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energies, and electrostatic potentials from quantum mechanical
(QM) atom-centered multipole expansions with atom-wise
decomposable contributions. We demonstrate the computational
efficiency and accuracy of this QM-derived electric field evaluation
tool through several tests. To assess the influence of the underlying
QM method and charge partitioning scheme on these electrostatic
quantities, we analyze over 250 configurations of an acetone solute
molecule in five solvents of variable polarity. We find that electric
field calculations are highly sensitive to the choice of charge
partitioning method. Even among real-space charge schemes,
acetone Stark tuning rates differ by up to a factor of 2. Benchmarking computed solvent dipole moments against experimental bulk
values, we conclude that the CM5, ADCH, and Hirshfeld-I charge schemes most reliably capture solvent electrostatics and therefore
provide a more faithful foundation for computing electric fields. When constructed from these real-space charges, electric fields are
nearly insensitive to basis set size and monotonically increase in magnitude with higher Fock exchange. We also demonstrate eflicient
convergence of QM electrostatics when more distant molecules are represented solely by MM point charges, reducing computational
overhead. Leveraging these findings, we demonstrate the use of pyEF to deduce environmental effects on a transition metal complex
from a Ga,L¢'>” nanocage and quantify the dominant role of organic linkers in orchestrating electrostatic preorganization.

1. INTRODUCTION

Electrostatic preorganization is increasingly recognized as a
central driving force in catalytic reactions. Warshel first
proposed that strong electric fields exist within enzyme active

tuning rates are derived via electrostatic models”® or
correlations between experimental vibrational frequency
measurements and computationally modeled electric fields®’
since experimental frozen solvent setups are plagued by local

sites and play a crucial role in enzymatic rate enhancement."”
Three decades later, Stark spectroscopy revealed a linear
correlation between the electric field experienced by a probe
molecule within the ketosteroid isomerase active site and the
catalytic rate.” Since then, strong electric fields have been
implicated in catalysis across a wide range of chemical systems
including enzyrnes,4 transition metal complexes,5 solid—liquid
interfaces,® and liquid—liquid interfaces.”® Collectively, these
studies indicate that electric field magnitude and orientation
constitute powerful knobs to control kinetics’~'® and may
serve as unifying descriptors of catalysis across chemical
domains.”"* This vision has already been realized by imposing
external potential gradients via potentiostats or scanning
tunneling microscope tips. In these systems, electric fields
along potential gradients have accelerated Diels—Alder
reactions,”~"” epoxide rearrangements,18 alkoxyamine cleav-
ages,19 Menshutkin reactions,””*! and Bronsted-acid catalyzed
reactions,”” among others.”> However, in molecular systems, in
situ electric fields are difficult to tune and are typically
quantified indirectly by mapping a vibrational frequency shift
to an electric field via a Stark tuning rate.”**> Most Stark
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field effects”® and thus require correction factors.”” Existing
quantum chemical simulations have yielded valuable insights
into the limits of the linear Stark tuning regime.”””" Polarizable
force fields have been shown to reproduce both electric fields
evaluated at DFT level”” and experimental observables,””**
enabling expansion of these studies to larger systems. However,
comparatively little is known about the sensitivity of electric
field calculations to the parameters of quantum mechanical
(QM) and quantum mechanical molecular mechanics (QM/
MM) simulations.

Because electrostatic interactions decay slowly with the
inverse of distance’*® and fluctuate dynamically,**>*’
electric fields are often computed from MM force fields to
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Figure 1. Overview of pyEF package structure highlighting the crucial user-facing functions. User inputs are highlighted in dark gray, code outputs
are highlighted in black, and pyEF functions are highlighted in light gray. The variable calc refers to the type of calculation, including electric fields
(ef), electrostatic potentials (esp), and total electrostatic stabilization energies (estab). The variable chg refers to the type of QM charge
partitioning scheme, f is the path to the molden and xyz files for each job, and idx refers to the atom, bond, or substrate indices at which

electrostatic properties are computed.

minimize computational expense.”®~** In highly polar environ-

ments, intramolecular polarization must be accounted for in
order to even qualitatively reproduce experimental measures of
local electrostatics.”” While in many cases electric fields
computed with polarizable force fields show high parity with
QM-level models,”***** these models generally cannot
resolve intermolecular charge transfer or changes in bond
topology. Therefore, QM-level treatement is required to
understand the role of electric fields in catalytic cycles,*~*
on proton transfer,"® and resolve the complexities in
vibrational spectra that often arise from charge transfer or
charge penetration effects.*”>"

While machine-learning interatomic potentials could even-
tually reduce the cost of ab initio molecular dynamics for large
systems,”> models that capture atomic multipole moments and
long-range electrostatics with high fidelity are still in the
earliest stages of development. Therefore, QM/MM ap-
proaches currently offer a robust compromise between
accuracy and cost. Given the slow convergence of QM/MM
with QM size,> ™" it is crucial to select the smallest possible
QM region and the cheapest faithful QM method to
interrogate electric fields in large catalytic systems. While
previous studies have demonstrated that fixed-charge molec-
ular dynamics, polarizable force fields,>® and QM/MM>®
models result in different computed electric field values, it
remains unclear how sensitive these values are to the QM/MM
region and QM method.*”*’

