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Table S1: RMSE in torsion profile energies (kcal/mol) with different functional/basis set
combinations for all the molecules in this benchmark set with respect to the reference level
CCSD(T)/CBS//MP2/heavy-aug-cc-pVTZ. The dihedral atoms involved in the torsion are
highlighted in blue (in some cases where a fourth atom is not tagged it is the hydrogen not
depicted in these diagrams). OpenFF’s current default level of theory being used in training
force fields, B3BLYP-D3BJ/DZVP, is boldfaced and the columns to the right of it have the
same functional but different basis set and dispersion corrections. The columns to the left
of it have different functionals, mostly within the DZVP basis set unless specified otherwise.

SI 1.2 Compute Infrastructure

The Molecular Sciences Software Institute’s (MolSSI) Quantum Chemistry Archive (QCA )Y
is a key part of OpenFF’s science infrastructure and we have built an automated dataset
submission and validation workflow using the openff-qcsubmit® package. QC Archive is a
dynamic database of quantum chemistry datasets for various molecules and properties of in-
terest. It encompasses diverse subsets of calculations, including optimized geometries, multi-
dimensional torsional scans, vibrational frequency calculations, single-point energy calcula-
tions, and reaction-based calculations. These calculations span different levels of theory and

serve various scientific pursuits. They contribute to endeavors such as constructing machine
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learning models, training and benchmarking physics-based potentials for molecular simula-
tions, and much more. The GitHub repository from OpenFF, gqca-dataset-submission,
serves as a node for interacting with the QCA server. Figure depicts a workflow for
OpenFF dataset generation, which starts with a set of molecule representations either in
2D or 3D, and calculation inputs were built in the format required by the backend pack-
ages QCFractal+QCEngine.” Each entry in the calculation input being sent to the server for
computation corresponds to a single molecule and an associated QM calculation schema.

A QM calculation schema in each dataset entry specifies the program to use, the type
of calculation to perform such as torsion scan or single point energy calculation, and QM
calculation details such as functional, basis set, convergence criteria, maximum number of
steps, SCF properties to derive from the final wave function, etc., and each of those inputs
were validated to have the correct input syntax that can be parsed by the program. This
input validation ensures we can skip any calculations which would have failed due to invalid
input syntax before even submitting to the compute cluster.

The QCFractal package is utilized to instantiate a compute manager and compute work-
ers on a cluster, enabling the execution of a substantial number of independent calculations
or jobs in parallel. A compute manager monitors the job completion status and compute
workers grab any incomplete jobs from the compute manager and send back completed jobs.
The compute managers interface with the QCA server to update the QCA database with
finished calculations. Automated error-cycling has been set up using GitHub actions, a
backend tool provided by GitHub for workflow management, allowing resubmission of failed
jobs and also generating high level summaries on the progress of the calculations. These
automated error reports help in diagnosing whether the failures were due to early preemp-
tion of compute workers, or due to lack of resources, such as low memory for calculations
with larger molecules, or redundant failures due to a systematic issue with the compute
environment on the worker compute node, and other failure modes that may occur during

computation.
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Several software packages were used in combination to perform the calculations and gen-
erate quantum chemistry data. We used Psi4*™ for electronic structure calculations. Psi4
is a versatile, open source, quantum chemistry package. Psi4 is highly parallel, and has
the most efficient implementation of density-fitting method. Psi4 has fast analytic gradi-
ents for many high level methods such as Mgller—Plesset perturbation theory (MP2) as well
as for most functional and dispersion corrections. For geometry optimizations an external
optimizer, GeomeTRIC,? was used. GeomeTRIC uses a translation-rotation-internal coor-
dinate (TRIC) system which significantly speeds up geometry optimizations. And for torsion
scans, the TorsionDrive®! program, which uses a wavefront propagation algorithm and mul-
tiple initial guesses in parallel, independent of the search direction, to avoid hysteresis in
the atomic configurations involved in driving the torsion. The completed calculations can
be conveniently accessed from the QCA server at any time, and from anywhere in the world.
Accessing the dataset only requires providing the dataset type, name, and the compute

specification.
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Acceptable error rate

Scientific
Start wn‘t h2D or 3D Modified submission with version bump FEVIEW
representation of molecules Persistent errors
‘J Task restarts
Prepare » Make PR and pass Send to HPC .
submission input validation clusters Error cycling

YES H NO

All calculations
complete!

YES

Figure S1: OpenFF dataset generation workflow, qca-dataset-submission. Starting with a
set of 2D or 3D representations of molecules and using openff-qecsubmit? a dataset submis-
sion can be prepared with the required level of theory and other hyperparameters that are
necessary for a calculation. After the inputs are ready one can make a pull request on this
repository, and a reviewer will then process the submission and after approval the calcu-
lations are submitted to QCArchive server, a public repository of data hosted by MolSSI.
QCFractal is the backend server software that manages the calculations to be done and sends
them to compute managers on HPC clusters hosted at different compute centers. Finished
calculations are sent back to QCArchive.

SI 1.3 Dipole moment comparison

Dipole moment, an electrostatic property, is an overall measure of geometry and electronic
structure within a molecule and getting it right is crucial for intermolecular interactions.
For all the methods tested, the deviations in the magnitude and the direction of dipole
moment vectors with respect to the reference level of theory, CCSD(T)/haDZ//MP2/haTZ,
are tabulated in Table [S2l All the methods tested give overall comparable performance
statistics relative to one another, with an RMSE in dipole magnitudes of around 0.6 Debye,
and deviations in dipole moment vectors of around 0.1-0.2 degrees. Dipole moment is a key
metric for modeling the quality of electrostatic interactions, and we refer the reader to more
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detailed studies that benchmarked electronic structure methods for electrostatic properties,

such as polarizabilities, hyperpolarizabilities, and magnetizabilities. %2>
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Table S2: The deviations in dipole moment magnitudes (in Debye) with respect to the
reference CCSD(T) /heavy-aug-cc-pVDZ//MP2 /heavy-aug-cc-pVTZ level of theory, for the
whole benchmark set and the neutral and charged subsets. The 95% confidence intervals,
calculated with cinnabar, were presented on the side. The deviations are minimal for all the
theory levels benchmarked and the values are comparable to each other. Large deviations
were seen on the charged subset of molecules. Origin (0, 0, 0) is chosen as the reference
point for the dipoles.

