE3, as shown in Table 3
of ref 18. Compared to M11plus, M11pz significantly improves
the MUE of SR-TM-BE1S5, MR-TM-BE13, and MR-TMD-BE3

https://doi.org/10.1021/acs.jctc.2c01315
J. Chem. Theory Comput. 2023, 19, 9102-9117
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Table 6. Mean Unsigned Errors (MUEs) on 20 Databases in the Testing Set for M11plus and Nine Nonhybrid Functionals

database Mllplus BLYP PBE OreLYP GAM TPSS MO06-L MNI1S-L revMO06-L Mllpz
MUEs in kcal/mol
AL2X6 0.5 12.0 4.3 14.6 7.1 4.0 0.8 14 LS 3.0
ASNC2 LS 7.7 2.7 15.7 S.5 3.6 3.4 7.6 6.4 3.7
BHDIV10 1.8 5.3 8.2 4.8 4.6 6.1 3.1 2.1 2.4 3.0
BHPERI26 2.5 4.6 3.9 6.3 2.5 2.2 1.9 1.8 3.9 3.1
BHROT27 0.3 0.4 0.5 0.4 0.7 0.5 1.0 0.9 1.1 0.8
DIPCS10 4.2 7.9 4.6 6.3 7.8 3.8 8.4 10.3 9.5 6.5
HeavySB11 0.8 8.1 4.6 9.3 S.1 4.4 2.7 6.5 2.7 7.9
PX13 5.0 7.0 11.6 5.8 1.6 8.4 0.9 6.4 6.0 3.7
SIE4x4 7.2 24.7 23.4 242 22.9 21.5 17.9 11.0 14.2 14.2
S66x8 0.32 2.95 1.50 4.61 0.83 2.10 0.46 1.06 0.45 0.35
YBDEI18 2.0 11.1 5.9 9.8 4.7 7.3 4.9 4.2 S.5 S.0
TMBH22 2.4 44 3.5 52 3.4 2.7 2.7 1.9 2.5 2.4
WCCRY/18 4.9 9.1 7.2 13.7 5.3 7.4 5.2 4.7 5.2 5.2
ALKBDE10 2.9 5.7 6.2 4.3 3.6 4.1 5.2 4.5 4.7 4.5
RSE43 0.3 3.1 3.1 3.5 3.0 22 2.7 12 2.3 14
WCPT18 2.5 4.1 8.6 4.2 2.8 S.S 2.1 1.8 1.9 24
W4-11 3.5 7.4 15.0 6.4 S.5 5.0 4.3 3.2 4.1 4.6
MOR41 3.6 13.5 7.9 18.1 11.5 7.8 5.8 3.2 S.1 8.0
MUEs in debye
DM79 0.29 0.30 0.29 0.31 0.26 0.26 0.25 0.27 0.27 0.27
MUEs in A
TMDBL10 0.058 0.047 0.043 0.048 0.065 0.056 0.057 0.059 0.072 0.065
Table 7. Mean Unsigned Errors” on Eight Combined Databases for M11plus and Nine Nonhybrid Functionals

database Ml1plus BLYP PBE OreLYP GAM TPSS MO06-L MN15-L revM06-L Mllpz
AME418/22" 2.2 S.5 6.8 4.1 4.0 4.8 32 2.2 2.9 2.8
MGBE172¢ 1.8 4.9 4.8 4.5 3.2 3.8 2.9 22 2.4 2.8
TMBE40 5.8 9.9 8.8 7.9 S.5 6.4 4.8 5.0 6.1 4.5
SR309° 1.8 54 S.0 4.4 4.0 4.8 3.4 2.1 3.0 3.0
MRS4" 53 12.0 112 7.6 6.5 7.1 49 3.8 45 43
BH192¢ 1.8 5.6 6.6 5.0 3.6 S.5 2.8 2.0 2.5 2.7
NCs79" 0.32 2.84 1.46 4.43 0.83 2.02 0.46 1.02 0.45 0.37
MS20° (A) 0.035 0.037 0.029 0.034 0.042 0.034 0.032 0.035 0.041 0.037
average rank 2.6 9.3 8.0 7.4 6.1 7.0 4.0 2.9 4.3 3.5
final rank 1 10 9 8 6 7 4 2 S 3