To advance an understanding of electric fields in catalytic
systems, electric field calculation methods must interface with
numerous QM and QM/MM codes, provide atom-wise
decomposability, and employ charge and multipole partition-
ing schemes. While several QM-level approaches are available
through QChem,® ~* these methods are cost prohibitive for
long-range interactions. Classical electric field calculations
provide a more affordable description of long-range electro-
statics derived from atomic charges in Tup§,40 PyCPET,41 and

TinkerModeller packages,”” or from polarizable multipole
moments in the ELECTRIC package.”” The TITAN package®*
integrates MM point charges with QM-level NBO partial
charges®* ™% but exclusively relies on the commercial Gaussian
software for QM-level analysis and lacks flexibility in terms of
partial charge schemes. As a result, there remains a need for an
electric field calculation tool that is widely compatible with
multiple QM codes and combines real-space electron density
partitioning with fixed-charge representations.

To fill these gaps, we introduce pyEF, an open-source
software package designed to compute electric fields and
electrostatic stabilization energies in QM and mixed QM/MM
systems with full atom-wise decomposability. The pyEF code
supports tunable charge and multipole representations by
requiring only a molecular orbital Molden file, which can be
generated by most QM and QM/MM codes. To assess the
most affordable computational approach to characterize
electrostatic environments, we quantify how the underlying
QM method and partial charge scheme impact computed
electric fields. We evaluate which protocols are most robust for
reproducing trends in experimental physical observables with
well-established electrostatic origins, such as solvent dipole
moments and vibrational Stark tuning rates. This QM and
QM/MM approach allows us to affordably model large
catalytic active sites. We display the utility of this approach
by decomposing electrostatic contributions from cage linker
functionalities and metal groups exerted by a highly polarized
Ga,Ls®™ cage on a bound reaction intermediate.”*”"" By
quantifying the effect of each building block in this modular
system, we identify target synthetic modifications for
optimizing electrostatic preorganization.
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2. SOFTWARE OVERVIEW

2.1. The pyEF Package

The pyEF package is constructed with an object-oriented
framework written in Python 3.8+. This package consists of a
user-facing command line interface (pyef.cli), a core
electrostatic calculation class (pyef.analysis), an
automated interface with Multiwfn’""* (pyef.multiwf-
n_interface), and utility scripts to visualize atom-wise
electrostatics (pyef.geometry, pyef.utility) (Fig-
ure 1).

Users can interact with pyEF in Python by directly creating
an Electrostatics object or via the command line
interface (CLI). In the CLI, users supply a single
config. yaml script to initiate the full calculation pipeline.
This config.yaml script requires a list of jobs to run
(jobs.csv) and a path to the Multiwfn installation
(Supporting Information Figure S1). Users can customize
the calculation further by specifying optional variables
including the multipole order, the QM charge-partitioning
method and the location of MM point charges (Figure 1 and
Supporting Information Figure S1). Each job requires a
molecular geometry in an xyz file format and an associated
Molden file, which is routinely generated by many quantum
chemistry codes including TeraChem, Psi4, Orca, and QChem.
The cli.read config function processes the yaml
configuration file and calls c1i.parse job batch file
to parse the job list after which c1i.run config initiates
electrostatic calculations for each job. All electrostatic
calculations begin with an instantiation of a single Electro-
statics object that organizes calculation settings and
molden, xyz, and if applicable, point charge files required for
the full batch of calculations. Each job type, i.e.,, esp for atom-
based electrostatic potentials, e £ for bond-wise electric fields,
or estab for electrostatic stability, will call the associated
method: getESP (), getEfield (), or
getElectrostatic stabilization().

These electrostatic property functions have parallel
structures. First, they each call the partitioncharges
function in the pyef.multiwfn interface, which
either i) locates the appropriate Charges-
{chg type}.txt or Multipole{chg type}.txt
files or ii) interfaces with Multiwfn to partition the converged
electron density into atomic charges or atom-centered
multipoles. Partitioned charges or multipoles are saved as
Charges{chg type}.txt or Multipole-
{multi type}.txt files for subsequent calculations.
Once charge or multipole information is collected, each of
the electrostatic analysis functions launches either a monopole-
or multipole-level evaluation of the property of interest and
stores the associated data in a csv file in the working directory.
If the user selects the visualization mode associated with the
calculation (visualize {calc}=True), a PDB file will
be generated for each structure and the atom-wise contribu-
tions to the electrostatic property will be encoded in the B-
factor column for visualization in VMD, PyMOL, ChimeraX,
or any other code that supports B-factor coloring. Finally, the
calculation results for all jobs of a given calculation type and a
given charge scheme are recorded in a single csv file.

2.2. Electrostatic Calculations
When running monopole calculations, the first-order electric

field, EV)(j) exerted by a set of environmental atoms i € N,,,
on atom j is calculated from partial charges g; of environmental

atoms and the displacement r;; between the nuclear center of

atoms i and j (eq 1 and Supporting Information Text S1).

