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ABSTRACT: Electrocatalytic reduction of organic halides and subsequent carboxylation are
promising methods for the valorization of CO2 as a C1 source in synthetic organic chemistry.
The reaction mechanism underlying the selectivity and reduction mechanism of benzyl halides
is highly dependent on the nature of the electrode material as well as the processes,
composition, and structure of the liquid phase at the electrode−solution interface. Herein, we
present a computational study on the influence of the electric double layer (EDL) on the
activation of benzyl halides at different applied potentials over the Au (111) cathode. Using a
multiscale modeling approach, we demonstrate that, under realistic electrocatalytic conditions,
the formation of a dense EDL over the cathode hampers the diffusion of benzyl halides toward
the electrode surface. A combination of classical molecular dynamics simulations and density
functional theory calculations reveals the most favorable benzyl halide electro-carboxylation
pathway over the EDL that does not require direct substrate adsorption to the cathode surface.
The dense EDL promotes the dissociative reduction of the benzyl halides via the outer-sphere
electron transfer from the cathode surface to the electrolyte. Such a reduction mechanism results in a benzyl radical intermediate,
which is then converted to benzyl anions in the EDL via an additional electron transfer step.

■ INTRODUCTION
Electrocatalytic fixation of CO2 is an effective method for
chemical valorization of carbon dioxide, which could be readily
achieved under mild conditions.1 Among the various possible
electrocatalytic processes, the electrochemical activation of
benzyl halides and subsequent carbon dioxide fixation is
considered a green and promising method for the synthesis of
crucial carboxylic acid derivatives with a wide range of
applications ranging from pharmaceutics to fuel production.2−5

The electrified interfaces are the key research object in
electrocatalysis, in which the electrochemical potential
determines the stability of adsorbed species and the electric
double-layer (EDL) structure at the electrode surface. The
computational description of the reactive environment and
chemical transformations at the electrified interfaces during the
electrocatalytic process is very challenging. Representative
models need to account for both the electrochemical potential
and the complex EDL environment. Most conventional
computational approaches represent an electrochemical half-
cell as a grand-canonical ensemble, where the number of
electrons transferred is adjusted in line with the nature and
chemical composition of the system.6−9 More advanced and
realistic models include explicit solvent molecules and counter-
ions to better represent the chemistry of the EDL at the expense
of the drastically increased computational costs of the
simulations.10−12 The computational demand of the electro-
chemical simulations can be substantially decreased by using
various approximate methods,13−16 such as the computational

hydrogen electrode model introduced by Nørskov et al.,17 the
Born−Haber cycles,18 and the Poisson−Boltzmann model.19,20

Experimental studies21−24 demonstrate that electron transfer
to benzyl halides is a complex process that is influenced by the
interactions between the electrode surface and the reagents as
well as their reduction products. As a result, the activity and
selectivity of benzyl halide electrocarboxilation strongly depend
on the electrode nature and the local solvent environment near
the cathode surface.16,20 The cation species accumulated within
the EDL near the cathode may stabilize the transition states of
the electrocatalytic reactions.21,23,25 Furthermore, under applied
bias, the concentration of such solvated cations near the cathode
increases, resulting in a denser EDL and alternated solvation
structure (Figure 1), which both may hamper the direct access of
benzyl halide to the surface.16,26−28

The reagents will become confined in a solvent cage, and an
outer-sphere electron transfer (OSET) may occur as a
homogeneous step over the EDL.16 In the OSET mechanism,
an indirect transfer between the electrocatalyst and reagent
occurs through the electrolyte without its chemisorption on the
electrode surface. However, the role of such an indirect
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electroreduction mechanism in aryl halide carboxylation is
moot. Molecular dynamics (MD) simulations provide a direct
insight into the EDL structure, including crucial information
about the respective concentration gradients, which, in turn, can
be used to compute concentration-dependent thermodynamic
parameters for various chemical reactions using advanced
solvation models like COSMO-RS.29−32 Herein, we employed
a multiscale modeling approach combining MD simulations to
evaluate the concentrations of solution components near the
electrode surface under electrochemically relevant reaction
conditions and DFT calculations to investigate the thermody-
namics of homogeneous electron transfer to benzyl bromide
under realistic conditions and construct a detailed mechanism of
reductive C−Hal bond cleavage.