“Errors in kcal/mol except where indicated otherwise. bAME418/22 is the union of SR-MGM-BES, SR-MGN-BE107, SR-TM-BE1S, MR-MGM-
BE4, MR-MGN-BE17, MR-TM-BE13, IsoL6/11, IP23, EA13/03, PA8, #TC13, HTBH38/08, NHTBH38/08, NCCE23/18, CT7/04, AE17,
HC7/11, 3dEE7/22, 4dAEES, pAEES, DC9/19, pBIsoE8, NGD21/18, MR-TMD-BE3, and SMAE3/19. ‘MBGE172 is the union of MGM-BE12
(combination of SR-MGM-BE8 and MR-MGM-BE4), MGN-BE140 (combination of SR-MGN-BE107, MR-MGN-BE17, SMAE3/19, and
ABDEI13), YBDE18, and ASNC2. 4TMBE40 is combined from SR-TM-BE15, MR-TM-BE13, MR-TMD-BE3, and WCCR9/18. °SR309 is
combined from SR-MGM-BE8, SR-MGN-BE107, SR-TM-BE1S, HTBH38/18 (37 data), NHTBH38/18 (3S data), 3dEE7/22, 4dAEES, pAEES,
pBIsoES, IsoL6/11, #-TC13, HC7/11 (4 data), EA13/03, PAS, IP23, SMAE3/19 (1 datum), DC9/19 (1 datum), and ABDE13. MRS4 is the
combination of MR-MGM-BE4, MR-MGN-BE17, MR-TM-BE13, MR-TMD-BE3, HTBH38/18 (1 datum), NHTBH38/18 (3 data), HC7/11 (3
data), SMAE3/19 (2 data), and DC9/19 (8 data). BH192 is the combination of HTBH38/08, NHTBH38/08, BHDIV10, BHPERI26,
BHROT?27, PX13, TMBH22, and WCPT18. "NC579 is the combination of NCCE23/18, CT7/04, NGD21/18, and S66x8 databases. ‘MS20 is

the combination of DGL6, DGH4, and TMDBLI10.

and has a similar MUE for WCCR9/18. Thus, removing HF
exchange broadly improves the performance for transition-metal
systems.

3.1.3. Single-Reference Systems. To address how each
functional performs on specifically SR systems, we combined 18
SR training databases in SR309, as shown in Table 7. M11pz
performed well with an MUE of 3.0 kcal/mol, and it is the fourth
best after M11plus, MN15-L, and revM06-L. This means M11pz
is the third best among nine nonhybrid functionals.

3.1.4. Multireference Systems. Previous work showed that
M11plus, which has the same range-dependent percentage of
HF exchange as M11, but has rung-3.5 terms added, has a lower
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MUE on MRS3 than M11 (see Table 4 of ref 18). It also
performed better than other global hybrid functionals, except
MN15."® In this work, we added the bond energy of FeO" to
MR-TM-BE12, which is a subset of the multireference MRS3
database; therefore, MR-TM-BE12 becomes MR-TM-BE13 and
MRS3 becomes MR54. M11pz shows a striking result for MR54;
its MUE of 4.3 kcal/mol is 1.0 kcal/mol lower than that of
MI11plus. The only functional in Table 7 that does better than
M11pz is MN1S-L with an MUE of 3.8 kcal/mol. The revM06-L
and M06-L functionals perform the third and fourth best among
the 10 functionals with a small difference between them. The
PBE and BLYP functionals, although they do not sufter from the

https://doi.org/10.1021/acs.jctc.2c01315
J. Chem. Theory Comput. 2023, 19, 9102-9117
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Figure 1. Mean unsigned errors on the main-group bond energies database (MGBE172) and on the individual subdatabases making up MGBE172:
MGM-BE12 (the combination of SR-MGM-BE8 and MR-MGM-BE4), MGN-BE140 (the combination of SR-MGN-BE107, MR-MGN-BE17,
SMAE3/19, and ABDE13), YBDE18, and ASNC2. The black bars in the figure show the overall MUE of all four databases (combined as MGBE172),
which is the same MUE as shown in Table 7.
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Figure 2. Mean unsigned errors on the transition-metal bond energies database, TMBE40 (black curve), and its individual subdatabases, SR-TM-
BE1S5, MR-TM-BE13, MR-TMD-BE3, and WCCR9/18.
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Figure 3. (Left) Mean unsigned errors on barrier heights in the training-and-testing set, BH76, and its subdatabases, HTBH38/08 and NHTBH38/08.