—kC, 1
EVG) = ——= X 47

T i€eN, Tij
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(1)

Here, k refers to the Coulomb constant and C, refers to the
elementary charge (eq 1). The dielectric constant ¢, is set to
unity but can be adjusted to account for screening by a solvent
or confined environment.

Second- and third-order electric fields, E®(j) and E®)(j) are
calculated by a distributed multipole expansion built from the
dipoles p' and traceless, symmetric quadrupole tensors, @' of
each atom i in the environment (eq 2 and Supporting
Information Text §1).”
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We project electric fields across a bond vector from atom j to
atom m (denoted as the j—m bond) by scaling the average
electric field by the normalized vector between the two bonded
atoms (eq 3).
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Positive electric fields and positive dipole moments are both
oriented toward positive charges, reflecting the direction a
negative point charge would move (Supporting Information
Figure S2). The electrostatic interaction energy is favorable
when a dipole and electric field are oppositely oriented, or,
equivalently, when cationic atoms are at lower electrostatic
potentials than anionic atoms (Supporting Information Text
S2).

fi

3. COMPUTATIONAL DETAILS

3.1. Classical Molecular Dynamics

Topology and coordinate files for the molecular dynamics
(MD) simulations were prepared using the ParmEd and tleap
utilities in AMBER.”* Acetone was parametrized with the
generalized AMBER force field (GAFF) and solvated in
hexane, tetrahydrofuran (THF), dichloromethane (DCM),
dimethyl sulfoxide (DMSO), and water in a solvent box with
20 A of buffer. Solvent parameters from Caleman et al. were
used for THF, DMSO, hexane, and DCM,” and the TIP3P
model was used for water.”® MD was performed on
homogeneous solvent and solvated acetone systems. All MD
simulations were performed with Amber24 using the GPU-
accelerated particle mesh Ewald, PMEMD module.”””®
Nonbonded interactions were cut off at 8 A, yielding similar
solvation structure as a longer-range cutoff (Supporting
Information Figure $3).”” Systems were equilibrated following
a standard protocol, including a 2 fs time step with SHAKE
applied to constrain all bonds involving hydrogen (Supporting
Information Figure S4). A total of 2 ns of equilibration and 100
ns production dynamics were collected. For each simulation,
50 frames were selected from the production run at 2 ns
intervals for a total of 50 snapshots. From these frames,

https://doi.org/10.1021/acs.jctc.6c00065
J. Chem. Theory Comput. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00065/suppl_file/ct6c00065_si_001.pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.6c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation pubs.acs.org/JCTC
0.2 - 4.5 vi
@ water yal E @ water it
< ool © dimethyl sulfoxide % 40F @ dimethyl sulfoxide ./'
> @ dichloromethane =) @ dichloromethane .’/
% 0.2 @ tetrahydrofuran o 35 @ tetrahydrofuran /
@ © hexane i . © hexane
5 b
T -04} Z 30
£ =
3 -06fF 3 25F
- 2
;': -0.8 | > _8. 20F
27 .0 5 4
° 4 o
b ‘. c
s -10F S15F
4 [ 'l
- S b
1.2 L ® 1 1 1 1 1 1 1.0 “ 1 1 1 1 1 1

-12 -10 -08 -06 -04 -0.2 0.0 0.2
electric field with def2-TZVP V/A

1.0 15 20 25 3.0 35 40 45
acetone dipole with def2-TZVP (Debye)

Figure 2. Comparison of electric fields across the O=C bond (left) and acetone dipole moments (right) computed from wave functions generated
by QM single-point calculations with B3LYP/def2-SVP-D3 and B3LYP/def2-TZVP-D3. Electric fields and dipole moments were calculated with
each wave function partitioned by the CMS charge scheme. Each point indicates a frame in which a cluster of 7 A solvent radius around an acetone

solute molecule was extracted from the MD simulation.

CPPTraj was employed to select solvent molecules within 3, 5,
7, or 11 A from the nearest solute atom to create QM clusters
of increasing size.*" In homogeneous (i.e., solute-free) solvent
boxes, 14 A diameter clusters were extracted and only the
dipole moments of solvent molecules within 5 A of the cluster
center were included in the averaged total. Topology and
parameter files are provided in the Zenodo repository.

3.2. Quantum Mechanical Electric Field Calculations

Single-point quantum mechanical (QM) calculations were
carried out using ORCA version 6.0.0”” and a developer
version of TeraChem 1.9.*> We probed the influence of
Hartree—Fock exchange and basis set identity on electric field
calculations with different charge schemes. Here, we utilized a
B3LYP***° global hybrid functional with an empirical D3
dispersion correction®” that employed Becke—Johnson damp-
ing.*® We carried out calculations with modified Hartree—Fock
(HF) exchange fractions (0.0 to 0.40 in 0.02 increments) and
def2-SVP, def2-TZVP, def2-TZVPP, and def2-TZVPD basis
sets (Supporting Information Table SI1 and Text $3).*
Clusters extracted from MD simulations were solvated with
implicit solvent with dielectric constants of 7.58 for THF, 8.93
for DCM, and 78.4 for water, 1.88 for n-hexane, and 46.7 for
DMSO. In ORCA, we employed the conductor-like polarizable
continuum model (C-PCM),””*! with the COSMO form of
the dielectric screening factor without any outlying charge
correction.”” C-PCM was also employed in TeraChem
calculations. Solute cavity radii were defined using Bondi
radii scaled by a factor of 1.2.” Electric field calculations were
carried out using pyEF and Multiwfn from converged wave
functions in the Molden file format’"”* or using built-in
postprocessing methods within ORCA.

