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The ability to relate substituent electronic effects to chemical
reactivity is a cornerstone of physical organic chemistry and Linear Free
Energy Relationships. The computation of electronic parameters is
increasingly attractive since they can be obtained rapidly for structures
and substituents without available experimental data and can be applied
beyond aromatic substituents, for example, in studies of transition metal
complexes and aliphatic and radical systems. Nevertheless, the description
of “top-down” macroscopic observables, such as Hammett parameters using a “bottom-up” computational approach, poses several
challenges for the practitioner. We have examined and benchmarked the performance of various computational charge schemes
encompassing quantum mechanical methods that partition charge density, methods that fit charge to physical observables, and
methods enhanced by semiempirical adjustments alongside NMR values. We study the locations of the atoms used to obtain these
descriptors and their correlation with empirical Hammett parameters and rate differences resulting from electronic effects. These
seemingly small choices have a much more significant impact than previously imagined, which outweighs the level of theory or basis
set used. We observe a wide range of performance across the different computational protocols and observe stark and surprising
differences in the ability of computational parameters to capture para- vs meta-electronic effects. In general, o, predictions fare much
worse than o,. As a result, the choice of where to compute these descriptors—for the ring carbons or the attached H or other
substituent atoms—affects their ability to capture experimental electronic differences. Density-based schemes, such as Hirshfeld
charges, are more stable toward unphysical charge perturbations that result from nearby functional groups and outperform all other
computational descriptors, including several commonly used basis set based schemes such as Natural Population Analysis. Using
attached atoms also improves the statistical correlations. We obtained general linear relationships for the global prediction of
experimental Hammett parameters from computed descriptors for use in statistical modeling studies.
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linearity may be related to changes in the rate-determining step
or in the mechanism or transition state of the reaction.*

Linear Free Energy Relationships (LFERs) quantitatively relate
The ability to relate substituent electronic effects to chemical

changes in molecular structure to changes in chemical

reactivity and represent a well-established and robust approach reactivity is a cornerstone of physical organic chemistry.

to deriving mechanistic insight from multiple observations. Several variants of the Hammett parameter, 6, have been
Historically, LFERs have been carried out using parameters or derived for experimental reference processes, including
descriptors obtained from experimental observations for a set Brown’s 0," parameters, based on the solvolysis of t-cumyl
of reference processes, such as acid ionization constants chlorides,” Arnold’s 0, parameters, based on spin delocaliza-
(thermodynamic measurements) or relative rate constants tion of substituted benzyl radicals,’ Creary’s 6. parameters,
(kinetic measurements).” These quantitative parameters can, based on methylenecyclopropane rearrangements,s and Jiang
in turn, be related to the outcomes of entirely different and Ji’s 0; parameters, based on trifluorostyrene cyclo-

reactions. The Hammett relationship is a paradigmatic example
in which benzoic acid acidity (an experimentally determined
thermodynamic parameter) correlates with the rate for various
reactions involving substrates, reagents, or catalysts bearing
substituted aromatic rings.3 A linear correlation between
reactivity and the inductive and resonance contributions
from meta- or para-substituents on aromatic rings (o,, and
0, Hammett parameters, respectively) reveals the sensitivity of
a reaction to these electronic influences. Deviations from