(Right) Mean unsigned errors on barrier heights in the testing set, NewBH116, and its subdatabases, BHDIV10, BHPERI26, BHROT27, TMBH22,
PX13, and WCPT18.

static correlation error of HF exchange, perform least well, and is very gratifying since one of our principal design goals was to

. _ . obtain improved performance for MR systems.
show high MUEs of 1112 keal/mol, which is larger than that of 3.1.5. Barrier Heights. Several databases of barrier heights

M11pz by 7—8 kcal/mol. The good success of M11pz for MRS54 including two databases from the training-and-testing set and six
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Figure 4. Potential energy curves of four inert-gas dimers (Ne,, Ar,, Kry, and KrHe) and benzene:--Ar complex calculated by seven density
functionals—B3LYP, M11plus, PBE, M06-L, MN15-L, revM06-L, and M11pz. The reference values are obtained using CCSD(T) and aug-cc-pVQZ

basis set for the benzene:--Ar complex.

databases from the testing set are combined into BH192 with
192 data. The training-and-testing databases are hydrogen-
transfer barrier heights (HTBH38/08) and non-hydrogen-
transfer barrier heights (NHTBH38/08). The testing-only
databases are combined into a database called NewBH116,
consisting of barrier heights of diverse reactions (BHDIV10),
barrier heights of pericyclic reactions (BHPERI26), barrier
heights for rotation around single bonds (BHROT27),
transition-metal reaction barrier heights of Mo, W, Zr, and Re
reactions (TMBH22), proton-exchange barriers in H,0, NH;,
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and HF clusters (PX13), and proton-transfer barriers in

uncatalyzed and water-catalyzed reactions (WCPT18).
Table 7 shows that the hybrid functional M11plus has the

lowest MUE of 1.8 kcal/mol followed by MN1S-L (2.0 kcal/

mol), revMO06-L (2.5 kcal/mol), and M11pz (2.7 keal/mol).
Figure 3 shows the performance of individual databases in

BH192. The M11pz performance is in the top four out of 10
functionals for BH76 and in the top five out of 10 functionals for
NewBH116. In keeping with our goal of good across-the-board

performance, Figure 3 shows that M1lpz does not have a
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particularly large error on any of the constituent databases, with
the largest MUE being 3.7 kcal/mol on PX13.

3.1.6. Noncovalent Interactions. The combination of all
noncovalent interactions databases produces a new database
called NC579. This is the union of noncovalent complexation
energies (NCCE23/18), charge transfer noncovalent complexes
(CT7/04), noble gas dimer weak interactions (NGD21/18),
and noncovalent interaction energies of complexes relevant to
biomolecules (S66x8) databases. In Table 7, we see that 5 out of
10 compared functionals have MUEs less than 1.0 kcal/mol,
with the five best functionals, in order being M11plus, M11pz,
revMO06-L, M06-L, and GAM. M11pz has an MUE of 0.37 kcal/
mol, which is only 0.04 kcal/mol higher than M11plus.

