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ABSTRACT: A wide range of density functional methods and basis sets are
available to derive the electronic structure and properties of molecules. Quantum
mechanical calculations are too computationally intensive for routine simulation
of molecules in the condensed phase, prompting the development of
computationally efficient force fields based on quantum mechanical data.
Parametrizing general force fields, which cover a vast chemical space, necessitates
the generation of sizable quantum mechanical data sets with optimized CCSD(T)
geometries and torsion scans. To achieve this efficiently, choosing a quantum

mechanical method that balances computational cost and accuracy is crucial. In | / CBS
this study, we seek to assess the accuracy of quantum mechanical theory for '

specific properties such as conformer energies and torsion energetics. To comprehensively evaluate various methods, we focus on a
representative set of 59 diverse small molecules, comparing approximately 25 combinations of functional and basis sets against the
reference level coupled cluster calculations at the complete basis set limit.

1. INTRODUCTION energies, with respect to the reference level of theory. However,
from the perspective of practitioners engaged in force field
development and general biochemical simulations, where
relative energies such as conformer energetics and torsional

General force fields offer a computationally efficient alternative
to quantum mechanical (QM) calculations,' ™' in particular for
pharmaceutical and biomolecular applications. Parametrizing

general force fields or training machine learning (ML) pr(z)flles are of primary concern (as emphasized in Sellers et
potentials, for molecular mechanics (MM), requires extensive al.”), it is crucial that the quantum mechanical (QM) methods
quantum chemistry data sets, with molecules covering a large used to generate reference data for force field parametrization
chemical space, that inform the bonded parameters, typically can reproduce torsion energy profiles with deviations of
bonds, angles, and torsions as well as nonbonded terms.'* %! approximately 0.5 to 1.0 kcal/mol or smaller. This level of
The data sets include optimized chemical structures of different accuracy, as demonstrated in high-level QM calculations, is vital
conformers of molecules and associated properties such as for ensuring the accuracy of trained force fields, and boosts the
charges, bond orders, dipole moments, Hessian matrices, and reliability of property predictions like protein—ligand binding
torsion energy profiles for rotatable bonds, dimer interaction affinities.””** By achieving accuracy within this specified range
energies, among other data. A quantum mechanical method is for the QM reference data employed in force field para-
needed that is globally accurate for different chemistries and metrization, and assuming the trained force field mimics the QM
properties, is computationally cost-effective, and can converge training data quite well, we can effectively capture the essential

with a predefined set of hyperparameters (or a template with
minimal changes) without too much human intervention, thus
enabling automated generation of larger data sets essential for
this effort. There are hundreds of density functionals, post
Hartree—Fock methods, and basis sets to choose from, and it is

conformational behavior and energetic trends exhibited by the
molecules under investigation. Our focus here is precisely in this
area, conformational energetics, and not on modeling long-
range electrostatic interactions, which may involve different

. L 24-27
cumbersome to pick one without a proper benchmark study. considerations.

Recent benchmark studies address the issue of how accurate a
quantum mechanical method is with respect to a highly accurate Received: May 13, 2024 e R
gold standard such as coupled cluster with singles, doubles and Revised:  July 9, 2024 B g
perturbative triples in the complete basis set limit (CCSD(T)/ Accepted: July 15, 2024 i P
CBS). Some studies are from the viewpoint of quantum Published: August 1, 2024 @; @

chemistry method developers, where one would be concerned
by a difference of even 0.1 kcal/mol in mean accuracy of absolute
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Our primary focus is on accurately modeling small molecule
organic compounds within pharmaceutically relevant regions of
chemical space using force fields. As a result, we do not concern
ourselves with evaluating the performance of quantum
mechanical (QM) methods for compounds involving transition
elements, lanthanides, noble gases, and other elements not
directly implicated in the fundamental molecular interactions
governing the binding and recognition of small molecule drugs.
At the Open Force Field (OpenFF) Initiative,”** our attention
lies on achieving performance benchmarks for organic molecules
within the chemical space that is pertinent to small molecule
drugs and that our force fields are currently capable of modeling.
This chemical space encompasses C,H, O, N, P, S, F, Cl, Br, and
I, as well as the monatomic ions Li*, Na*, K*, Rb*, F~, CI~, Br™,
and I".

A variety of different method and basis set combinations in
gas-phase calculations have been used in building various
general force fields as well as ML potentials, depending on the
force field and application. Some other common models were
derived as follows:

GAFF: MP2/6-31G* was used as one of the sources of
training bond and angle parameters. For the torsional
parameters MP4/6-311G**//MP2/6-31G* was used.”
CHARMm: valence parameters were trained on QM data
calculated at the MP2/6-31G* and MP2/6-31+G*
levels.”

ANI-1: Training data generated at @B97X/6-31G* level
of theory. ANI-1lccx used CCSD(T)/CBS extrapolated
structures.””

OPLS3e: MOé—ZX/cc—pVTZ(—f)//B3LYP/6—31G* level
of theory was used for their training set."

TorsionNet: a mix of data generated at B3LYP/6-
31G>:"//HF/3—21G and B3LYP/6-31+G**//HF/3-
21G.

e OrbNet Denali: B97X-D3/def2-TZVP level of theory.”
e Open Force Field (OpenFF): B3LYP-D3(BJ)/DZVP was
the default level of theory.”

Espaloma: A mix of SPICE'® data set and OpenFF data
sets, all of the data generated at B3LYP-D3(BJ)/DZVP
level of theory."®

MACE-OFF23: SPICE'® data set at @B97M-D3(BJ)/
def2-TZVPPD level of theory.”!