4. RESULTS AND DISCUSSION

4.1. Sensitivity of Electric Fields to QM Protocol

Because we compute electric fields, electrostatic potentials, and
electrostatic stabilization energies from atom-centered charge
populations and charge distributions obtained from QM
calculations, it is essential to determine how sensitive these
properties are to the chosen QM methodology. Due to
sensitivity of distributed multipole analysis to the density
partitioning method and underlying QM method,”*” we

anticipate that the accuracy of electric fields computed from a
multipole expansion will depend on both the initial QM
method and the subsequent charge-partitioning scheme. To
better understand how the choice of method influences the
results, we evaluate the sensitivity of solvent-mediated electric
fields and dipole moments to basis set and Hartree—Fock
(HF) exchange across a diverse set of charge partitioning
schemes. Here, we specifically consider real-space charge
schemes since they generally show superior basis set stability,””
and we also report population analysis methods as low-cost
alternatives. Additional charge partitioning methods including
ESP-based methods are also available directly in pyEF via
Multiwfn, and other charge schemes, such as NBO partial
charges, can be incorporated into the pyEF framework directly
via user-provided input using the B-factor column of a PDB
file.

The basis set strongly influences computational cost, with
electronic structure calculations scaling at least as O(N°),
where N is the number of basis functions, so we first examine
the sensitivity of properties to basis set size. We quantify basis
set dependence by comparing the deviation of electric fields
between a modest def2-SVP basis set and the larger def2-
TZVP basis set. We carry out this analysis on a range of solvent
clusters, where the cluster consists of all solvent molecules
within 7 A of an acetone solute molecule. We then compute
electric fields arising from the solvent along the O=C bond
vector of acetone. For these calculations, only nonsolute atoms
are included in the many-body summation. We anticipate that
basis set sensitivity will depend on the partial charge scheme,
as observed in prior work.”™®’ Consistent with previous
evidence, electric fields computed with Mulliken or Lowdin
charges show high basis set dependence both in polar and
nonpolar solvents (Supporting Information Figure SS and
Tables S2—S4). In water, electric fields computed with def2-
SVP have mean absolute deviations (MADs) of 0.35 V/A
when computed with Mulliken charges and 0.172 V/A when
computed with Lowdin charges with respect to the def2-TZVP
basis. Even in a nonpolar solvent such as DCM, MADs are as
large as 0.076 V/A for Mulliken and 0.207 V/A for Lowdin
(Supporting Information Figure SS and Tables S2—S4). Since
real-space derived partial charges are expected to be more
robust to basis set size, we considered them next.
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As expected, real-space methods including Hirshfeld,
Hirshfeld-I, CMS, and Voronoi, are more robust to basis set
size and consistently display good agreement between electric
fields computed with def2-SVP and def2-TZVP basis sets, with
MAD:s below 0.023 V/A for the smaller basis set (Figure 2 and
Supporting Information Figure SS). The density-corrected
Hirshfeld (ADCH) scheme shows poorer results (mean
average error of 0.067 V/A) in water. Among all charge
schemes, the CMS5 scheme shows the greatest insensitivity to
basis set with MADs below 0.018 V/A in all solvents (Figure 2
and Supporting Information Tables S2—S4). Configurations
with the highest basis set dependence in Hirshfeld, CMS, and
Voronoi schemes tend to also show higher basis set
dependence with the Hirshfeld-I population method (Support-
ing Information Figure S6). This correlation suggests that basis
set sensitivities among real-space methods arise from basis-set-
mediated changes in the molecular density, rather than the
pro-molecular atomic weighting, which is varied in Hirshfeld-I
but constant in Hirshfeld. In the rare snapshots where basis-
set-mediated differences arise, there is no apparent correlation
with the nature of the interaction between acetone and solvent.

We next considered the sensitivity of other properties to
basis set choice. The dipole moments of the acetone solute,
like electric fields computed with real-space charges, are
relatively robust to basis set choice (Supporting Information
Figure S7 and Tables S5—S7). For the more robust real-space
partial charge schemes, dipole moments show the highest basis
set disparity in water solvent where R? values are below 0.80
and deviations are above 5%. Although these dipole moments
show highest basis set sensitivity in water, they are still
relatively modest with real-space partial charge schemes.
Across each solvent system, the CMS5 charge scheme achieves
the lowest mean absolute deviation between double- and
triple-{’ basis sets, with differences remaining below 0.18 D
(Supporting Information Table S6). Thus, effects of electro-
static environments are robust to basis set size, motivating
smaller basis set selection to mitigate computational cost.
However, in cases where it is necessary to achieve lower than
0.18 D accuracy in molecular dipole moments, a larger basis set
is needed. To further reduce computational cost, it should be
possible within the pyEF framework to implement a mixed-
basis approach in which the solute is computed with a more
extended basis set while the solvent is computed with a
computationally efficient basis set. We will explore such an
approach in future work.