. . . 9 . .
dimerizations.” Alternative experimental measures, for exam-
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ple, electrode polarization effects, have also been related to
Hammett parameters.10 However, as quantum chemical
methods have improved, computationally derived parameters,
for example, obtained from density functional theory (DFT)
calculations, have emerged as an alternative for the quantitative
description of molecules and their substituents.'' Given the
broad utility of Hammett relationships in correlating reactivity
and selectivity with substituent electronic effects, there have
been numerous efforts to obtain parameters/descriptors
computationally that avoid the need for measurements of
equilibrium constants or which can be employed beyond
aromatic substituents.'> Additional Hammett-like equations
have also been derived to capture electronic substituent effects
using computational concepts like molecular softness and
Fukui functions."> Computationally derived electronic param-
eters are increasingly attractive since they can be obtained for
structures and substituents without available experimental data
and, due to recent advances in computational workflow
automation, are readily accessible for large numbers of
functional groups.'* Another advantage of using computed
electronic descriptors vs tabulated parameters is that additivity
does not need to be assumed—multiple substituted aromatics
can instead be computed directly. Combined steric and
electronic effects have been insightful in describing Hammett
relationships;'> however, many studies rely solely on electronic
descriptors. Nevertheless, the departure from experimental
descriptor acquisition, obtained from macroscopic “top-down”
experimental observations to using computational “bottom-up”
descriptors presents several challenges for practitioners. For
example, the choice of computational protocol(s) and
treatment of the conformational ensemble are critical
considerations,'® particularly where descriptor values are
obtained as an ensemble average. More fundamentally, since
the quantum mechanical wave function/density is inherently
delocalized across an entire structure and atomic charges are
not themselves experimentally observable, myriad theoretical
approaches exist to partition the electronic density, which does
not by definition belong to any atom, over the different
atoms.'” Our work is focused on establishing the most
appropriate computational protocol for obtaining a correct
qualitative and quantitative description of substituent
electronic effects at the macroscopic level. To the best of our
knowledge, no benchmark comparisons of these protocols
against a broad data set of experimental electronic parameters
has been previously reported.

Atomic charges play a fundamental role in qualitative
pictures of reactivity and selectivity and are integral ingredients
used to construct quantitative relationships between chemical
structure and reaction outcomes. The theoretical foundations
of different charge models have been described extensively,'®
and significant effort has gone into comparing the various
methods for computin% atomic charge.'” Cramer and
Truhlar®® and Martin'®® have categorized the different
available charge models into four separate classes: (I)
nonquantum mechanical approaches based on experimentally
measured properties, such as deformation densities or dipole
moments; (II) those computed by partitioning of the quantum
mechanical charge density, with examples including Mullik-
en,”’ Natural Population Analysis (NPA or Weinhold
charges),”” or Hirshfeld”® charges; (III) those obtained by
fitting to reproduce a physical observable (such as dipole
moment or a computed electrostatic potential) seen in the
CHarges from ELectrostatic Potentials using a Grid-based
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method (CHELPG),”* Merz—Kollman charges using Universal
force field radii (MKUFF),25 Hu, Lu, Yang charges with
standard atomic densities (HLYGat),”® and Atomic Polar
Tensor (APT)”” charges; or (IV) those based on semi-
empirical adjustments to Class II or III methods, such as in
Charge Model 5 (CM5).”® With the above categories, another
important distinction arises between methods that project the
molecular wave function onto atom-centered basis functions,
like NPA, and those that are based directly on the electron
density as a function of space, such as the Hirshfeld scheme. In
this work, we observe a distinct performance difference
between these two groupings.

Since partial atomic charge is not an experimental
observable, there is no universal objective ranking of these
approaches. Each charge method operates on its own scale
(although atomic contributions do sum to total molecular
charge), and all types have been used for various
applications.”” In this work, we explore the ability of various
charge models from Classes II-IV (what we term a bottom-up
description) to describe em}girically determined (i.e., top-
down) Hammett parameters.”’ Benchmark studies have been
published comparing smaller subsets of charge values in their
predictive ability against Hammett constants, with findings
usually naming Hirshfeld charges as the best predictor.”’
Hirshfeld charges have also been shown to be good predictors
of electrophilic and nucleophilic trends in contexts outside
Hammett constants.’” The method that Hirshfeld charges are
constructed by partitioning electron density into individual
atomic contributions to form the molecule as a whole (as in a
promolecule)®” has been shown to be effective at capturing
electronic reactivity.”* Additionally, important general consid-
erations—for example, regarding the more stable performance
of Hirshfeld or NPA charges vs Mulliken for different basis set
sizes—have been reported previously, and less specific
information is available to guide the choice of computational
protocol in describing macroscopic electronic parameters. Our
quantitative comparisons against Hammett parameters ad-
dresses this need.