Traditionally there are five rungs on “Jacob’s ladder” of
chemical accuracy corresponding to the density functional
theory (DFT) method used.” Starting with the Local Density
Approximation (LDA), we progress one level up the accuracy
ladder each with Generalized Gradient Approximation (GGA),
meta-GGA, hybrid functionals, and then double hybrid
functionals. Although, all hybrid functionals do not necessarily
include the ingredient added in “meta-GGA” which uses the
second derivative of the density in the energy functional. For
example, B3LYP does not have the meta-GGA term, but M06
does. Hybrid and double-hybrid functionals are distinguished by
including a percentage of HF exchange, and a percentage of MP2
correlation, respectively. Therefore, double hybrid functionals
are at least the cost of a MP2 calculation. Range separated
functionals (RSF) are another very important development in
DFT methods. In RSFs, such as wB97 family, the percentage of
HF exchange depends on the distance between the electrons.
This accounts for the electron self-interaction error, and has
become incorporated into several of the most modern
functionals (i.e., the ones starting with LC or @). DFT methods
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N . . . . ... 34-36
with dispersion corrections, which can be either ab initio, or

empirical in nature,”’ are notably more accurate than their
standard forms as they improve the description of the
noncovalent interactions. Grimme’s DFT-D3,*%%° along with
Becke-Johnson (BJ) damping,® is one of the most prominent
dispersion corrections widely used in the field. On the other
hand, wave function based methods (WFT) include Hartree—
Fock, post-Hartree—Fock methods viz., Meller—Plesset pertur-
bation theory of different orders (MP2, MP3, MP4),
configuration interaction (CI), coupled cluster (CC), and
multireference methods such as complete active space self-
consistent field (CASSCF), in increasing order of complexity in
describing electron correlation, and approaching higher
accuracy.

Recent studies have utilized several benchmark data sets to
assess the general quality of QM methods for specific molecular
properties. Notable among these data sets are Database2015B,""
GMTKN30** and its expanded version GMTKNSS,*
MGCDBS84,** CHAL336," MPCONF196,* YMPJ,"” §22,*
$66," HB375,”° TorsionNet500,”' Dakota Folmsbee’s set,”"
XB18,%> CTB-279.>® The subsets of these data sets emphasize
performance on predicting:

e noncovalent interactions, both inter- and intramolecular
isomerization energies

chemical reaction barrier heights

relative conformer energies for various chemical moieties

torsional strain, and barriers

In our present study we want to address

o the extent to which benchmark results of quantum
mechanical methods obtained from larger basis sets, as
documented in existing literature, are informative when
deployed with smaller basis sets

how good OpenFF’s current choice of DZVP basis set is
in describing conformational energetics for charged
entities, and whether the error in relative energies of
torsion profiles is within the desired range (0.5—1 kcal/
mol) without addition of more diffuse functions to the
basis set

how well different QM methods predict torsional energy
profiles and whether the accuracy gain is significant
enough that it warrants a change in QM reference for
force field training

2. MOTIVATION AND APPROACH

2.1. Prior Studies and Selection of Molecules. Based on
earlier benchmark studies,”>* the OpenFF initiative initially
chose B3LYP-D3(BJ)/DZVP as the method for generating QM
training data to train OpenFF force fields, with the expectation
that this choice might need to be revisited at a later date. Such a
“revisit” is our focus here. The prior benchmarks” included
assessing accuracy of conformer energetics on the
MPCONF196 set,*® which is a data set of conformers of
smaller peptides and medium-sized macrocycles, that were all
neutral, and of relative energies of torsional profiles on a curated
set of 15 one-dimensional torsion scans. A good compromise
between accuracy and cost on MPCONF196 and the smaller set
of torsion scans led to the choice of the B3LYP-D3(BJ)
functional along with Salahub’s double-{ split-valence +
polarization (DZVP) basis set™ for building OpenFF force
fields.

Although very insightful, this prior benchmark study did not
include charged molecules, and was limited to [C, H, N, O]

https://doi.org/10.1021/acs.jpcb.4c03167
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Figure 1. Molecules used in this benchmark study. The atoms and central bonds engaged in the driven torsions are highlighted.

chemical space. Because of these limitations, here we focused on e aromatic carbons connected to a nitrogen with a
running a new benchmark which would more adequately negative charge: c[N-]c
represent the pharmaceutically relevant chemical space that our e sulfonamide: S(=0)(=0)[N-
force field needs to describe accurately. Thus, to expand the e sulfinamide: S(=[N-])(=0)
scope of the prior benchmark we selected 59 torsions from e functional groups with a charge of +1:
molecules in OpenFF’s Roche (general, and tautomer+proto- e protonated amine with carbon bond: [NH+nH
mer data set) and Coverage molecule sets. +](=;:[C,c])[C)c]
Molecule selection followed these criteria: e protonated amine: [NH+]([*])[*]

e ensuring a comprehensive representation of chemical e protonated primary amine: [NH2+]([*])[*]
diversity e protonated ammonium: [NH3+][*]

e prioritizing size similarity among molecules to mitigate We then performed one-dimensional torsion scans on one
the influence of intrinsic size-related effects on electronic selected molecule per cluster. We selected one molecule per
properties cluster by picking the centroid using the MACCS keys

e incorporating variations in central bonds, formal charges, fingerprint method. > Following selection, we performed one-
element compositions, and intramolecular interactions dimensional torsion scans by rotating around the central bond in

the chosen dihedral. In total, 59 torsions were scanned in 36
unique molecules, shown in Figure 1 with the dihedral atoms
highlighted, in this benchmark study.