■ METHODS
DFT Calculations. Thermodynamic parameters and geo-

metries of all chemical species in this work were computed using
the ORCA software package33 with the combination of the
B3LYP exchange−correlation functional34−37 and triple-ζ basis
set (def2-TZVPP).38 The Broyden−Fletcher−Goldfarb−Shan-
no scheme was used in geometry optimizations with a
convergence criterion based on a maximum relaxation force of
0.015 eV/Å. The SCF convergence was assumed when the
energy difference between the adjacent electronic optimization
steps was below to 10−8 hartree. The CPCM solvation model
was used to account for the bulk solvent effects on the reaction
path and their energetic contribution to the overall reaction.39

The values of the standard reduction potentials (SRP) of the
one-electron transfer step to benzyl halides in acetonitrile
medium were computed using simplified thermodynamic
cycles.14,15,23 For each half-reaction, the free Gibbs energy and
corresponding SRPs were calculated according to

G G G mRTln(22.46)r
0

r(g)
0

r(solv)
0= + + (1)

where ΔGr
0 (g) stands for the Gibbs free energy change of the

reaction in the gas phase, and ΔGr
0 (solv) is the free energy

change of solvation (ΔGr
0 (solv)). The correction term

ΔmRTln(22.46) refers to the change in the number of moles
of solvated species from 1 M/L in the gas phase to 1 M/L in
solution. For the reaction of dissociative electron-transfer Δm =
1, the resulting free energy is related to the SRPs by eq 240

E
G

nF
E0 r

0

ref
0=

(2)

where Eref is the SRP of the reference electrode, which is 4.422 V
for the saturated calomel electrode (SCE) in acetonitrile
solution.14 eq 2 indicates the equilibrium electrode potential
for a given transformation. Our decision to employ the B3LYP
functional was guided by prior investigations, where reduction
potentials for a diverse array of organic halides were calculated
using the G3(MP2)-RAD(+)//B3LYP/6-31+G(d) and
MRMP2/6-31+G(d)//MCSCF/6-31+G(d) levels of
theory.14,22 By comparing our findings with these studies and
experimental reduction potentials23,41,42 for the species
examined, we noted that the disparities in reduction potentials
fell within the error margin of the DFT approach and did not
exceed 0.2 eV.

To evaluate the solvation effect of an electric double layer
(EDL) with a high concentration of supporting electrolyte
cations on the reaction thermodynamics, we used the COSMO-
RS solvation model43 implemented in COSMOThermX
(version 19.0.5) computational package. The statistical
approach of the model allows for the investigation of the
solvation effects in complex multicomponent solutions. In this
model, solvent−solute interactions are expressed as a local
contact energy and quantified by the local polarization densities
of the contacting molecular surfaces,32,44,45 and therefore
solvation energies can be calculated even in charged solutions.
Solvation energies for the electro-reduction intermediates were
calculated in pure acetonitrile and solution mixtures with
tetrabutyl ammonium cation mole fractions ranging from 0 to
0.9, representing the concentration gradient from the bulk
solution to the dense part of the EDL, especially in the reaction
region mentioned above. The correction for solvation energy of
a reaction species was calculated by

G G G Gsolv CPCM COSMO RS Model= + (3)

where GCPCM�is the solvation free energy of a given species in
ideal acetonitrile solution obtained within the CPCM solvation
model, GCOSMO‑RS�is the solvation free energy of a species in
pure acetonitrile (1 M) obtained by the COSMO-RS solvation
model, and GModel�is the solvation free energy of a given
species in model multicomponent concentrated solution
obtained by the COSMO-RS solvation model. The solvation