In addition to atomic charges, the relationship of computed
atomic properties such as NMR chemical shifts to Hammett
parameter is appealing due to their ability to capture local
electronic effects and having a corresponding experimental
observable.”® Perhaps due to more complex nuclear coupling
relationships captured in this experimental measurement,
correlations to partial atomic charge values may not be as
high.36 Still, successful studies have utilized NMR shifts in their
relationship to Hammett parameters and partial atomic
charges.”” A variety of methods also exist to compute NMR
shifts, including Gauge-Independent Atomic Orbital
(GIAO),” Individual Gauges for Atoms in Molecules
(IGAIM),*” and the Continuous Set of Gauge Trans-
formations (CSGT)* methods.

Machine learning (ML) models relying on large data sets
(over 100,000 data points) to train neural networks have been
used to compute partial atomic charges and NMR shifts. When
utilized within their domain of applicability, these models give
a highly accurate surrogate prediction of QM or experimental
properties much faster than traditional QM calculations. These
models typically use simple molecular representations, such as
an SMILES string, as inputs. The gmdesc Python library utilizes
a model trained to predict QM Hirshfeld charges (ML-
QMDESC Hirshfeld, in this work) and GIAO NMR shifts
(ML-QMDESC NMR), among other QM properties.”’ The
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Figure 1. Atomic electronic properties (charges, chemical shifts) obtained from several computational protocols are compared against experimental

Hammett (o, and UP) parameters.
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Figure 2. Data set of aryl substituents studied with experimentally determined Hammett ¢, and o, values.

CASCADE Python library also can be utilized to predict
experimental 'H and '*C NMR shifts (ML-CASCADE
NMR).*

In this work, we perform a quantitative comparison of a wide
range of computed parameters obtained from different
protocols against experimental Hammett parameters. We
examine the performance of various computational methods,
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including density functional theory (DFT), semiempirical
QM,* and ML models (Figure 1). Due to their broad
generality and widespread availability of empirical values, our
study focuses on Hammett’s original definition of o,, and o,
values. We assess the suitability of different charge models and
computational strategies, such as analyzing the meta/para
carbon atoms, the attached meta/para hydrogen atoms, and
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additional ring substituents in deriving computed parameters
that are correlated with Hammett parameters. In doing so, we
demonstrate a wide range of performance across the different
computational protocols and observe stark and surprising
differences in the ability of computational parameters to
capture para vs meta-electronic effects. Additionally, we apply
these methods to parametrize multiply substituted aromatics,
compare against experimental rate data, and develop suggested
best practices for “bottom-up” computational models of
inductive and resonance effects, as encapsulated by Hammett
parameters. We propose linear regression formulas to derive
Hammett parameters for substituents without experimental
data and for multiply substituted aromatic rings from
computed descriptors.

Our studies use an experimental data set curated by Ertl,'*" also

utilized in a recent benchmark study by Borges,‘“b based on the 200
most common aryl substituents in the ChEMBL database,***" of
which 89 have experimentally determined Hammett parameters
available (Figure 2). While Borges and co-workers also evaluated
various predictive models that utilize multiple charge values from the
aromatic ring to predict Hammett constants, we have chosen to
instead investigate a wider range of charge and NMR values to
compare, evaluating individual atoms in their univariate correlations
with experimental values for this data set. Molecules (in which each
substituent is appended to a phenyl group) were first converted from
SMILES format to 3D structures with added hydrogens using
RDKit.* Conformer ensembles for each structure were then
generated with CREST,* from which all structures were fully
optimized with DFT. We used the B3LYP functional®” with a Becke-
Johnson damped Grimme D3-dispersion correction®® and def2-TZVP
basis set* in chloroform, a common solvent used in organic reactions
and NMR analyses, using SMD implicit solvation for geometry
optimizations.’® All structures were verified as minima by the analysis
of vibrational frequencies. The DFT-computed charges and NMR
shielding tensors were obtained at the same level of theory. Single-
point analyses with other density functionals (M06-2X, wB97XD,
mPWI1PW91) and solvent models yield parameters that are highly
correlated with those discussed in the manuscript; the statistical
comparisons made in the main text are independent of the level of
theory used (see Supporting Information, section S2 for detailed
comparison).