2.2. Computational Details. Torsion scans were per-
formed with a 15-degree grid spacing, using Torsiondrive,””
resulting in a total of 24 points on the grid within the range of

e and, inclusion of molecules that added additional
complexity beyond those in the prior set, such as those
with

e nonzero formal charges
e strong internal interactions

o conjl'lgated cer_ltral rotatable bonds (>10 keal/mol [-180°, 180°]. More details on the compute infrastructure were
rotational barrier) provided in SI section 1.2.
o halogens 2.2.1. Choice of Reference Theory. The benchmark geo-

metries were the final geometries from the torsion scan at MP2/

The extracted charged molecules were further subdivided into
heavy-aug-cc-pVTZ level of theory. Whereas, the benchmark

groups based on the type of charged functional group. Here are

the SMARTS patterns of the subgroups which include, relative energies were obtained using coupled cluster with single,
) ) double, and perturbative triple excitations at the complete basis

o functional groups with a charge of —1 set limit, CCSD(T)/CBS. It is to be noted that MP2 is a wave

* phenolate: c[O-] function-based method that treats electron correlation explicitly,

e carboxamide: C(=O)[N-] and does not rely on the same approximations as DFT

7891 https://doi.org/10.1021/acs.jpcb.4c03167
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Table 1. Overall RMSE and MUE (in kcal/mol) in Torsion Profile Energies of the Molecule Set with Respect to the Reference
Level CCSD(T)/[haTQZ; 6:haDZ]//MP2/heavy-aug-cc-pVTZ Level of Theory”

metric (kcal/mol)

specification RMSE
B97-D3(BJ)/def2-TZVP 0.53090 3501
M05-2X-D3/DZVP 0.50893770
MO06-2X-D3/DZVP 0.44920%714

MO08-HX-D3/DZVP
B97X-D3BJ/DZVP
®B97M-D3BJ/DZVP
wB97M-V/DZVP
PW6B95-D3(BJ)/DZVP
PW6B95-D3/DZVP
MP2/aug-cc-pVTZ

MP2/heavy-aug-cc-pVTZ

DSD-BLYP-D3(B])/heavy-aug-cc-pVTZ

B3LYP-D3(BJ)/DZVP
B3LYP-D3MBJ/DZVP
B3LYP-NL/DZVP
B3LYP-D3(BJ)/def2-SV(P)
B3LYP-D3(BJ)/def2-SVP
B3LYP-D3(BJ)/def2-TZVP
B3LYP-D3(BJ)/def2-TZVPD
B3LYP-D3(BJ)/def2-TZVPP
B3LYP-D3(BJ)/def2-TZVPPD
B3LYP-D3(BJ)/def2-QZVP
B3LYP-D3(BJ)/6-31G*
B3LYP-D3(BJ)/6-31+G**

B3LYP-D3(BJ)/6-311+G**

0.51970 %368
0.4408(415%
0414193550
0421903552
043415453
043715415
0.69470 5157
0.6341557
0.49860%755
0.5148054%;
0.533203051

053793056

1.0702}536
11343} 5050
04866831
0460973520
04940016
04621033
04603733,
0.8069 7503
0.51407 3%+

0.46390 138

MUE RMSE-TRLR
0.349003% 0452403175
032142323 038460353
0.2898939%% 0.3582035%¢
0.34230362 041190334
0.28087225¢ 0.342103735
0261803758 0.3177¢3308
026940270 0.332003013
0280922%% 03310353
0.287893%5% 0.33115300
04520075 0.591465314
041980444 0.5487(4553
033163332 03709348
0.32300 3016 0.396403513
0.33350370 0.40400 152
0.3370035% 0403803557
0.669107158 0.78520 %300
0.71609755% 0.8170035;
0.307753%7¢ 0.392207635
029610314 0.38530334
0313303223 0.3974¢ 3541
029663315 038475331
0.29507323% 0.38133517
0.507193776 0588845565
0.33213393 041570353
030142329} 0389503603

“The 95% confidence intervals, calculated with cinnabar, are presented as subscripts and superscripts. Furthermore, the last column includes the
RMSE within the thermally relevant low-energy region (TRLR) with energies of <S kcal/mol, averaged over all of the molecules, which serves as a
metric for assessing accuracy in low-energy regions. The best performer on this set of molecules is @¥B97M-D3(BJ)/DZVP, and our current choice
of theory level, BILYP-D3(BJ)/DZVP, lags behind it by only 0.1 kcal/mol in RMSE.

functionals. Hence, MP2 geometries offer a more neutral and
consistent basis for benchmarking devoid of the specific biases
inherent to individual DFT functionals. For the complete basis
set calculation, Helgaker’s 2-point extrapolation scheme was
used as implemented in Psi4.”*"*° Helgaker extrapolation
scheme here includes a reference total energy from Hartree—
Fock, correlation correction which includes correlation effects
beyond HF with the MP2 method, and a delta correction, which
gives a highly accurate correlation calculation with CCSD(T),
accounting for the error in MP2. The difference between
CCSD(T) and MP2 converges quickly with increase in basis
functions and hence a smaller basis set can be used for this part
of calculation. Psi4 performs these calculations in stages and the

treatment follows this equation:60

7892

CBS __ scf_basis corl_basis
Etotal - ?;cf_scheme(EtotaI,SCF) + ?icorl_scheme(EcorI,corl_wfn)

delta_wifn
+ 5delta_wfn_1esser (1)
where ¥ is an energy or energy extrapolation scheme. And, in
our case this translates to
CBS __ pheavy—aug—cc—pVQZ heavy—aug—cc—pV[TQJZ
Etotal — “HF + (EMPZ
__ pheavy—aug—cc—pV[TQJZ heavy—aug—cc—pVDZ
Eyr ) + (ECCSD(T)