Figure 1. Electrode/electrolyte interface model for benzyl halide electrochemical reduction processes.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c08224
J. Phys. Chem. C 2024, 128, 9462−9471

9463

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c08224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c08224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c08224?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c08224?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c08224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


energies of each species were computed and then used to
determine the change in the solvation energy term, incorporated
into eq 1. Previously optimized geometries of reaction species in
ORCA software were used to generate COSMO-files using the
Turbomole software (version 4.4.1) together with the
combination of B3LYP exchange−correlation functional and
triple-ζ basis set (def2-TZVPP).

Molecular Dynamic Simulations. Concentration distri-
butions of the solution components in the EDL region can reveal
the solvation structure of benzyl halides in the EDL. MD
simulations were performed using the GROMACS package
(version 2021.5).46,47 In this study, we used the Au (fcc) facet to
simulate electrode surfaces. The electrode surfaces are
constructed by using bulk metal structures extracted from
Crystallography Open Database48 (COD) (materials id
1100138).49 Metal slabs with an electrolyte bulk that consisted
of TBA+, I−, BnBr, and MeCN molecules were constructed using
the GROMACS insert-molecules tool. The concentrations are
set to reproduce the voltametric experimental conditions4,21,41

namely, 0.2 M for TBA+, 0.2 M for I−, 0.1 M for benzyl bromide.
The simulations are carried out using a supercell measuring
4.995 × 4.326 × 35 nm for Au electrodes, to prevent the
influence of boundary effects and adequately simulate the
adsorption of large cations on the electrode surface. The
periodic boundary conditions were applied in the x and y
directions, whereas in the z direction, the system remained
nonperiodic. A constant charge method16,28 was used to
simulate externally applied potential by adding negative and
positive charge behind the electrode slabs (Figure 2).

The magnitude of the electric field on the cathodic and anodic
surfaces due to the polarization induced by ghost charges was in
the 0−10 V/nm range. The interatomic interactions between
the components were modeled via the Lennard-Jones (LJ)
potential with a cutoff of 1 nm. The cross-terms were obtained
using the Lorentz−Berthelot mixing rule. The force field files for
use with the GROMACS package are presented in Supporting
Information. Acetonitrile was modeled using a flexible six-site
potential model introduced by Kowsari and Tohidifar.50 The LJ
parameters for BnBr, TBA+, and I− were taken from the
literature.51−54 The van der Waals interactions of the solute with
Au (111) were represented by Lennard-Jones potential
described by Heinz et al.55 Several studies have demonstrated
that these parameters can qualitatively replicate interactions

between the metal surface and the solution interface,28,56−62

while the Lennard-Jones parameters for interactions in solution
effectively capture physical phenomena in the bulk.

The long−range interactions were calculated with the
particle-mesh Ewald (PME) method. The chemical bonds
with hydrogen atoms were constrained using the LINKS
algorithm,63 whereas all other types of bonds were treated
using harmonic bond approximation. The temperature of the
simulation systems was maintained using a modified Berendsen
thermostat at a value of 300 K.

The preparation of the simulation system included a 10 ns
simulation of bulk electrolyte with constant a number of
particles, cell volume, and temperature (NVT) solution,
followed by a 10 ns simulation with a constant number of
particles, pressure, and temperature (NPT) solution. The
resulting solution structures were placed between two parallel
metal plates and annealed at 150, 650, 600, 550, 500, 450, 400,
350, and 300 K for 3 ns each. Subsequently, the resulting
configuration again was equilibrated for 10 ns, followed by a
production run of 90 ns.