We next evaluated the sensitivity of each charge scheme to
the presence of polarization and diffuse functions in the basis
sets. Among the most promising real-space charge schemes,
addition of diffuse functions yields slight decreases in electric
fields values (~0.01 V/A) and small but nonmonotonic
changes in dipole moments (~0.02 D, Supporting Information
Figures S8—S9 and Tables S8—S9). While diffuse basis
function effects are small, they are comparable to changes
mediated by increasing basis set size from def2-SVP to def2-
TZVP in nonpolar solvents (Supporting Information Table
S6). Adding polarization functions has an even smaller,
essentially negligible effect on properties computed from
real-space charges in nonpolar solvents (Supporting Informa-
tion Text S4 and Tables S10—S11). While basis set effects
from polarization functions are expectedly larger in polar
solvents such as water, they still influence dipoles by less than
0.03 D and decrease electric fields by 0.01 V/A, corresponding
to less than one-fifth of the associated changes from increasing

the basis set size (i.e, def2-SVP to def2-TZVP). Notably,
electric field and dipole values vary far more with solvent
configuration than with the underlying force field or with
changes in basis set (Supporting Information Figures S8—S10
and Text SS). Overall, real-space charge schemes demonstrate
robustness with respect to basis set size, completeness and
flexibility, which motivates the use of small basis sets in
combination with real-space charges to reduce computational
cost.

While real-space derived electric fields and dipole moments
show limited but nonmonotonic sensitivity to basis set size, we
observe a linear and monotonic increase in the magnitude of
electric fields and acetone dipole moments with HF exchange
(Supporting Information Figures S11—S13). Among the real-
space schemes, the dipole moment of acetone is relatively
insensitive to HF exchange in hexane but shows increasing
sensitivity with solvent polarity (Supporting Information
Figure S11). The largest sensitivities are observed in water,
in which the Hirshfeld-I dipole moment of acetone changes by
an average of 0.66 D when the HF exchange fraction is
increased from 0.00 to 0.40. In comparison, changing the basis
set from def-SVP to def2-TZVP yields an average change of
only 0.19 D (Supporting Information Table S6). Acetone
electric fields change linearly with HF exchange, with
deviations from linearity falling below 0.0008 V/A-HFX or
less than 1% of the total value (Supporting Information Figure
S14). In all but one case, the magnitude of real-space derived
electric fields projected along the acetone O=C bond
increases with HF exchange (Supporting Information Figures
S15—S16 and Text S6).

We note that the systematic increase in magnitude of
electrostatic properties with HF exchange tends to cancel when
comparing chemical systems with a consistent HF exchange
and thus has little impact on qualitative conclusions.
Nevertheless, for quantitative agreement, it is necessary to
select an appropriate HF fraction. Previous work reported that
for first- and second-row atoms, iterative Hirshfeld charges
computed from the global hybrid PBEO wave function with HF
exchange fractions of 0.25 and 0.33 show the best agreement
with charges computed with the double hybrid revDSD-
PBE86.”” While higher HF exchange may be required to reflect
electron localization in highly ionic systems,'*'%"
recommend HF exchange in the 0.25—0.33 range for primarily
organic systems. Overall, we observe a linear increase in
electric fields and dipole moments with HF exchange and
demonstrate that real-space electrostatic parameters are only
weakly dependent on both basis set size and HF exchange.

4.2, Cost—Accuracy Trade-Off in Partial Charge Schemes

To faithfully model electric fields in large molecular systems,
an effective charge scheme should reproduce experimental
observables at reasonable cost. Since partial charges are not
experimental observables, we instead compare experimentally
measured bulk solvent dipole moments with those computed
with real-space charges at the center of a large solvent cluster
(Figure 3). Overall, we observe that the dipole moments
obtained from ADCH and CMS charges closely match
experimental dipole moments in hexane, THF, DCM, and
DMSO, deviating by less than 0.13 and 0.10 D from
experimental values. However, these charge schemes estimate
liquid water dipole moments of 1.77 D on average, which is
much closer to the gas-phase water dipole of 1.96 D than to
the liquid-phase water dipole of 2.90 D (Supporting
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Figure 3. Average solvent dipole moments computed with five real-
space partial charge schemes compared against experimental bulk
solvent dipole moments (Supporting Information Table S12).
Reported dipole values and standard deviations were computed
from the cluster-wise averages.

Information Table $12). Only the Hirshfeld-I scheme provides
a reasonable estimate of 2.78 D for the water dipole moment.
This reflects the importance of self-consistent promolecular
basins to capture the intermolecular polarization in the bulk for
polar solvents such as water. This phenomenon is largely
absent in the gas phase, but it arises from hydrogen bonding in
the liquid phase.