RMSE in Dipole moments (in Debye)

Specification Whole set  Neutral subset Charged subset

B97-D3(BJ)/def2-TZVD
M05-2X-D3/DZVP
M06-2X-D3/DZVP
MO08-HX-D3/DZVP

wBI7TM-D3(BJ)/DZVP

wBITM-V/DZVP

PW6B95-D3(BJ)/DZVP
PW6B95-D3/DZVP
MP2/aug-cc-pVTZ

MP2/heavy-aug-cc-pVTZ

DSD-BLYP-D3(BJ) /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**

0.67540755
0.64970:2375
0.61720:7949
0.62450 7979
0.58779:4777
0.58779-4824
0.59980-6863
0.59980-5936
0.66920- 7501
0.66950- 7696
0.6368)-7238
0.60799-8%97
0.60799:7953
0.60769-5951
0.64000 7308
0.648373%
0.61520.7946
0.6148) 1987
0.61787:7359
0.61519:2959
0.6148) 7113
0.61360-7119
0.6118):7123

0.61440:70%3
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0.157201%51
0.3765) 3247
0.3071)323%
0.31635-3318
0.21560-2283
0.2166)-2237
0.216202292
0.21620:2302
0.3774032%
0.37820:3917
0.3026] 3442
0.2118)2263
0.2118)2259
0.212002259
0.151191579
0.148101546
0.09420- 1904
0.1058) 44z
0.09299-:%%3
0.10575 5442
0.10019 4976
0.119491250
0.203492189
0.209202221

0.9499} 9537
0.84399-9702
0.82310:9644
0.83075:9579
0.80917:2299
0.80899-9533
0.82679-9550
0.8267:959%
0.874049957
0.8741,9939
0.854609569
0.83999-9723
0.83999-9821
0.83949-9708
0.8999;-92¢8
0.91244:9480
0.872302977
0.87035:992
0.87613:9995
0.87085:9922
0.871009954
0.86679-993
0.84770:9827

0.85019:970}



SI 1.4 Energy from a method versus the energy difference wrt ref-
erence
We plotted the energy from a method versus the energy difference with respect to the ref-

erence theory level and we see a poor correlation between increase in error and the rise in

energy.

@® R-squared (Linear): 0.29

2.0+

1.54

1.0 1

|EB3Lyp - D3B)/DZVP — EREF| kCal/mol

0.0

0 5 10 15 20
Energies from B3LYP-D3BJ/DZVP level of theory in kcal/mol

Figure S2: Energy from B3LYP-D3BJ/DZVP method versus the energy difference wrt ref-
erence theory level.
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SI 1.5 Comparison of torsional barriers

Table S3: Comparison of RMSEs in torsion barriers on the whole set and in the neu-

tral and charged molecules subsets with respect to the reference level CCSD(T)/[haTQZ;
d:haDZ]//MP2/heavy-aug-cc-pVTZ level of theory. The 95% confidence intervals, calculated

with cinnabar. The RMSE in barriers is slightly higher than the RMSE in energies for each
functional as seen in Table 2. This can be attributed to the coarser grid and estimation of

barriers from single point energy calculations.

Specification

Whole set

RMSE (in kcal/mol)

Neutral subset Charged subset

B97-D3(BJ)/def2-TZVD
MO05-2X-D3/DZVP
M06-2X-D3/DZVP
MO08-HX-D3/DZVP

wB97X-D3(BJ)/DZVP
wB97M-D3(BJ)/DZVP
wBITM-V /DZVP

PW6B95-D3(BJ)/DZVP
PW6B95-D3/DZVP
MP2/aug-cc-pVTZ

MP2/heavy-aug-cc-pVTZ

DSD-BLYP-D3(BJ) /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**

0.76320-20%
0.861449408
0.682305572
0.9174% 1599

0.661405256

0.62079 7339

0.64620 7973
0.76309-2593
0.78099-2783
0.73479-8727
0.69049-8141
0.69099-8192
0.7876-9588
0.828305-9516
0.79325-9333
1.57121:9319
1.6169] 5052
0.712198722
0.65840:1533
0.72385-8786
0.66289-7988
0.66589-8998
1.1595 5783
0.75535-8911
0.70920-8483
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0.75020-2568
0.9022}4793
0.72800-951%
0.87214 4157
0.664005993

062354 %8

0.62399- 1943
0.68220-5959
0.7118)-2359
0.57880:7121
0.55530:6543
0.639994217
0.69099-5307
0.74915-9131
0.68600 5253
1.416217318
1.40401-7553
0.68820-9933
0.66749-3621
0.70049-9349
0.6715)-5284
0.6669)-558
1.07475232%
0.80374:3029

0.79115 2052

0.77640-159
0.817049387
0.631605339
0.96193:28%
0.65879-90%8
0.61780-8356
0.6686-9124
0.83847 1219
0.8465] 1436
0.8669;9748
0.80669-2959
0.73999-9144
0.87655::238
0.90304 8353
0.8906 1325
1.71692-2764
1.8110%3851
0.7361J2519
0.649008370
0.74730958>
0.65370-545
0.6646)5510
1.24114:5402
0.70160859%9
0.6130075%5
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