For the DFT optimized structures, Class II, III, and IV atomic
charges along with NMR isotropic shielding tensors (proportional to
computed NMR chemical shifts) were obtained at the same level of
theory, all of which are widely available in modern electronic structure
packages. Variations of these charge models were also computed,
including Minimal-Basis Mulliken charges (MBS-Mulliken),*" iter-
ative Hirshfeld, and iterative CMS methods.>* ML predicted Hirshfeld
charges were calculated by the gmdesc ML package, and NMR
chemical shifts were predicted using both gmdesc and CASCADE
models. Additionally, semiempirical XTB Mulliken and CMS charges
were also computed. For species with multiple conformers, the atomic
charges and chemical shifts were Boltzmann-averaged using the
computed Gibbs free energy values. Computed charges and chemical
shift values were parsed from output files (see the repository in the
Supporting Information for all Python workflows) for carbon and
hydrogen atoms meta and para to the substituent of interest. For
unsymmetrical conformations, computed charge and chemical shift
values at the two meta positions subtly differ. Since these positions are
equivalent at the macroscopic level (due to rapid single bond rotation
relative to the NMR time scale), computed meta values were averaged
into a single predictor. The values were then compared on a univariate
basis to the corresponding experimental 6, and o, values from Figure
2 using Pearson’s R%.
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A correlation heatmap of Pearson R* values is shown in Figure
3 for a complete set of charge and NMR shift models against
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Figure 3. Correlation of computed charges and NMR shifts at carbon
with ¢, and o, values.
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experimental Hammett parameters. For simplicity in analyzing
these relationships, we focused on univariate correlations
between Hammett values and the computed charge or NMR
values on single atoms. The computed values were evaluated at
the para and meta carbon atoms of the phenyl ring, an
approach commonly employed in literature studies.'”” Most
strikingly, however, we observe very poor correlations between
most computed parameter sets and experimental o, values.
Apart from Hirshfeld, ML-computed Hirshfeld and CMS5
charges (which give reasonable R* values of 0.84, 0.84 and
0.83), all other methods yield much worse correlations ranging
from 0.00 to 0.38. In contrast, the computed parametric
parameters compare well, for the most part, with experimental
o, values producing correlations of R? = 0.74 and above. Class
III charge methods are the exception, and CHELPG, MKUFF,
and HLYGAt charges are all poorly correlated with the
experimental o, values. These three methods are all based on
the molecular electrostatic potential, as opposed to the other
Class III method APT based on the dipole moment.
Interestingly, NPA charges, used routinely in the literature as
electronic parameters, exhibit a large degradation in their
correlation with para (R* = 0.86) vs meta (R* = 0.12)
Hammett parameters. Indeed, NPA charges are outperformed

https://doi.org/10.1021/acsphyschemau.3c00045
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by several QM approaches, such as MBS-Mulliken (R* = 0.90),
Hirshfeld (R* = 0.92), and CM5 (R* = 0.92) charge methods,
and even by ML-predicted Hirshfeld charges (R* = 0.89).
Overall, Hirshfeld and CMS charges at carbon show the most
even performance across the meta- and para-positions in
comparison to experimental o-parameters.

Initially, we attributed the poor performance of several
protocols in describing electronic effects at the meta-position
to the difference in experimental scales between &, (—0.83 to
0.78) and o, (—0.24 to 0.71), making the latter intrinsically
harder to predict computationally. However, upon further
investigation using the computed charge and NMR shift values
at the hydrogen (i.e., rather than carbon) atoms, we found this
explanation to be incorrect. Indeed, for the meta-H atoms, we
obtained an overall improvement in correlation for o, across
nearly all methods tested, except for Class III charges and
NMR values (Figure 4). Correlations for o, values remained
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Figure 4. Correlation of computed charges and NMR shifts at
hydrogen with o, and o,, values.

relatively consistent relative to those obtained from the analysis
of the C atoms. These results are perhaps surprising since the
absolute differences between computed charges/chemical
shifts are smaller for H than for C, being one bond further
away from the substituent of interest, nor are these atoms
directly influenced by resonance effects. We wondered if
perhaps an indirect influence of the substituent on the C atom,
particularly in the meta case, was being captured and in
hydrogen, which has less overall electron density and could be
more susceptible to changes in electronic environment.
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Nevertheless, computed descriptors for H atoms statistically
outperform C atoms, and we propose that it is the closer
proximity of the meta-C atom to the substituent of interest that
results in numerical differences between the different methods.

