






































radii, and the effective solvodynamic radius can be readily estimated from diffusivity (D) using

the Stokes-Einstein equation,

__ kBT
6)) s = GunD

where, k3 1s the Boltzmann constant, 7" is the absolute temperature, 1) is the solution viscosity, and
D is the diffusivity of the redox species. A plot of £/ as a function of 7, for pyridiniums studied in
this work is shown in Figure 4, where r, values were derived from previously reported
diffusivities.?” A theoretical relationship between ko and r, (Figure 4, dashed line) was generated
using a simplified model in which 7 serves as the primary descriptor of molecular structure. In
contrast to the strong correlation previously observed for substituted anthracene derivatives, no
analogous trend was identified for 2,6-dimethylpyridiniums. This divergence may reflect the
greater steric variation in pyridinium substituents, the cationic nature of redox-active core, or
differences in ion-pairing and interfacial solvation behavior. Together, these observations highlight
the limitations of single-parameter descriptors and underscore the need for a more systematic

approach to elucidate structure-kinetic relationships in heterogeneous electron transfer.
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Figure 4. A plot of experimentally determined heterogeneous electron transfer rate constants (k”) versus solvodynamic
radius(ry) for all pyridiniums studied. Rate constants are reported as the mean value + one standard deviation (n = 3).
The theoretical relationship between &’ and 7, for the pyridiniums studied based on a simplified Marcus framework.?
Rate constants and radii were calculated from experiments performed using 0.1 M TEA BF4 in acetonitrile at 25 °C.

Computational approach to understanding kinetic behavior of pyridinium molecules

To better understand the relationship between electrode kinetics and pyridinium structure,
we employed a supervised machine learning approach?®. This method uses regression analysis to
identify linear combinations of molecular descriptors (independent variables) that correlate with
the experimentally measured electron transfer rate constants (dependent variables). Molecular
descriptors were extracted from Density Functional Theory (DFT) computations of geometry
optimized pyridinium derivatives. To validate the computed pyridinium structures, we compared
experimentally measured one-electron reduction potentials with those derived from DFT
calculations (Figure 5). The strong linear correlation between the measured and calculated redox
potentials (R? = 0.89) supports the accuracy of the optimized geometries and the derived modelled
parameters. A full description of the procedure used to calculate £° from DFT computations is

included in the Supporting Information.

Figure 5. A plot of experimentally measured redox potentials for all pyridiniums studied versus the corresponding
DFT computed potentials (both versus a ferrocene/ferrocenium reference potential). Computed potentials were
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calculated from geometry-optimized ground state pyridinium structures using the CPCM solvation model with
acetonitrile as the solvent. Experimental potentials were calculated from CV data using 0.1 M TEA BF, in acetonitrile
at 25 °C.

Statistical Model Development and Validation

A key advantage of supervised machine learning is the capacity to evaluate mechanistic
hypotheses through the deliberate selection of physically meaningful descriptors; this allows the
presence or absence of predictive correlations to be assessed quantitatively. Descriptor selection
for this work was guided by the Marcus-Hush-Levich framework for electron transfer, which
emphasizes the role of reorganization energy in governing electron transfer kinetics. Accordingly,
we focused on parameters expected to influence both solvent and inner-sphere reorganization
energies. Both electronic descriptors (e.g., Hammett sigma parameters, NBO charges) and steric
descriptors (e.g., Sterimol parameters, surface area) were considered to probe structure-kinetics
relationships, and all descriptors were scaled using Z-score normalization. Subsequent multiple
linear regression analysis resulted in a parsimonious model comprising two descriptors (Figure 6):
the Hammett meta substituent constant (0m) for the 4-aryl group and the percent buried volume of
the pyridinium nitrogen atom (%7¥ 5 n). The resulting model revealed a strong correlation between
these parameters and £’ (R? = 0.85, 0° = 0.84),
(6) k® = 0.710,, + 0.44%V; v + 0.480,,%V; v
In the context of this model, om describes the through-field inductive electronic influence of the 4-
substituent, while %V v quantifies the degree of steric encumbrance surrounding the redox-active
nitrogen center. The positive coefficients associated with both om and %V s n suggests that faster
electron transfer kinetics are associated with pyridinium derivatives bearing inductively electron-
withdrawing substituents and increased steric shielding proximal to the pyridinium core. These
correlations are consistent with a reduction in reorganization energy and/or disruption of

unfavorable solvation or ion pairing interactions at the electrode interface. Notably, increased
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steric encumbrance at the nitrogen center may also frustrate tight ion pairing or ordered interfacial

solvation, which would lower the activation barrier for electron transfer.

Figure 6. (Top) Visual depictions of the percent buried volume (%V5~) and Hammett (0) parameters used to model
the electron transfer rate constant of 2,6-dimethylpyridiniums (k”). (Bottom) Plot of experimental and predicted £’
values, where the solid circles represent the mean experimental rate constants (n = 3) and the hollow circles depict the
individual measurements for all compounds.