Despite the better agreement of the water dipole moment
computed with Hirshfeld-I charges to experiment, Hirshfeld-I
struggles to capture the dipole moment of other polar solvents,
overestimating the dipole moment of DMSO by 0.98 D while
underestimating the dipole of THF by 0.40 D. The
noniterative, Hirshfeld atomic charge scheme also performs
poorly, consistently underestimating the dipole moments by as
much as 2.14 D for water and 0.90 D for DMSO.”® For both
the Hirshfeld and iterative Hirshfeld schemes, we also
considered the potential effect of higher-order terms on the
evaluation of the dipole moment. As expected, we found
negligible changes in predicted dipole moment when including
higher-order terms in the multipole expansion, but we will
consider multipole effects further in the context of electric field
evaluations next (see Section 4.3 and Supporting Information
Figure S17). Since the ADCH and CMS methods provide the
closest average approximation of experimental dipole moments
in solvents besides water, we anticipate that they will most
faithfully capture electrostatics in environments with limited
intermolecular polarization. The iterative Hirshfeld scheme
more accurately captures strong intermolecular polarization
and thus should be applied to model systems with strong
hydrogen bonding or dipole—dipole interactions.

We next assessed the relative cost—accuracy trade-off among
real-space partial charge schemes. To do so, we quantified the
scaling of computational cost (i, wall time of the pyEF
calculation) with the number of basis functions for each real-
space method for 30 geometries consisting of acetone with a 7-
A THEF solvent shell (ranging from 348 to 439 atoms in total,
Figure 4 and Supporting Information Table S13). Among all
noniterative real-space methods including Hirshfeld and its
variants (i.e, ADCH, CMS5, and Voronoi as well), we observe
scaling close to O(N*?) with comparable prefactors (ca. 3.37—
3.64:107%) (Supporting Information Table S13). In contrast,

3.84 3.86 3.88 3.90 3.92 3.94
log,(number of basis functions)

Figure 4. Scaling of computational cost for pyEF calculations with the
number of basis functions for acetone solvated by a 7 A shell of THF.
Analysis is carried out after single-point DFT calculations with
B3LYP/def2-TZVPD-D3. Calculations were run on 48 CPU cores of
an Intel Xeon Platinum 8260 node. Walltime is measured from the
beginning of a call to Multiwfn to completion of the Multiwfn
calculation in pyEF.

the iterative Hirshfeld algorithm shows a steeper dependence
on the number of basis functions O(N**), leading to much
longer wall times for larger systems (i.e., 7000 s vs 2573 s for
439 atoms or 8785 basis functions, Figure 4). The fuzzy-atom
implementation of the iterative Hirshfeld algorithm, which we
use to compute multipole moments, shows weaker scaling
O(N*?*?) but a larger prefactor (5.67-107%) than other
methods. This larger prefactor results in the highest cost in
all cases we examine. Even in the smallest, 348-atom system,
the iterative Hirshfeld scheme more than doubles total cost
over a CMS calculation (3852 s vs 1440 s, respectively), while
the fuzzy-atom analysis quadruples the cost (6134 s) of pyEF
analysis compared with the baseline CMS method.

Above ~12,000 basis functions, high stack memory
requirements prohibit Hirshfeld-I calculations even when
stack limits are lifted on an Intel Xeon Platinum 8260 node
(Supporting Information Figure S18). To mitigate memory
limitations, the pyEF code defaults to a slower, more memory
efficient algorithm for Hirshfeld-I when the system is larger
than 12,000 basis functions. This cutoff can be adjusted by the
user to reflect limits of their computing architecture. Overall,
we observe negligible benefit in dipole accuracy but high
additional cost for the fuzzy-atom analysis and thus
recommend applying monopole treatment. For most large
systems, the CMS scheme provides the best balance of cost
and dipole accuracy, while iterative Hirshfeld may be worth the
additional cost when systems are characterized by strong
intermolecular polarization.

To contextualize the importance of selecting a suitable
partial-charge scheme (i.e, CMS or Hirshfeld-I) to compute
electric fields, we computed acetone Stark tuning rates. Stark
tuning rates are used to quantify the sensitivity of a vibrational
mode to changes in local electric fields. Here, we quantify the
Stark tuning rate for the C=0 stretching mode of acetone by
correlating acetone vibrational frequencies from literature
experimental results with computationally predicted electric
field projections across the O=C bond axis (Figure 5 and
Supporting Information Table $14).'"> Among real-space
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Figure 5. Average electric fields projected across the O=C acetone
bond in 7 A of solvent plotted as a function of the experimental
vibrational frequency of the O=C stretching mode in each solvent
(listed left to right): water, DMSO, DCM, THF, hexane. Each point
indicates the average electric field across 50 snapshots, and the error
bars indicate the standard deviation among samples. pyEF was applied
after converging wave functions for each geometry at B3LYP-D3/
def2-TZVP level of theory. Dashed lines indicate the linear regression
accounting for all 50 samples in each solvent.

methods, we observe the lowest Stark tuning rate of 39.85 +
0.2 cm™'/V/A with the iterative Hirshfeld approach (Support-
ing Information Table S14). Even without the computationally
demanding, self-consistent promolecule refinement of Hirsh-
teld-I charges, CMS and ADCH partial charge schemes predict
comparable Stark tuning rates (46.97 + 0.2 cm™'/ V/A and
50.73 + 0.3 cm™'/ V/A, respectively). Notably, these values lie
within the range of 37 to 74 cm™'/ V/A estimated from frozen
glass experiments with local field factors ranging from two to
one.'” Previous analysis with only MD-level partial charges
estimated a stark tuning rate of 31 cm™!/ V/A, below the range
estimated from experiment.'”> While Stark tuning rates are
highly dependent on the partial-charge scheme, they are
relatively insensitive to basis set. The tuning rates change by
less than 1% between def2-TZVP and def2-SVP for each real-
space partial charge method (Supporting Information Table
S14). Based on benchmarks for partial-charge-derived dipole
moments against experimental values, as well as agreement
with the range defined from frozen glass experiments, we
expect that the CMS, ADCH, and Hirshfeld-I partial charge
schemes should provide the most faithful estimates of Stark
tuning rates.