Electrode Potential Distribution. The total electrostatic
potential was calculated using the following equation28

z z z( ) ( ) ( )sol= + (4)

where φσ (z) is the potential of the external electric field created
by the charge on the electrode surface and can be computed
according to the eq 5

z z( )
4

d
z

0
=

(5)

where z is the distance from the electrode surface, ε is the
dielectric permittivity of the solvent, and φsol (z) is the
electrostatic potential induced by the solution in response to
an external electric field. This term can be calculated by
integrating the eq 6

z z z z z( )
4

( ) ( )d
z

sol 0
=

(6)

where ρ(z′) is the charge density distribution along the normal
direction of the simulation cell. Figure S3 represents the charge
distribution for the studied systems. The final electrostatic
potential drop for EDL can be calculated by eq 7.

Figure 2. Schematic representation of the MD simulation cell.
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U electrode bulk= (7)

where Φelectrode represents the electrostatic potential on the
electrode surface, and Φbulk denotes electrostatic potential in the
bulk solution.

■ RESULTS AND DISCUSSION
Bulk Electrolysis Simulation. To check our hypothesis on

the potential role of the outer-sphere electron transfer in benzyl
halide electroreduction, we first computationally evaluated the
thermodynamic parameters of the overall reaction by DFT
calculations with the implicit solvation model. The main results
are summarized in Figure 3.

Figure 3 displays the computed values of Gibbs free energy
change for both the electrochemical and thermochemical phases
of the process, alongside the SRPs for the electrochemical stages.
The electrochemical initiation of benzyl halides involves the
reductive cleavage of the C−Hal bond, leading to the generation
of free benzyl radicals and corresponding halide anions.23 The
free energy associated with this step is notably influenced by the
leaving anion, decreasing in the order BnCl > BnBr > BnI. This
reduction is accompanied by a continuous shift toward less
negative SRP values in the opposite order, a trend explained by
the diminishing C−Hal bond dissociation energy64 in the same
order. The subsequent reduction of benzyl radicals is an
energetically less favorable step, with a free energy change that is

approximately 100 kJ/mol more positive than the initial electron
transfer. This results in a more negative reduction potential of
−1.48 V vs SCE, consistent with the experimentally determined
SRP for the second electron transfer of −1.43 V vs SCE.4,25

Beyond potentials of −1.5 V,4,21,25 this reaction sequence would
yield 1,2-diphenylethane as the primary product. The generation
of the target phenyl acetate ion can proceed through two
alternative reaction channels, differing in the active reduced
species. The electroreduction of CO2 to CO2

−, followed by its
reaction with the benzyl radical, is more energetically favorable
(−173 kJ/mol) than the alternative path, where the organic
radical is first reduced, followed by the reaction of CO2 with the
benzyl anion (−108 kJ/mol). However, the formation of highly
reactive CO2

− species is a highly activated process characterized
by an extremely low computed SRP of −2.16 V vs SCE. The
homogeneous reductive activation of benzyl halides toward
benzyl ion, followed by its coupling with molecular CO2, is −108
kJ/mol and avoids highly unfavorable steps. This suggests the
principal possibility of an outer-sphere reduction mechanism,
particularly evident in situations where diffusion toward the
cathode surface is hindered under electrochemical conditions.

EDL Structure near the Electrodes. To investigate the
accessibility of the cathode surface to the benzyl halide
molecules under the electroreduction conditions, we studied

Figure 3. Possible pathway of benzyl halide electrochemical carboxylation and thermodynamic effects of elementary steps. Reduction potentials are
referenced to the SCE of 4.422 V.

Figure 4. Components distribution along the Z�direction of the simulation cell at different electrode potentials. The cathode is placed at 0.0 nm.
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the distribution of the model solution components exposed to
the applied potential with various intensities by MD simulation.

Figure 4 represents the EDL composition at different
electrode potentials and describes the formation of a solvation
shell on the cathode surface, where the green region in the figure
denotes the possible reaction region due to the location of the
benzyl bromide concentration peak. The appearance of three
successive peaks originating from MeCN within 1 nm of the
electrode surface indicates the formation of tightly stacked
layers. These layers demonstrate a consistent decrease in MeCN
concentration influenced by the applied electric field.
Furthermore, a slight shift in the peaks toward a greater distance
from the electrode is observed, and this is ascribed to the
influence of electrode polarization on solvent orientation.