Using the om and %V v descriptors identified in the regression model, an independent
external validation was performed by predicting £ for four additional pyridinium derivatives.
Validation species were selected to span a range of predicted k” values to serve as interpolation
(14-16) and extrapolation (17) within the chemical space defined by the training set. Across the
validation set, predicted £ values showed excellent agreement with experimental data: 14 (Keq
=0.014 cm 57!, K%peas = 0.014 £ 0.001 cm s7), 15 (k%ea = 0.010 cm 7!, Kjpeas = 0.0090 = 0.0009

cm s, 16 (k%ea = 0.009 cm 57, k%neas = 0.0090 £ 0.0002 cm s), and 17 (k%yrea = 0.017 cm 57!,
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K'meas = 0.020 = 0.001 cm s™'). Notably, 17 represents an expansion of the core pyridinium
framework with ethyl substituents at C2 and C6 on both the pyridinium and N-substituent rings,
which result in a high percent buried volume of the nitrogen atom (86%). Despite this structural
divergence, the model accurately predicts its electron transfer kinetics.

The strong predictive performance of the model suggests that the selected descriptors
capture key structural factors governing heterogeneous electron transfer kinetics, which are
commonly interpreted in terms of contributions to the total reorganization energy. These
correlations may arise from multiple non-exclusive mechanisms. A positive correlation between
om and £’ is consistent with reduced electron density on the pyridinium ring, which may lower
inner-sphere reorganization energy. In parallel, positive correlations between steric encumbrance
at the nitrogen center and & may reflect weaker counterion association and diminished solvent
reorganization penalties at the electrode interface. To further evaluate the contribution of inner
sphere reorganization energy to these trends, DFT computations were performed to quantify
molecular reorganization energies for the pyridinium derivatives examined.

Theoretical calculation of Reorganization Energy Involved in the Electron Transfer Process

The total reorganization energy associated with heterogeneous electron transfer can be
estimated from experimentally measured £’ values following the approach outlined by Constentin
and coworkers.?’ Using this approach, the forward heterogeneous electron transfer rate constant,

(ky) 1s expressed as:

AGF

— e i
(7) ky = Zexp < — )
where Z is a pre-exponential factor related to the electronic coupling and nuclear dynamics of the

electron transfer process, R is the gas constant, T is the absolute temperature, and AG?/ is the
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activation energy barrier for electron transfer at the electrode. The activation free energy is related

to the reorganization energy by the Marcus expression,

) AGF =2(1+ ATGO)2

where AG? is the driving force of the electron transfer reaction, which is related to the applied
electrode potential (E,,,) and the standard redox potential (E”) by

9) AG® = —nF (Egpp — E°)

where n is the number of electrons transferred (here, n = 1), and F is Faraday’s constant.
Importantly, the standard electron transfer rate constant (k°) is equivalent to the ks under zero
driving force (i.e., Eqpp = E” and AG’ = 0). For non-adiabatic electron transfers, the pre-exponential

factor (Z) can be reasonably approximated by the molecular collisional frequency,

(10) Z= |2

2nM
where M is the combined molecular weight of the redox species and its associated counterion. To
assess the validity of this approximation, variable temperature rotating disk voltammetry
experiments were performed using 1 as a representative species (experimental determination of Z
is provided in the Supporting Information). These measurements yielded an experimental pre-
exponential factor of Z = 4000 cm s™!, which is in close agreement with the collisional frequency
estimate (Z = 3370 cm s™). This agreement supports the assumption that the electron transfer in
this system is consistent with non-adiabatic behavior. Accordingly, collisional frequency estimates
were employed to approximate pre-exponential factors for all pyridinium derivatives, thus
enabling calculation of total reorganization energies. The resulting A1 values fall within a narrow
range of 1.22 — 1.33 eV (Figure 7b). While explicit determination of the solvent reorganization

energy requires detailed atomistic simulations, its contribution may be inferred by comparing Aotal
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to inner sphere reorganization energy (Ainner), Which can be computed using well-established
quantum chemical methods. Differences between Ainner and Aot may therefore reflect substituent-
dependent variations in solvent reorganization and counterion dynamics at the electrode interface.
Inner sphere reorganization energies were calculated using the direct method described by
Rosso et al.*® Density functional theory (DFT) computations were performed using the B3LYP
functional with the 6-31+g (d, p) basis set and CPCM implicit solvation model. For each
pyridinium, geometry optimizations were carried out for both the oxidized state (Py") and the
reduced state (Py"). The energy of the reduced species evaluated at the oxidized-state geometry
corresponds to the diabatic charge-transfer state.3' The inner sphere reorganization energy was then
computed according to,
(11) Ai = Gpy(Py™) — Gpy+(Py™)
where Gpy+(Py") is the ground-state energy of the oxidized species at its optimized geometry, and
Gpyx(Py") is the energy of the reduced species evaluated at the oxidized geometry (Figure 7a).