_ El&e;;ry—aug—cc—pVDZ) (2)

Although heavy-aug-cc-pVDZ (or haDZ) is computationally
affordable it may fall short of the gold standard reference level of
theory often used in the community."** It is expected that the
delta correction error with haDZ would fall somewhere in
between 0.1 and 0.25 kcal/mol, the errors observed with aug-cc-

https://doi.org/10.1021/acs.jpcb.4c03167
J. Phys. Chem. B 2024, 128, 7888—7902
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specification
B97-D3(BJ)/def2-TZVP
M05-2X-D3/DZVP
MO06-2X-D3/DZVP
MO08-HX-D3/DZVP
®B97X-D3(BJ)/DZVP
®B97M-D3BJ/DZVP
@B97M-V/DZVP
PW6B95-D3(BJ)/DZVP
PW6B95-D3/DZVP
MP2/aug-cc-pVTZ
MP2/heavy-aug-cc-pVITZ
DSD-BLYP-D3(BJ)/heavy-aug-cc-pVIZ
B3LYP-D3(BJ)/DZVP
B3LYP-D3MBJ/DZVP
B3LYP-NL/DZVP
B3LYP-D3(BJ)/def2-SV(P)
B3LYP-D3(BJ)/def2-SVP
B3LYP-D3(BJ)/def2-TZVP
B3LYP-D3(BJ)/def2-TZVPD
B3LYP-D3(BJ)/def2-TZVPP
B3LYP-D3(BJ)/def2-TZVPPD
B3LYP-D3(BJ)/def2-QZVP
B3LYP-D3(BJ)/6-31G*
B3LYP-D3(BJ)/6-31+G**

B3LYP-D3(BJ)/6-311+G**

Table 2. Comparison between Neutral and Charged Molecule Subsets”

RMSE (kcal/mol)

whole set
0.530% 3581
0.50893770
0449267314
0.5197 3585
0440855
041415335
042193355
0434154066
043715313
0694704357
0.6341555:]
0498673755
0.51483%

0.5642

0.5332 5021

0.5686
0.5379¢5056

LO702143%
113431650
048663313
046094350
04940052
04621533
0460375,
0.80695555
0.5140g 3561

046593359

neutral subset

charged subset

0.5278335%7 0.53415 %554
0.5665951%8 0441403575
0498205494 0.39220335
0.5541050%2 048150335
0463805050 0415653553
043257158 0.39415353
0.43350302 0.4096; 353
0.428804%8 0.4394¢505
04503045 0423003355
0.68180755¢ 0.70799 6304
0.63820707¢ 0.62970557%
0473505558 052330351
0446151530 0.57730 %280
0.46900322 0.592405457
046050452 0.60775535
0.90482974 12180;713;
0.949250188 129841155
047970517 049380330
0.497003450 0.420333%
04937953 0.49440333
049783535 04219357
0.48575308 0432503764
0.67015752 0.927454340
0.5298)351 0497153635
050190340 0.4254033%

“The overall RMSE in torsion profile energies of the molecule set with respect to the reference level CCSD(T)/[haTQZ; 6:haDZ]//MP2/heavy-
aug-cc-pVTZ level of theory for the whole benchmark set and subsets of neutral and charged molecules. The 95% confidence intervals, calculated
with cinnabar, are presented as subscripts and superscripts. The RMSE of neutral molecules for OpenFF’s default theory level, BALYP-D3(BJ)/

DZVP, is comparable to the best functional.

pVDZ and cc-pVDZ on either end of the range.””** To assess
how good our choice of reference theory level is we have
performed energy calculations with the gold standard reference
theory level for a subset of 7 molecules from the benchmark set®!
at CCSD(T)/CBS, where for the extrapolation to CBS the
correlation basis is aug-cc-pV[TQ]Z, and delta basis is aug-cc-
pVTZ. The gold standard energy is calculated as,%

CBS __ paug—cc—pVQZ aug—cc—pV[TQJZ
Egod s = Eng + (B,

- BRI ¢ (B - BT
(©)

Our reference theory level employed a computationally
efficient smaller basis set (haDZ) for delta correction when
compared to a larger basis (aTZ) used in the gold standard
reference. And, the RMSE in relative energies for the 7 molecule
subset (7 X 24 grid points) of our reference theory with respect
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to the gold standard was 0.07617 000 kcal/mol (the subscript
and superscript are the 95% confidence intervals). So, the
difference with respect to the gold standard was one tenths of a
kcal/mol for our choice of reference theory level, which was
accurate enough and quite affordable for our study.