Figure 4 shows potential energy curves obtained with seven
functionals (B3LYP, M11plus, PBE, M06-L, MN15-L, revM06-
L, and M11pz) for four van der Waals inert gas molecules: Ne,,
Ar,, Kr,, and KrHe and the van der Waals complex, benzene:--Ar
(PEC150 database). The results are compared to experiment
(Expt.)”" in the first four cases and to CCSD(T) calculations™
for benzene---Ar. Some points of the PEC150 database overlap
with the training data. The binding energies near the equilibrium
for Ne,, Ar,, and Kr, are in the NGD21/18 training database,
and points on the repulsive walls of Ne,, Ar,, Kr,, KrHe, and
benzene-:-Ar are in the PEC37 training database. However, the
long-range tail and some other parts of the potential energy
curves are not included, and here we test the performance of
seven functionals on the whole curve. As stated earlier, we also
added benzene-:-Ar complex as a new system in the training-and-
testing and testing databases. Figure 4 shows that B3LYP has a
positive interaction energy (AE) at all intermonomer distances
for all five systems, while the other functionals show some
binding, although PBE and MO06-L yield notably too shallow
minima compared with other functionals for Ar, and Kr,. The
M11pz functional (in dark brown) performs exceptionally well
on the repulsive parts of the potential (which are at distances less
than the equilibrium distance), although there is still room for
improvement for Ne, and KrHe. The Mllpz functional
improves the accuracy compared to Mllplus at several
separations for all systems except KrHe. The M1lpz shows
smoother potential energy curves than M06-L, MN15-L, and
revMO06-L.

3.1.7. Molecular Structures. The molecular-geometry data-
bases are combined into the MS20 database; MS20 includes
diatomic bond lengths for diatomic molecules with light atoms
(DGLS), diatomic bond lengths for diatoms with one or more
heavy atoms (DGH4), and transition-metal dimer bond lengths
(TMDBL10). Table 7 gives the MUEs on this database; the
three functionals with the smallest MUE in calculating the bond
lengths are PBE, M06-L, and TPSS, in that order. The M11pz
functional has MUE 0.008 A higher than the best and has a
similar performance to Mllplus, even though it has less
ingredients.

3.1.8. Self-Interaction Errors. Self-interaction error is one of
the major sources of error in Kohn—Sham DFT.”*”" It is well
known’® that HF exchange cancels the interaction of an electron
with itself, and therefore self-interaction error is ameliorated by
adding some HF exchange into the functional form. We
investigate this error by studying the SIE4x4 database consisting
of four doublet cation complexes (H,*, He,", (NH;),", and
(H,0),"). The MUEs of 10 functionals on this database are
given in Table 6. The M11plus functional is the only one of these
functionals that has some fraction of HF exchange, and it
provides the best results with the lowest MUE of 7.2 kcal/mol.
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The best local functional for self-interaction error is MN15-L
with an MUE of 11.0 kcal/mol. The next best functionals are
M11pz and revMO06-L. By referring to Table 13 of ref 26, one can
see that M11pz with its MUE of 14.2 kcal/mol performs better
than B3LYP, which is a hybrid functional with an MUE of 17.6
kcal/mol. However, M11pz is still not as accurate for this test as
several long-range-corrected functionals, such as CAM-B3LYP,
M11, and revM11, whose results are in Table 13 of ref 26. This is
consistent with the observation made above that nonhybrid
functionals tend to provide higher self-interaction error than
hybrid functionals with some percentage of HF exchange.

3.1.9. Dipole Moments. The dipole moment is the first
moment of a charge distribution and is therefore very relevant to
the question of whether a functional gives a good density. We
test this with the DM79 database of dipole moments of 79
molecules. For this test, we do single-point calculations at the
same geometries as used in making the database. The errors
calculated for this database are shown in Table 6. All functionals
tested have similar MUEs, which fall in the range of 0.25—0.31
debye.

3.2. Atomic and Molecular Energies (AME418/22). This
database is a superset of 25 databases (Table S56) from the
training-and-testing set of MDB, combining most of ground-
state-energy databases and all three excitation-energy databases
calculated by the ASCF method, but excluding DGL6, DGH4,
ABDE13, S6x6, LC18, and PEC37. The M11plus and MN15-L
functionals provide the best MUEs of 2.2 kcal/mol on AME418/
22 (see Table 7). The new M11pz is unable to improve on the
performance of MN1S-L, but it gets a similar MUE (2.8 kcal/
mol) as revMO06-L, and these functionals are next best behind
MN15-L, among all of the nonhybrid functionals tested.