A comparable impact of the electric field was noted on the
opposing side of the simulation cell, near the anode surface,
where there was a sustained reduction in the BnBr
concentration. This observation is illustrated in the SI (Figure
S1).

Aside from analyzing the concentration profile within the
EDL, we also explored the pair-correlation between the cathode
surface and the center of mass (COM) of individual solution
components to characterize the EDL structure at different
electrode potentials.

The cathode-acetonitrile pair-distribution function does not
depend on the electrode potential, with the first solvation shell
located within 5 nm of the cathode surface. The pair-correlation
function for benzyl bromide (BBR) changes substantially with
increasing potential and is consistently shifted to longer
distances. At −0.07 V, the peak of the pair-correlation function
is observed around 2.5 nm. At more negative potentials, it
becomes less likely to locate benzyl bromide near the electrode
surface in line with the concentration profile of BBR in the EDL
(Figure 4). This could be attributed to the diminishing
adsorption energy of benzyl bromide on the electrode surface
due to surface polarization and the adsorption of charged
species, which push the reactant molecules away into the bulk
solution. The distribution of the TBA+ and I− ions also depends
notably on the electrode potential (Figure 5), with their pair-

correlation functions showing trends similar to those of the
respective concentration profiles presented in Figure 4.

The concentration profiles of BnBr in the first and second
solvation shells, as observed in Figure 4, can be attributed to
both thermodynamic restrictions of the adsorption process and
kinetic limitations that hinder adsorption events. Addressing the
kinetic aspect involves employing sufficiently long simulation
times, while assessing the thermodynamics of the adsorption
process can be achieved through potential mean force (PMF)
analysis, as depicted in Figure 6. Our analysis indicates that at

low electrode potentials, benzyl bromide molecules may indeed
reach the surface and become surface-adsorbed species.
However, this process necessitates overcoming a free energy
barrier of approximately 25 kJ/mol, with slight dependence on
the applied potential. Additionally, we noted that the energy well
for the adsorbed species is comparable to that found at a distance
of 0.5 nm from the surface. This observation may elucidate the
absence of adsorbed benzyl bromide on the electrode surface
during the primary simulation. Furthermore, the application of
an external electric field generated by the electrode reduces the
free energy of the adsorbed state, making it less favorable by
approximately 20 kJ/mol. These findings suggest that in real

Figure 5. Pair-correlation function between the electrode surface and the center of mass of acetonitrile, benzyl bromide, tetrabutyl ammonium, and
iodide anions at different electrode potentials.

Figure 6. Potential of the mean force of benzyl bromide at different
electrode potentials. PMF is calculated between the center of mass of
the electrode and benzyl bromide. The electrode surface is uniformly
placed at 0 nm.
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systems, both thermodynamic and kinetic limitations hinder
access of BnBr to the electrode surface.

Similarly, the free energy of benzyl bromide in the well
situated 0.5 nm from the electrode also decreases, albeit at a
slower rate. This phenomenon makes this region more favorable
for the accumulation of benzyl bromide, with the desorption
process of benzyl bromide becoming dominant. Applied electric
field changes the solvent orientation from lateral to
perpendicular (Figure 7). Such preference in orientation allows
to maximize van der Waals interactions with the electrode
surface and reduces the influence of the electric field
mode.27,65−67