2.2.2. Choice of Density Functionals to Benchmark. We
have chosen a smaller pool of density functional approximations
(DFA) that are cost-effective from the get go and we are not
looking into a comprehensive evaluation of all available DFAs.
The choice of DFAs include those commonly used in developing
force fields and charge models, and better performing ones from
other benchmark studies. From our prior studies DZVP has
been proven cost friendly and all of the DFAs were tested with
this basis set. And, within our current choice of DFA used in
developing OpenFF force fields, B3LYP-D3BJ, we tested
Ahlrichs def2 basis sets incrementing them systematically in
size, and the Pople basis sets in increasing size as they are

https://doi.org/10.1021/acs.jpcb.4c03167
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mO05-2x-d3/dzvp
mO06-2x-d3/dzvp
mO08-hx-d3/dzvp
wb97x-d3bj/dzvp
wb97m-d3bj/dzvp
wb97m-v/dzvp
pw6b95-d3bj/dzvp
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Figure 2. Torsion profile that corresponds to a molecule with a high RMSE at relative energies of >1.0 kcal/mol for most of the methods (row 23 from

Table S1). The horizontal dashed line represents S kcal/mol, and if we truncate the energies above it, we can see that the low-energy regions were
captured better than were the high-energy regions.

commonly used in practice in industry. Also, one of the purposes e PW6B9S (meta-GGA),*> with DZVP and dispersion
of the study was to determine which DFAs are useful at medium corrections

sized basis sets. The rankings and differences might vary from D3(B
the benchmarks at larger basis sets. This selection represents * D3(B))
different rungs on the Jacob’s ladder of chemical accuracy. e D3

e B97 (GGA), with D3(BJ) dispersion correction and with
def2-TZVP basis set
e B3LYP hybrid family (hybrid-GGA), with®®
e D3(B)) dispersion correction, and following basis 3. RESULTS AND DISCUSSION

e Double hybrid DSD-BLYP-D3(BJ)** with haTZ basis

55,66-75
sets 3.1. Comparison of Different Levels of Theory. In the

e DZVP . .

context of force field fitting, apart from conformer energies and
o def2-SV(P) ontimized : ;

ptimized geometries, torsion energy profiles are another
* def2-SVP important source of molecular geometries/energetics data.
® def2-TZVP The energy barriers observed in torsion energy profiles are a
o def2-QZVP measure of the strength of steric hindrance or strong
e def2-TZVPP intramolecular interactions that prevent certain conformations.
o def2-TZVPD Thus, accurately capturing torsion profiles is relevant for
o def2-TZVPPD understanding molecular recognition, binding, and other
e 6-31G* interactions that occur in complex systems. Our aim here is to
o 6-31+G** pick an accurate and computationally efficient QM level of
o 6.311+G** theory to train the valence parameters in a general small

molecule force field. For this purpose, single point energies were
evaluated at different levels of theory for comparison at the
benchmark geometries, and the RMSE in relative energies was
tabulated. Single point energies were evaluated at the same
geometry to ensure parity between the methods since
performing a geometry optimization with each of the methods
will result in minor differences in final geometries, and

e D3MBJ’° dispersion correction and DZVP basis
o NL dispersion correction and DZVP basis
e Berkeley range separated functionals (meta-GGA),”” with
DZVP basis and dispersion corrections,
e ®wB97M-V, wB97M-D3(B])
e ®wB97X-D3(BJ)

e Minnesota functionals (meta-GGA),”*™* with DZVP sometimes TorsionDrive may push them to a completely
basis and dispersion corrections different minima. SI Table S1 lists the RMSE in torsion profile
e MO0S-2X-D3 energies for each of the molecules considered in this benchmark
e M06-2X-D3 set with respect to the reference level of theory, CCSD(T)/
e MO08-HX-D3 [haTQZ; 5:haDZ].
7894 https://doi.org/10.1021/acs.jpcb.4c03167
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Figure 3. RMSE on the entire benchmark data set and on subsets of neutral and charged molecules. The top row shows the RMSE in torsion profile
energies with different functional and basis set combinations. The bottom row shows the RMSE within the B3LYP functional.

The relative energies were calculated by subtracting the
minimum energy for each of the methods. And, the RMSE was
calculated with respect to the reference theory level.

Eref(xi) = Er’ef(xi) - Erlef(xo)
Emethod(xi) = Er/nethod(xi) - Er/nethod(XO)

< 2

Z (xrefi - xmethod,)
RMSETRLR(Xref’ Xmethod) = " Vi

= Xyof

< Skcal/mol
4)

where E’ represents the absolute energies, x, represents the
minimum energy point. And, the RMSE and MUE were
evaluated with the relative energies. For calculating the RMSE of
thermally relevant low-energy region (TRLR), only the relative
energies below 5 kcal/mol on the reference energy surface were
chosen. The cutoff of 5 kcal/mol was chosen to favor low-energy
regions in state space. 328,84

From Table 1 we can see that RMSE values of relative energies
for most of the functional and basis set combinations studied

7895

here fall in the range of 0.4—0.7 kcal/mol with respect to
CCSD(T)/[haTQZ; &:haDZ], the reference level of theory.
®B97M-D3(BJ)/DZVP is the most accurate among those
tested here with an RMSE in torsion profile energies of 0.41
kcal/mol. This range-separated hybrid functional has been one
of the top performers in several other recent studies that were
done with larger basis sets.*”** Our current choice of theory,
B3LYP-D3(BJ)/DZVP, has an RMSE of 0.52 kcal/mol and it
closely trails by a difference of 0.1 kcal/mol when compared to
the best functional in this study. Almost half of the of the other
tested levels of theory were within 0.1 kcal/mol of the best
functional. No method is consistently the most accurate across
all of the subsets, highlighting the importance of considering a
large and diverse benchmark set.