3.3. Excited-State Properties. The training-and-testing set
for functional optimization includes three excitation-energy
databases, 3dEE7/22, 4dAEES, and pAEES, in which vertical
excitation energies are calculated by using the ASCF method.
The MUEs for the three databases with various functionals are
shown in Table 4, and the overall MUE of these three databases
combined as EE17 is shown in Figure 5. The lowest MUE of this
database is obtained with the MN1S5-L functional. The M11pz is
the second best, giving a slight improvement over M11plus.

3.4. Performance of Functionals Based on Maximum
Absolute Error. We have so far discussed the performance of
functionals based on their MUEs; next, we present their
performance based on maximum absolute errors. The ranks of

EE17
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Figure 5. Mean unsigned errors on training-and-testing excitation-
energies database, EE17 (combining 3dEE7/22, 4dAEES, and pAEES).
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10 functionals (M11plus + nine nonhybrid functionals) based
on their maximum absolute errors on 43 databases from MDB
are shown in Table 8 (details of what databases are included can
be found in Table S65). The MUEs of these 43 databases are in
Tables 4 and 6.

Table 8. Average Rank and Final Rank of 10 Functionals
based on their Maximum Absolute Errors on 43 Databases”
from MDB

functional average rank final rank
Ml1plus 33 1
MNI1S-L 4.0 2
Mllpz 4.3 3
MO06-L 49 4
revMO06-L 52 S
TPSS 6.0 6
GAM 6.0 7
PBE 6.5 8
OreLYP 7.0 9
BLYP 7.9 10

“The 43 databases are listed in Table S65. Their MUEs are presented
in Tables 4 and 6.

Based on average rank using maximum absolute error, the
M11pz functional is in the third place among the 10 functionals
and second best among the nonhybrid functionals after MN1S5-
L. It is very encouraging that M11pz shows one of the best
average ranks among the nine tested nonhybrid functionals both
in the rankings based on MUE and the rankings based on
maximum absolute error.

3.5. Solid-State Databases. We consider three solid-state
databases: lattice constants of 17 solids (LC18), band gaps of 31
semiconductors (SBG31), and band gaps of four transition-
metal oxides (TMOBG#4). LC18 was part of the training-and-
testing set, and the other two are used only for testing. Table 9
and Figure 6 show MUEs calculated for each database by M11pz
and eight local functionals. For the calculation of lattice
constants, revM06-L has the lowest MUE, and M11pz is fifth
out of nine functionals. However, M11pz performs second best
for semiconductor band gaps and second best for transition-
metal oxide band gaps. We averaged the rank of each functional
on these three databases and found that revMO06-L is the best,
and M11pz shares the second rank with MN15-L.

We also present the ranks of nine nonhybrid functionals based
on maximum absolute errors on these three solid-state databases

in Table S66. The best five functionals in Table S66 are M11pz,
revMO06-L, MN15-L, TPSS, and OreLYP, in that order.

3.6. Other Databases. We performed calculations on five
other databases that are not in MDB. The MUE of each database
is shown in Table 6 and Figure 7.

First, we discuss results on four databases from GMTKNSS,*
namely, ALKBDE10, RSE43, WCPT18, and W4-11. Figure 7
shows that M11plus and MN15-L perform the best on average.
The MO06-L, revM06-L, and M11pz functionals also generally
provide lower MUEs than BLYP, PBE, OreLYP, GAM, and
TPSS. We present the MUEs and ranks of M11pz, M11plus, and
eight local functionals on these four databases from GMTKNSS
in Table 10.

We also compared the performance of M11pz for these four
databases from GMTKNSS with a group of 29 hybrid
functionals that do not have molecular mechanics terms. In
the GMTKNSS paper; " these 29 functionals (which are the
same ones discussed in the M11plus paper) were selected mainly
based on good performance in previous tests and/or high
popularity. We compared the performance of M11pz to these
functionals for RSE43, ALKBDE10, WCPT18, and W4-11, and
the comparison is shown in Table S67. The average MUEs
calculated by the 30 functionals are given in Table S67 for
RSE43, ALKBDE10, WCPT18, and W4-11 and are 1.58, 4.96,
2.4S, and 4.88 kcal/mol, respectively. The MUEs from M11pz
are 1.43,4.51, 2.43, and 4.58 kcal/mo], in the same order, which
indicates that M11pz performs better than the average of these
hybrid functionals for all four databases (which were not used
for training), which is very encouraging.