The increase of electrode surface polarization leads to the
accumulation of TBA+ ions near the cathode, while I− ions show
a steady decrease in the cathodic EDL. The bulkiness and
conformational flexibility of n-Bu4N cations and their high
concentration in EDL, in combination with the perpendicular
orientation of solvent molecules, hamper the accessibility of the
BnBr reagent molecules, resulting in the decreasing BnBr
concentration of BnBr in the green region with the increasing
electric field strength. The accumulation of reactants in the EDL
away from the electrode surface results in a reduction of
adiabatic electronic coupling between the initial and final
reaction states.68−70 Consequently, the initial state needs to
traverse the transition state multiple times, leading to a decrease
in the reaction rate. This phenomenon has been demonstrated
and analyzed in recent studies conducted by Rybkin and
colleagues using a high level of theory, particularly in the context
of carbon dioxide electroreduction in aqueous solutions.71,72

Nevertheless, it is plausible that a similar nature of this effect may
be observed for nonaqueous solvents, such as acetonitrile. This
can describe a large potential difference between the
experimental peak potential and reduction potential of −1.45
and −1.08 V vs SCE for BnCl and BnBr, respectively.42 Figure 8
summarizes the calculated diffusion coefficients of the model
solution components. Computational results unveil that the
applied electric field and surface polarization slightly affect the
mobility of acetonitrile in the EDL, whereas charged species
show a significant increase of the self-diffusion coefficients,
indicating enhanced molecular exchange between bulk and
EDL. The formation of the dense solvation layer composed of
large cations, solvent, and benzyl bromide imposes diffusion
limitations on the molecular transport between EDL and bulk
solution, resulting in decreased reagent concentration in the
EDL and its accumulation in the second solvation shell.

Additionally, the intensity of the electric field has a subtle
impact on the extent of molecular mobility within the confined
space of the narrow EDL region, spanning approximately 1.5
nm. Consequently, when an electric field is applied, the solution
components tend to migrate at a similar rate, regardless of the
strength of the electric field.

Figure 9 represents the electrostatic potential profile along the
simulation cell, revealing the change of electrode potentials.

Figure 7. Angle distribution function of the solvent molecules in the
first solvation layer with respect to the surface normal.

Figure 8. Self-diffusion coefficients of the solution components in the z
direction in the intermediate layer between the EDL and bulk solution
(0−1.5 nm from the cathode).

Figure 9. Electrostatic potential distribution along the simulation cell.
The red and blue sections denote the anode and cathode, respectively.
The applied potentials at the cathode and the anode are labeled
separately in the figure.
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Figure 9 accurately depicts the location of the first potential
peak between 0.6 and 1 nm near the cathode, corresponding to
the first solvation layer in Figure 4. Similar observations
regarding the location of potential peaks can be seen at the
anode, as shown in Figure S1. The electrostatic potentials at
both the anode and cathode (Figure 9) exhibit oscillations in the
EDL region (within 1.5 nm from the electrode surface),
gradually decaying to a linearly increasing potential in the bulk
region. The potential drop induced by the adsorption of ions and
solvent molecules decreases with the increase in electrode
surface charge, which, in turn, limits the adsorption of benzyl
bromide to the electrode surface. To compute the capacitance of
the EDLs, we first fitted the electrode potential−surface charge
correlation and then computed the EDL capacitance via eq
8,28,61

C
Uedl

electrode
=

(8)

where σ denotes the surface charge of the corresponding
electrode, and Uelectrode is the electrode potential. The results are
summarized in Figure 10.

Figure 10a shows the dependence of the surface charge on the
electrode potential, which was utilized to compute the
correlation for the EDL capacitance (Figure 10b). The latter
is found to be sensitive to the electrode charge. At high positive
potentials, it presents a bell-shaped curve with two wings, one of
which shows an increase in capacitance due to anion adsorption
on the anode surface. At negative potentials, the EDL
capacitance stays relatively constant. We hypothesize that this

could be due to the rapid saturation of the EDL due to the large
size of the cations and their flexible structure, which increases
the EDL width and slows the capacitance growth. The
magnitude of the EDL capacitance obtained in our simulation
is in good agreement with the experimental values, typically
falling in the range of 20 to 25 μF/cm2,73 evidencing the
sufficient accuracy of our MD methodology to effectively
capture the essential characteristics of the EDLs.