The fractional contribution of Ainner t0 Atotat Was calculated by

(12) %ol immer = 22T % 100%

Atotal

Across the pyridinium series examined, inner sphere reorganization energy accounts for
approximately 13 — 21% of the total reorganization energy (Figure 7b). This result suggests that
solvent and outer-sphere contributions dominate the overall reorganization energy landscape for
heterogeneous electron transfer kinetics in pyridinium-based systems. This is consistent with the
strong sensitivity of electron transfer kinetics to substituent-dependent solvation and ion-pairing
effects. The relatively small contribution of Ainner further supports the relevance of steric and

electronic descriptors that primarily modulate solvent reorganization and counterion dynamics.
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Figure 7. (A) Gibbs free energy curves as a function of the reaction coordinate for electron transfer according to the
Marcus-Hush-Chidsey model for the reduction of pyridinium (Py™") to pyridine radical (Py"). Coordinates used for the
calculation of inner sphere reorganization energy are highlighted.’>3! G,(b) represents the energy of oxidation state a
at the constrained geometry of state b. (B) Table summarizing the calculated reorganization energies for each
pyridinium. Fractional contribution of inner-sphere reorganization energy given as 100% * Ainner / Atotal.

Physical Significance of the Electron Transfer Kinetic Model

We next consider how the steric encumbrance at the pyridinium nitrogen influences the
reorganization energy associated with heterogeneous electron transfer. The percent buried volume
provides a quantitative measure of the extent to which the redox-active nitrogen center is sterically
shielded by its local molecular environment. The observed positive correlation between buried
volume and heterogeneous electron transfer rate suggests that increased steric shielding is
associated with faster electron transfer kinetics. This trend may be consistent with a model in which
buried volume modulates the strength of ion pairing between the oxidized pyridinium cation and
its counterion. For pyridiniums with low buried volume, the nitrogen atom is more exposed in the
oxidized state and thus more prone to strong ion pairing. Upon reduction, the neutral product
weakens or disrupts these interactions, which requires substantial solvent and counterion
reorganization. The accompanying reorganization penalty contributes to a larger solvent
reorganization energy and, consequently, slower electron transfer kinetics. In contrast, increased

steric shielding around the nitrogen center may weaken ion-pairing in the oxidized state,
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potentially reducing the extent of structural and solvent rearrangement required upon electron
transfer. Diminished solvent reorganization associated with this transition would lower the
activation barrier for electron transfer, thereby leading to enhanced kinetics. Together, these
observations suggest that steric modulation of the pyridinium nitrogen may play a role in
influencing solvent reorganization and ion pairing contributions to the overall reorganization
energy.

It should be noted that, while the formal positive charge resides on the nitrogen atom, the
electrostatic potential of a pyridinium cation is distributed over the ring’s m framework;
consequently, counterion association does not need to be localized to the nitrogen atom but can
occur over the accessible ring face and perimeter.*® In this context, V3 can be interpreted as a
geometric proxy for the accessibility of the cationic pyridinium surface and the range of available
ion pair geometries. Increased steric encumbrance around the nitrogen center restricts close
counterion approach to the pyridinium 7 system. This favors more solvent-separated ion
association and reduces the extent of solvent and counterion reorganization required upon
reduction, thereby accelerating electron transfer.

Conclusion

In this work, we demonstrate that heterogeneous electron transfer kinetics in 2,6-dialkyl-
4-arylpyridinium-based species cannot be rationalized solely in terms of molecular size or
diffusivity, but rather emerge from a combination of electronic structure, steric environment, and
solvation dynamics. Supervised machine learning was used to develop a predictive statistical
model relating experimentally measured heterogeneous electron transfer rate constants of 2,6-
dialkyl-4-arylpyridinium derivatives to two physically interpretable descriptors, an inductive

electronic parameter (0m) and a steric parameter quantifying the buried volume of the pyridinium
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nitrogen (Vs n). The resulting model accurately predicted experimentally measured rate constants
across both training and validation sets and was used to guide the design of a new pyridinium (17)
that is an extrapolation of the original data set and exhibits a rate constant of 0.02 cm s™! (twice the
minimum threshold of 0.01 cm s' recommended for efficient RFB operation). Analysis of
reorganization energies reveals that inner sphere contributions are relatively minor, while solvent
and outer sphere effects dominate the activation barrier to electron transfer. These results are
consistent with a mechanistic picture in which steric encumbrance influences ion association and
solvent organization around the delocalized cationic surface of the pyridinium ring, while
modulating the amount of solvent reorganization required upon electrochemical reduction.
Molecular designs that sterically frustrate ion pairing at the pyridinium nitrogen may minimize
solvent reorganization penalties and enable faster heterogeneous electron transfer kinetics. This
work illustrates how the framework of utilizing physically grounded molecular descriptors in
combination with data-driven modeling can provide deeper insight into actionable molecular-level

design principles for redox-active species in energy storage systems.
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