We also consider a database of closed-shell metal-organic
reactions, namely, MOR41, which is not in MDB. For MOR41,
the MN15-L and M11plus functionals performed the first and
second best, respectively, with all the MUEs shown in Table 6.
M11pz ranks 7th out of 10 functionals. Although M11pz did not
perform better for this database than MNI15-L, Mllplus,
revMO6-L, or M06-L, it performs approximately the same as
PBE and much better than BLYP, OreLYP, or GAM.

4. CONCLUSIONS

We have presented a new meta nonlocal functional M11pz with
zero HF exchange; it is built on the previously developed
functional M11plus that has rung-3.5 ingredients. The main set
of results presented in this work (summarized in Table 7) show
that, among the tested nonhybrid functionals, M11pz has the
second best accuracy on average when errors are calculated from
the combined databases with a variety of atomic and molecular
properties. Additionally, on average M11pz also performs the

Table 9. Mean Unsigned Errors (MUEs) and Ranks Based on MUEs of LC18, SBG31, and TMOBG4 Databases Calculated Using
M11pz and Eight Other Functionals with Zero Hartree—Fock Exchange

LC18 SBG31 TMOBG4
functional MUE (A) rank MUE (eV) rank MUE (eV) rank average rank final rank
BLYP 0.111 8 0.96 8 2.85 7 7.7 9
PBE 0.066 4 1.01 9 2.90 9 7.3 7
OreLYP 0.112 9 0.77 S 2.86 8 7.3 7
GAM 0.089 7 0.78 6 2.77 6 6.3 6
TPSS 0.053 3 0.88 7 2.64 S 5.0 S
MO06-L 0.079 6 0.64 3 2.36 3 4.0 4
MNI1S-L 0.051 2 0.76 4 2.36 3 3.0 2
revMO06-L 0.040 1 0.48 1 1.53 1 1.0 1
Mllpz 0.074 S 0.51 2 1.90 2 3.0 2
9113 https://doi.org/10.1021/acs.jctc.2c01315
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Figure 7. Mean unsigned errors on other databases that are not in
MDB, which include ALKBDE10, RSE43, WCPT18, W4-11, and
MOR41.

second best on the solid-state databases shown in Table 9. Its
performance is as good as or even better than our previously
developed local functionals MN15-L, revM06-L, and M06-L.
The comparison to MN15-L is more equivocal; if we form a
judgment based on MUEs, MN15-L has better performance
than M11pz for several combined databases including MRS54,
and the average rank of M11pz is similar to that of MN15-L.

The M11pz functional differs from local functionals by the
rung-3.5 terms that account for static correlation, which is
important for strongly correlated systems. This helps M11pz to
perform better than local functionals for calculations on
multireference systems, transition-metal systems, solid-state
systems, and noncovalent systems.
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Table 10. Ranks of 10 Functionals Based on Mean Unsigned Errors (MUEs) on Four Databases from GMTKNSS

ALKBDEI0 RSE43 WCPT18 W4-11
functional MUE rank MUE rank MUE rank MUE rank average rank final rank®
Mllplus 2.9 1 0.3 1 2.5 S 3.5 2 2.3 1
MNI15-L 4.5 5 1.2 2 1.8 1 3.2 1 2.3 1
revMO06-L 4.7 7 2.3 S 1.9 2 4.1 3 4.3 3
Mllpz 4.5 6 1.4 3 2.4 4 4.6 S 4.5 4
Mo06-L 5.2 8 2.7 6 2.1 3 4.3 4 53 S
GAM 3.6 2 3.0 7 2.8 6 S.5 7 S.5 6
TPSS 4.1 3 2.2 4 5.5 9 5.0 6 S.5 6
OreLYP 4.3 4 3.5 10 4.2 8 6.4 8 7.5 8
BLYP 5.7 9 3.1 9 4.1 7 7.4 9 8.5 9
PBE 6.2 10 3.1 8 8.6 10 15.0 10 9.5 10

“Final rank is based on the previous column and hence refers only to these four databases.
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