The RMSEs on the whole set and the subsets of neutral and
charged molecule sets were depicted in Figure 3 and tabulated in
Table 2. We can see from Figure 3(f), and from Table 2, that the
accuracy of B3LYP-D3(BJ) functional increases for charged
molecules with addition of polarization and diffuse functions
from DZVP to def2-TZVP and higher. Within B3LYP-D3(B]J) it
is to be noted that the high quality DZVP basis set yields
comparable results to the larger triple-{ level basis set, def2-
TZVP. PW6B95-D3(BJ)/DZVP is the best among the tested
methods for neutral molecules with an RMSE of 0.43 kcal/mol.

https://doi.org/10.1021/acs.jpcb.4c03167
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Figure 4. Cost factor of a single point energy and gradient calculations within each method, averaged over 10 runs of different conformations of the
same molecule (with 16 heavy atoms) for all of the methods. All of the run times of each method were normalized with the time taken for a B3LYP-
D3(BJ)/DZVP calculation. All of the calculations were run on an Intel(R) Xeon(R) Gold 6148 CPU @ 2.40 GHz CPU using 16 threads and 48 GB of
memory. The best functional, ¥B97M-D3(BJ)/DZVP, is indicated with an @, while OpenFF’s default, BALYP-D3(BJ)/DZVP, is indicated with a 4.

@wB97M-D3(BJ)/DZVP is also on the same level with
statistically insignificant difference. And, B3LYP-D3(BJ)/
DZVP, has an RMSE of 0.45 kcal/mol and it closely trails
these two functionals by a negligible difference of 0.02 kcal/mol
for neutral molecules.

Some of the larger errors were seen in the subset of charged
molecules, when compared to the neutral molecules, among the
whole set of molecules used in this benchmark. @B97M-
D3(BJ)/DZVP is the best among the tested methods for the
charged subset of molecules. And, OpenFF’s default level of
theory, B3LYP-D3(BJ)/DZVP, has an RMSE error 0.18 kcal/
mol worse than the best method, with an overall RMSE of 0.58
kcal/mol. The difference in RMSE between charged molecules
and the neutral molecules is slightly higher for B3LYP-D3(BJ)/
DZVP level of theory, and addition of basis functions helped
drive this error down. The addition of basis functions from
DZVP to def2-TZVPD basis set shows a significant improve-
ment, with BALYP-D3(BJ) functional, and can be a choice for
fine-tuning the force field with more accurate data.

Despite observing higher errors in certain molecules, the
methodology used to construct the torsion profile target data,
which prioritizes the match to low energy regions, has the
potential to mitigate some of these discrepancies. During the
training of OpenFF force fields we construct a torsion profile
target and optimize the force field using ForceBalance,*>*® and
the objective function in terms of relative energies is defined as
follows:”
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EQM(Xi) = E(/ZM(Xi) - EéM(Xo)

EMM(XI) = I/\/IM(OPtMM(Xii 0))

— Ey(OptMM(x; 0)) (5)
where the primes indicate the absolute energies at each grid
point and the weighted differences in relative energy profiles
serve as the loss function to minimize:

L) = | 1/d; 2 wEqu(x))
i€N(gridpoints)
(EQM(Xi) - Eym(x;; 9))2

)

i€N(gridpoints)

W(EQM(Xi))

/ (6)

where x; represents the coordinates of i conformer, the 0%
conformer is the minimum energy conformer in respective
potential energy landscapes, 0 is the force field parameter set at
that iteration, and OptMM(x;, 0) corresponds to the MM energy
obtained via constrained minimization and di = 1 kcal/mol is a
conversion factor to make the sum over deviations dimension-
less. The applied weights w(E ) in eq 6 prioritize matching the

https://doi.org/10.1021/acs.jpcb.4c03167
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Table 3. Cost Factors of a Single Energy + Gradient
Calculation of Various Methods with Respect to a B3LYP-
D3(BJ) Calculation”

mean wall time + cost

specification standard deviation (s)  factor
B97-D3(BJ)/def2-TZVP 49.41 + 1.10 2.33
M05-2X-D3/DZVP 27.05 + 0.42 1.28
M06-2X-D3/DZVP 27.26 + 0.35 129
M08-HX-D3/DZVP 27.06 + 0.49 1.28
®@B97X-D3(BJ)/DZVP 37.49 + 0.84 1.77
®@B97M-D3(BJ)/DZVP 43.17 + 0.82 2.04
PW6B95-D3(BJ)/DZVP 27.11 + 0.39 1.28
PW6B9S-D3/DZVP 26.98 + 0.33 127
MP2/aug-cc-pVTZ 397.87 £ 1591 18.78
MP2/heavy-aug-cc-pVTZ 312.62 + 12.16 14.75
B3LYP-D3(BJ)/DZVP 21.19 + 0.24 1.00
B3LYP-D3MBJ/DZVP 2121 +0.21 1.00
B3LYP-D3(BJ)/def2-SV(P) 1821 + 0.36 0.86
B3LYP-D3(BJ)/def2-SVP 19.89 +0.17 0.94
B3LYP-D3(BJ)/def2-TZVP 51.80 + 0.63 244
B3LYP-D3(BJ)/def2-TZVPD 80.60 + 0.63 3.80
B3LYP-D3(BJ)/def2-TZVPP 60.27 + 0.95 2.84
B3LYP-D3(BJ)/def2-TZVPPD 92.33 + 1.18 4.36
B3LYP-D3(BJ)/def2-QZVP 203.17 +3.71 9.59
B3LYP-D3(BJ)/6-31G* 1941 + 0.32 0.92
B3LYP-D3(BJ)/6-31+G** 3022 + 0.49 1.43
B3LYP-D3(BJ)/6-311+G** 37.98 + 0.46 1.79