Wave function-based projection schemes, such as Mulliken
charges, are well-known to suffer basis set sensitivity due to the
problem of attributing spatially diffuse basis functions to a
single atom and the partitioning of large overlap populations.”
While NPA charges remove the problem of orbital overlap
through orthogonalization, nevertheless, we find these values
are significantly perturbed by the spatial proximity of meta-
substituents, yielding unrealistic results that correlate poorly
with experimental Hammett parameters. In contrast, integra-
tion of the electron density over atomic domains, as in the
Hirshfeld scheme, avoids problems inherent to basis set based
approaches yielding atomic charges that perform well across
para- and meta-substitution patterns and which correlate best
to observable Hammett parameters. Perhaps

Hirshfeld or other density-based schemes (CMS, Voronoi)
are therefore strongly recommended as electronic parameters/
descriptors for future physical-organic or statistical studies over
the widely used NPA charges. Additionally, where the
practitioner has a choice of atom(s) for which to collect
electronic parameters, we observe that locations closer to the
site of change (which would be expected to show the largest
variations) may, in fact, produce descriptors less correlated to
macroscopic observations.

In addition to considering 0,, and o, parameters separately,
we investigated the applicability of each computed parameter
to the global prediction of Hammett parameters by
concatenating meta and para data and computing a Pearson’s
R* against the corresponding Hammett value (Figure S). As
above, higher correlations are obtained using the charges or
chemical shift values of H rather than C atoms, and the best
correlation with experiment is obtained with Hirshfeld and
CMS charges (R = 0.88), which significantly outperform NPA
charges. The linear relationship between computed charge and
Hammett parameters (e.g., 0 = 79.64 q(H)yirgprerd —3-21) can
subsequently be used to predict Hammett parameters for
functional groups without experimental values: using Hirshfeld
charges, we calculate mean absolute errors (MAEs) of 0.07.
Inspired by Tantillo’'s CHESHIRE database relating exper-
imental and computed chemical shifts, we have derived and
tabulated linear scaling factors for the holistic prediction of
Hammett o values using each of the protocols used in this
work (see Supporting Information, section $4).>*

To further test the hypothesis that computed descriptors for
aromatic substituents perform better than the ring atoms
themselves in describing electronic effects, we sought a more
challenging set of experimental data. We selected the oxidative
cleavage of olefins with photoexcited nitroarenes developed by
Leonori and co-workers. In this work, the electronic influence
of nitroarene substituent(s) on the rate of cycloaddition with a
model alkene (adamantylideneadamantane) was explored by
an experimental Hammett study using tabulated sigma
values.”> Importantly, several of these substrates have multiple
meta- and para- substituents, for which electronic effects were
assumed to be additive in the original study (Figure 6). The
nitroarenes are shown with the logarithm of the experimental
reaction rates relative to (unsubstituted) nitrobenzene (log-
(kx/ k).

Another advantage of using computed electronic descriptors
vs tabulated parameters is that additivity does not need to be
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Figure 6. Cycloaddition of multiply substituted nitroarenes with a tetrasubstituted olefin. Electronically differentiated nitroarenes and reported

log(k,.;) values are shown below.