4.3. Incorporating Long-Range Electrostatics

After establishing the sensitivity to basis set and DFT method
as well as charge partitioning schemes for computing atom-
wise electric fields, we next evaluated how the solvent cluster
model size influences these calculations. Specifically, we
quantified the electric field aligned with the O=C bond of
acetone when solvated with hexane, THF, DCM, DMSO, and
water using shells of explicit solvent molecules within radii of 3
A, 5 A, 7 A and 11 A of the nearest acetone atom (see Section
3.1). This increase in solvent shell corresponds with a steep
increase in atom count: water clusters with a S A solvation shell
around acetone contain an average of 130 atoms (ca. 40 water
molecules), whereas clusters with an 11 A radius include about
889 atoms (ca. 293 water molecules) (Supporting Information

Figure S19). As solvent shells increase from 3 A to 7 A, real-
space electric field values monotonically converge toward those
obtained with the 11 A shell (Figure 6 and Supporting
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Figure 6. Average O=C electric field across a set of 10 clusters with
radii of 3, S, 7, and 11 A of water surrounding acetone computed with
B3LYP-D3/def2-SVP. Electric field contributions from atoms in the
QM region were computed with the Hirshfeld-I scheme. Red circles
indicate electric fields were calculated from QM clusters only while
gray triangles indicate both QM clusters and surrounding MM point
charges were included in electric field calculation. MM point charges
include atoms excluded from QM region but within 20 A of solvent
padding around the acetone solute.

Information Figure S20 and Tables S15—S17). Among the
solvent clusters, O=C electric fields in THF clusters are most
sensitive to the shell radius, with deviations from the 11-A
solvent shell reference decreasing from 130% (0.0545 V/A)
with a 3-A solvent shell, to 60% (0.0406 V/A) with a 5-A
solvent shell, to 46% (0.0226 V/A) with a 7-A solvent shell
(Supporting Information Figures S21—S22). In water, we
observe large absolute changes in electric fields with cluster
size, where increasing clusters of 3-A, 5-A, and 7-A solvent
radius exhibit differences from the 11-A solvent cluster radius
corresponding to 32% (0.2773 V/A), 14% (0.1137 V/A), and
11% (0.0859 V/A). Even in the 7-A shell, electric fields among
all solvents deviate by more than 10% from the value in the 11-
A shell. These results suggest that electrostatic effects of
solvation by both nonpolar and polar solvents require more
than 7 A of solvation to account for 90% of the electric field
produced by two full solvent shells (ie, ~11 A).

To mitigate the high computational cost associated with the
large solvation shells required to fully capture the electric field
at the acetone solute, we repeated the above analysis now
combining high-quality QM-derived partial charges to
represent local interactions with MM-derived point charges
to model long-range electrostatics. After converging the wave
function using electrostatic QM/MM embedding, the resulting
QM region was partitioned using the Hirshfeld-I, ADCH, or
CMS schemes, and these partial charges were combined with
contributions from the MM point charges. We quantified the
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Figure 7. Visualization of (Rh(III)(CO),(NH,),bpy)-Mel (CSD refcode: AXEDEN) transition metal complex in acetonitrile (left) and within a
Ga,Lg'*™ cage on right. AXEDEN-Mel is depicted by gray sticks and the electric field across the I-Rh bond is shown as field lines with magnitude
and direction proportional to the computed value. Solvent and cage atoms are colored by their relative contribution to the I-Rh electric field, with
positive contributions indicated in blue and negative contributions indicated with red. All atomic contributions for both structures are colored by

same relative scale.

electric fields for solvated systems partitioned into QM regions
of 3 A and S A about the solute within a 20-A shell of MM
point charges and compared these results to fields obtained
from an 11-A, fully quantum-mechanical solvation shell. The
QM/MM model applying Hirshfeld-I for the 5-A QM region
showed improved agreement with the 11-A reference, yielding
mean deviations of 0.01—0.08 V/A or 7% to 42% (Figure 6
and Supporting Information Figures S21—S22). Overall, the
QM/MM model with a S-A QM region has a lower frame-wise
average deviation than the 7-A QM-only model, with a nearly
4-fold reduction in computational cost (Supporting Informa-
tion Figure $23). Decreasing the size of the QM region to 3 A
in QM/MM decreases performance in all cases but still shows
more than a 4% improvement over the 5-A QM cluster in
THEF, DCM, and water at less than a fifth of the computational
cost of the S-A QM cluster (Supporting Information Figure
$23). In highly polar environments, it may be necessary to
incorporate polarization of MM point charges by the QM
region, and, for such cases, pyEF supports linear polarization of
MM region (Supporting Information Text S7). In highly
charged or polar environments, it may be necessary to model
the MM region with a polarizable force field to sufficiently
capture inductive effects and faithfully model dynamics. Future
efforts will incorporate multipole moments from the AMOEBA
polarizable force field'”* to both the QM/MM interface and
for a purely MM based electric field analysis. Overall, these
results indicate that in organic environments, long-range effects
on electric fields can be approximated to within 0.08 V/A
when atoms beyond ~S A from the solute are represented
using fixed point charges, offering substantial computational
savings relative to full QM treatment.