Energy Calculation Only

®B97M-V/DZVP 66.97 + 0.61 621
B3LYP-NL/DZVP 64.02 + 0.47 5.94
DSD-BLYP-D3(BJ)/heavy-aug-cc-pVIZ 87.43 + 1.13 8.11
B3LYP-D3(BJ)/DZVP 10.78 + 0.17 1.00

“All of the wall times were averaged over 10 different runs of 10
different conformers of the same molecule, molecule 1 in Table 1,
which contains 16 heavy atoms. For a few methods for which timings
for an energy calculation were reported, they were scaled with respect
to the cost of a BALYP-D3(BJ) energy calculation.

torsion profile at energy minima since Boltzmann sampling

favors low-energy regions in state space.**
1 Eqy < 1.0 keal/mol
2\-1/2
— <
w(Eqpe) = (1+ (Bgy — D*)* 1.0 < Egy < 50kea
1/mol
0 Equm 2 5.0 keal/mol

()

In the context of fitting OpenFF force fields, the torsion
profile energy loss function defined above in eq 6 may further
mitigate the differences between the methods since we applied a
hard cutoff of S kcal/mol to exclude the higher energy regions
from torsion fits for the OpenFF Parsley and Sage line of force
fields.>**

The RMSE on thermally relevant low-energy region (TRLR),
only considering the energies less than S kcal/mol with respect
to the minima on the torsion profile, were tabulated in the last
column of Table 1. We can see that wB97M-D3(BJ)/DZVP still
holds its place as the most accurate functional with torsion target
score as well, and the differences between various methods drop
drastically in the low energy regions. In a sense, the modeling of
low-energy, thermally relevant regions was quite accurate, while
it was in the high-energy regions where the influence of
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stereoelectronic and steric effects became prominent, leading to
discernible differences between various methods.

The error in the subset of neutral molecules (30 data points)
is small for OpenFF’s default of B3LYP-D3(BJ) and close to the
best functional, wB97M-D3(BJ). However, the error is larger for
the charged subset of molecules (29 data points) with OpenFF’s
default, compared to the best functional, and yet remains
accurate in low-energy regions. Most of the large deviations
come from high energy regions which were (and usually are)
excluded in fitting to torsion profile energies as they are
thermally irrelevant. In this sense, our default method may
remain appealing given its low computational cost and relatively
low error in key regions of torsion profiles. For charged
molecules, addition of more basis functions would help as seen
in Figure 3, subplot (f).

Referring to SI Table S1, when we examine the molecule with
the largest error using OpenFF’s default, B3LYP-D3(BJ)/
DZVP, which exhibits an RMSE in relative energies of 1.36 kcal/
mol, we observe that the majority of discrepancies arise from the
high-energy region exceeding 5 kcal/mol. The torsion profile for
this molecule with respect to different basis sets was shown in
Figure 2. It is worth reiterating that we exclude this high-energy
region during the training process.

3.2. Comparison of Timings and Accuracy. The
computation time of a single point (energy + gradient)
calculation provides a rough approximation of the method’s
cost for a torsion scan or geometry optimization. When
examining the OpenFF QM data sets of small molecules, it is
observed that a geometry optimization typically requires a
median of 42 gradient calculations (based on data from
approximately 8000 geometry optimizations). Additionally, a
1D torsion scan with 24 grid points generally costs around 788
gradient calculations (from data on roughly 4000 torsion scans).
As a rule of thumb, a geometry optimization calculation is 40x
costlier than a single point energy and gradient calculation, and a
1D torsion scan is 800x costlier if executed serially, or nearly 72-
fold for parallelized torsion scans (considering the median of
maximum number of optimization steps taken among all grid
points). So, the differences scale up pretty quickly with the type
of calculation. To provide a reference point, we present timing
data for a molecule containing 16 heavy atoms. The timings were
normalized with the time for a B3LYP-D3(BJ)/DZVP
calculation. The cost factor versus RMSE plot is shown in
Figure 4, and the most accurate functional is almost twice the
cost of a B3LYP-D3(BJ)/DZVP calculation, despite only a
modest accuracy benefit. It is to be noted that Psi4, as of v1.4.1,
does not yet have analytic gradients for NL and VV10 dispersion
terms, and also for DSD-BLYP method, so for these methods
only the costs of an energy calculation were reported and scaled
with respect to the cost of a BALYP-D3(BJ) energy calculation
(Table 3).

B3LYP-D3(BJ) with def2-SVP and def2-SV(P) were lower in
accuracy but cheaper, and by adding more basis functions to
improve accuracy the cost increases, and it can be seen from
Figure 4 that Salahub’s DZVP offers a perfect balance in cost and
accuracy for this functional. In the basis set study using B3LYP,
6-311+G** is already very close to the basis set limit (def2-
QZVP) in terms of accuracy, in fact it is closer than def2-TZVP
and def2-TZVPP, yet it is much cheaper than all of those. When
comparing the Pople basis sets, perhaps the largest improvement
in accuracy for B3LYP came from adding the first set of diffuse
functions (from 6-31g* to 6-31+g*). In the Minnesota
functionals, M06-2X-D3 performs better than MO0S5-2X-D3

https://doi.org/10.1021/acs.jpcb.4c03167
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Figure S. Scaling of B3LYP-D3(BJ)/DZVP single point energy plus gradient calculation with an increase in the number of basis functions, which in
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order of a fraction of a second. The quadratic (orange) and linear (blue) fits to the data are shown along with the metrics R?, Akaike information
criterion (AIC), and the Bayesian information criterion (BIC). The quadratic scaling model seems appropriate from these metrics.