assumed—multiply substituted aromatics can instead be parameters at the ipso-C atom attached to the nitro group
computed directly. We applied the same computational and the N atom itself. When compared against experimental
protocols discussed above to obtain charge and NMR shift relative rates (Figure 7), for the C atom parameters we observe
values for the 14 nitroarenes. We separately obtained similar trends in the performance as observed above for meta-
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Figure 7. Heatmap correlation plots of computed values from the
carbon attached to the nitro group compated with experimental
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substitution. The best-performing methods are Hirshfeld (R* =
0.94), CMS (R* = 0.86), and MBS-Mulliken (R* = 0.81), while
other methods yield disappointing R* values of 0.11—0.42. For
parameters obtained at the nitro-group N atom, we obtain an
overall improvement in R® in most cases, again, except for
Class III charges. Mulliken and NPA charges still yield a poor
correlation. These results reinforce the idea that the protocol
used to describe atomic charge and the location of the atomic
position chosen both influence the quantitative ability to
describe experimental electronic effects. In both examples
studied here, atoms further away from substituents of interest
provide improved performance in the statistical modeling of
either tabulated Hammett parameters or relative experimental
rates.

Our computed parameters and results above were obtained
for ground singlet state nitroarenes; however, we also
computed parameters for the triplet excited state, which is
the reactive intermediate involved in the cycloaddition,
observing similar results. Additionally, experimental values
were compared against charge and NMR values from the
whole NO, group, again with similar results (see Supporting
Information, section S5).

We have evaluated the ability of several “bottom-up”
computational descriptors to describe experimental “top-
down” Hammett parameters and measured relative rates that
are influenced by electronic effects. The statistical correlation,
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as quantified by R?, varies dramatically according to the type of
partial atomic charge scheme (or NMR chemical shift) used.
Class III charges such as CHELPG, MKUFF, and HLYGAT
correlate poorly, while Hirshfeld and CMS charges yield the
highest correlations with 6, or o, values (R* = 0.8—0.9).
Higher performance of Hirshfeld charges is in agreement with
other literature studies,. Since CMS charges are based on
parametrized corrections to Hirshfeld charges, it is no surprise
that they are also similarly high-performing. Another factor
influencing the correlation between computed descriptors and
experiment is the choice of probe atom: meta- and para-carbon
atoms in the aromatic ring produce inferior results to the
attached H atoms or other ring substituents. This effect is most
pronounced for the prediction of meta-substituent effects,
where computed results are the most variable and most
methods evaluated at carbon atoms correlate very poorly
indeed with o, values. These observations suggest that density-
based partition schemes such as Hirshfeld should be generally
preferred over basis-set-based approaches in obtaining
electronic descriptors (such as Hammett parameters) for
organic structures, since they are more stable to unphysical
perturbations of charge that result from nearby functional
groups. From the perspective of predicting unknown Hammett
constants or those for multiply substituted systems, we have
obtained linear scaling relationships between experimental
parameters and all computed protocols studied here. Addi-
tionally, we would expect that for more recently developed
sigma constants (6P+, Oy Ocy O Oj parameters), if linear
correlations may be formed between the original Hammett
constants and these, then these results would propagate to the
newer sigma constants. Hirshfeld charges are recommended,
yielding the highest R? values (0.88 across all 6,, and o, values)
and smallest errors (0.07) with respect to experiment. The
more balanced description across both positions obtained from
Hirshfeld charges also implies that this should be the charge
model of choice in describing data sets with varied substrates
and substitution patterns. While computed NPA charges (used
routinely) and NMR chemical shifts produce lower correla-
tions than Hirshfeld charges overall, the performance of much
faster ML methods such as gmdesc and CASCADE are
encouraging in specific examples: gmdesc Hirshfeld charges
evaluated at carbon atoms perform well globally (R* = 0.88),
while CASCADE chemical shifts perform well (R* = 0.84) in
predicting o, values. Overall, these observations lead us to
conclude that electronic parametrization strategies should
carefully consider the impact of location of probe atoms and
how partial atomic charges are derived, since we observe a
larger impact than from the choice of density functional and
basis set used. Our studies were restricted to the computational
description of Hammett parameters; however, as archetypal
electronic descriptors that have been applied to LFERs across
thousands of studies, we suggest that our findings and
recommendations should be considered as part of general
computational approaches to electronic parametrization.

Cartesian coordinate (xyz format) files and Jupyter Notebooks
used for data processing and statistical comparisons are
available an accompanying data repository at https://github.
com/patonlab/SI-Hammett-Computational-Data.
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