4.4. Case Study on the Effect of Chemical Environments
on Electric Fields

To demonstrate how pyEF can be used to study the
mechanisms of electrostatic preorganization in catalysis, we
evaluated electric fields projected onto metal—ligand bonds of
a previously studied trialkylphosphine dimethyl gold transition
metal complex to compare with prior work and a
representative catalyst both bound in a Ga,Ls'>” nanocage
(Supporting Information Figures $24—S25 and Tables S18—
$19)." Leveraging QM/MM methodology and modest basis

sets, we examine the electric field on the iodide ligand of a
dicarbonyl(6,6'-diamino- [2,2'-bipyridyl])Mel rhodium com-
plex. Addition of iodide and methyl ligands is the rate-limiting
step in the carbonylation reaction over Rh(I)-
(CO),(NH,),bpy, which was previously shown'” with
computational modeling to bind favorably in the Ga,L¢'*~
cage (Supporting Information Figure S25). Although the full
cage system contains 280 atoms, we combine observations
from the preceding sections to select a standard B3LYP
functional in combination with a modest double-{ basis set and
effective core potential (ECP, i.e., def2-SVP with def2-ECP)'*®
along with Hirshfeld-I charges to robustly partition the
electron density without sacrificing fidelity. To evaluate the
role of encapsulation, we compare the (Rh(III)-
(CO),(NH,),bpy)Mel complex bound within the Ga,Lg"*~
cage and explicitly solvated with a 5-A shell of QM acetonitrile
further surrounded by QM/MM embedding of 20 A. In the
absence of the cage, the acetonitrile solvent exerts an electric
field of —0.34 V/A across the I-Rh bond, leading to an
elongated 3.14 A I-Rh bond length (Figure 7 and Supporting
Information Table S19). When encapsulated in the cage,
nitrogen and oxygen atoms on the carbonyl linkers screen the
positive charge on the closest gallium node (shown in bright
red in Figure 7). The combined effect of the cage exerts an
electric field of 0.08 V/A and stabilizes a shortened I-Rh bond
length of 2.88 A (Figure 7 and Supporting Information Table
$19). By decomposing the cage-mediated electric field, we find
that polar substituents on cage linkers rather than the highly
charged gallium nodes determine the orientation of the field
within the cage. This observation suggests that linker
functionalization provides the most promising path to control
electrostatics in this cage microenvironment. This case study
highlights how pyEF may be used to efficiently decompose
electrostatic effects to further enable rational design of
supramolecular interactions.

5. CONCLUSIONS

In this work, we introduced pyEF, a Python package for
computing electrostatic properties in molecular systems. The
pyEF code accepts Molden files generated by many quantum
chemistry software packages and interfaces with Multiwfn to
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automatically partition the QM electron density into atom-
centered monopole or multipole moments. These multipole
moments, together with any additional MM point charges, are
combined to yield atom-decomposable electric fields, electro-
static interaction energies, and electrostatic potentials.

Using pyEF, we probed the sensitivity of electric field
calculations to the QM method, QM region size, and charge
partitioning scheme. Electric fields calculated with real-space
partitioning methods were largely stable with respect to basis
set size. However, electric field values were very dependent on
the charge partitioning method, such that acetone Stark tuning
rates varied two-fold depending on the approach used. By
comparing experimental solvent dipole moments with those
obtained from each real-space method, we determined that
only the CMS, ADCH, and Hirshfeld-I schemes reliably
reproduced liquid-phase dipole moments, with water best
described by Hirshfeld-I but the other solvents slightly better
described by CMS or ADCH. These real-space partial charge
methods thus provided the most trustworthy foundation for
electric field and Stark tuning rate calculations in similar
systems. To further reduce the cost of both the initial QM
calculations and the subsequent pyEF postprocessing, we
replaced distant molecules with MM point charges and
assessed the convergence of electric field calculations with
respect to QM region size in QM/MM. In homogeneous
solvents, we found that contributions from the second
solvation shell to the electric field experienced by the solute
could be reasonably approximated using MM point charges.

Finally, we demonstrated that pyEF could be employed in a
large catalytic system to elucidate the molecular origin of
strong electric fields. While further work is needed to
incorporate higher-order terms in the MM region of QM/
MM simulations and understand electric fields in systems with
strong electron correlation or unpaired electrons, we anticipate
this framework may be useful to inform the design of
electrostatic preorganization in supramolecular systems.
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