Table 4. Comparison of SQM, DFT-3c, and ML Methods on
This Benchmark Set”

RMSE (kcal/mol)

specification whole set neutral subset charged subset
GFN2-XTB 1.2437)3183 1.3367)5%8 1.1395)240¢
AIMNET?2 0.551853%% 0.57370557 0.528195577
MACE-OFF23 110137204 0406104336 1.5156) 5%
HEF-3¢ 1.8223;3320 161241757 20166735

“The overall RMSE in torsion profile energies of the molecule set
with respect to the reference level CCSD(T)/[haTQZ; 5:haDZ]//
MP2/heavy-aug-cc-pVTZ level of theory for the whole benchmark set
and subsets of neutral and charged molecules. The 95% confidence
intervals, calculated with cinnabar, are presented as subscripts and
superscripts.

and M08-HX-D3. In both the B3LYP and wB97 M tests, the ab
initio nonlocal dispersion correction actually gives larger RMSEs
than the empirical dispersion.

Psi4’s efficient implementation results in quadratic scaling of
DFT calculation time with an increase in molecule size.*” Both
the quadratic and linear fits of the data yielded a similar R?,
which prompted considering the Akaike information criterion
(AIC) and the Bayesian information criterion (BIC) to
differentiate the models better. Higher R* lower AIC, and
lower BIC values indicate a better fit to the quadratic model.
From Figure S we can see that with an increase in number of
atoms represented by an increase in number of basis functions
and the scaling of computation cost for a B3LYP-D3(BJ)/DZVP
single point energy plus gradient calculation.

3.3. Faster Parametrization with SQM/ML Potentials.
Creating bespoke force fields on-the-fly adds a lot of new torsion
parameters, which in turn requires generation of new QM
reference data for training them.*® Generation of new QM data
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is time-consuming, and a possible alternative for faster
parametrization, without too much loss in accuracy, can be a
semiempirical method, or a couterpoise corrected method with
minimal basis, or machine learning potentials.m’gg_96 Here we
checked the performance of the semiempirical method GFN2-
XTB,”® Grimme’s 3-corrected Hartree—Fock method (HE-
3¢),”® and two recent machine learning potentials, AIMNET2°°
and MACE-OFF23,”' the ML potentials which have demon-
strated accuracy very close to the level of DFT that they were
trained on. Only single point energies were evaluated here, as in
the comparisons above.

Table 4 summarizes the performance of the four methods
across the whole benchmark set, and also broken down into
neutral and charged subsets (see also Table 2). GFN2-XTB
shows reasonable accuracy, but is not competitive with the DFT
methods. AIMNet2 shows very good accuracy, close to DFT,
consistently across both neutral and charged species. MACE-
OFF23 shows remarkable accuracy for the neutral subset, in fact
more accurate than any of the DFT methods studied here. Note
that MACE-OFF23 was not trained on charged species, and
hence the error is much higher for this subset, but this will be
addressed in future models. HE-3¢ does not perform well here.
Thus, machine learning potentials such as these are a reasonable
alternative to DFT, particularly for high-throughput, bespoke
parametrization work.*®

4. CONCLUSION

We conducted a benchmark of QM levels of theory that strike a
balance between accuracy and computational efficiency for
generating large QM data sets with diverse chemistries to train
the valence parameters in a general small molecule force field.
The benchmark set of molecules included charged molecules,
biaryls, complex hypervalent sulfur chemistry, and complex
nitrogen chemistry. This benchmark study is an extension to an
earlier work” on benchmarking conformer energies, which
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suggested B3LYP-D3(BJ)/DZVP as the level of theory to
generate OpenFF force field training and validation data. In the
context of force field development, aside from conformer
energies and optimized geometries, torsion energy profiles
represent another indispensable source of molecular interaction
data. Achieving accuracy in torsion profile energies relative to a
highly accurate QM level of theory reflects in the trained force
field. For this purpose, relative energies were compared against
CCSD(T)/[haTQZ; 6:haDZ]//MP2/haTZ level of theory for
different functional and basis set combinations. And, among the
tested methods, ®B97M-D3(BJ) outperforms the others even
within a smaller basis set of DZVP, boasting an RMSE in torsion
profile energies of just 0.41 kcal/mol. This range-separated
hybrid functional has consistently ranked among the top
performers in various recent studies™** which were done with
a larger basis set. OpenFF’s choice of B3LYP-D3(BJ)/DZVP
closely follows it with an RMSE in relative energies of 0.52 kcal/
mol. And, the computational cost of B3LYP-D3(BJ)/DZVP for
a single gradient is only half of the best functional, but depending
on the type of data set, geometry optimization or torsion scans,
the cost would scale up with the number of steps taken during
the calculation. Within a subset of neutral molecules the RMSE
in relative energies with B3LYP-D3(BJ])/DZVP is comparable
to the most accurate method. And, the larger errors appear to
originate from molecules with charges. However, in practice, the
distinctions between levels of theory become evident in the
high-energy regions, which are typically excluded during force
field training with torsion profiles as they are thermally
irrelevant.
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