EDL Effects on Reaction Thermodynamics. The MD
simulation reveals the formation of substantial concentration
gradients near the cathode surface and, in particular, the
accumulation of TBA+ cations near the negatively charged
electrode under the conditions of electrochemical reactions. The
resulting changes in the local solution composition may affect
the free energy change of the elementary reaction steps.74,75

Certain typical electrochemical systems exhibit a pronounced
dependence on the concentration of the supporting electrolyte,
as observed in cases like ferrocene/ferrocenium.76−78 Therefore,
we next investigated the influence of the composition of the EDL
on the free energies of the electrochemical reaction by DFT
calculations with the implicit COSMO-RS solvation model.
Figure 11 shows the influence of EDL composition on the
thermodynamics of the electrochemical and thermochemical
steps of the process.

Figure 11 depicts the influence of the EDL composition on
both the electrochemical and thermochemical aspects of the
process. While a high concentration of TBA+ cations appears to
have minimal impact on the chemical steps within the studied
electrode potential range, the concentration of the supporting

Figure 10. Relation between electrode charge density and potential drop across the EDLs adjacent to the electrodes (a) together with the EDL
capacitance with different surface charge densities (b).

Figure 11. SRP (a) of the electrochemical steps of the electrocarboxilation process and Gibbs free energy change (b) of the corresponding
thermochemical stages. Solid lines denote the TBA+ concentration obtained from MD simulations at various electric field intensities. SRPs are
referenced to the SCE.
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electrolyte may notably affect the electrochemical steps. The
SRP of CO2 for producing CO2

− substantially decreases with an
increasing cation concentration. Notably, at an electrode
potential of −9.79 V, the CO2 reduction potential drops to
around −2.50 V vs SCE, indicating a significant effect of 0.30 V.
This suggests that the effective formation of ion pairs in the
electrolyte induces a shift in the redox potential by altering the
equilibrium concentration of active species.78−80 Benzyl halides
exhibit varying responses to changes in TBA cation concen-
tration following the sequence of BnI > BnBr > BnCl. While the
SRP of BnCl remains constant (−0.61 V vs SCE) across the
potential range, the SRP of BnBr shifts toward more negative
values, from −0.38 V in pure acetonitrile to −0.42 V vs SCE at
TBA+ 0.1 mole fraction, rendering the process less favorable. In
contrast, BnI shows a positive shift from −0.34 V vs SCE in pure
acetonitrile to −0.30 V vs SCE at an electrode potential of
approximately −5 V, slightly enhancing thermodynamic
feasibility. This highlights the significant role of the supporting
electrolyte in reaction thermodynamics, which is influenced by
the nature of the cation. Moreover, the magnitude of the
response correlates with the generated halide anion and the
strength of the C−Hal bond.

■ CONCLUSIONS
In the current study, we have explored the electrochemical
activation and reduction mechanisms of some organic halides
and their subsequent electrocarboxilation. Following our
multiscale approach, we first performed bulk electrolysis
simulation in order to investigate the energetic parameters of
carboxylation elementary steps in acetonitrile media. The
combination of multiple solvation models revealed only a very
minor effect of the condensed EDL part under various applied
biases on the energetics of most of the possible elementary
reaction steps, except for the CO2 reduction, where the
additional TBA+ cations in the EDL change the SRP by up to
0.4 V. Our reaction scheme considers two possible scenarios of
target phenyl carboxylate ion formation. The reaction
thermodynamics analysis unveils the possibility of simultaneous
reactions of radical coupling and benzyl anion reactions with the
CO2 molecules due to the close values of reaction energy, which
is proved by previously reported experimental data.

Hence, in order to investigate our proposed OSET activation
of benzyl halides, we simulated a complex multicomponent
electrolyte-cathode system under various applied potentials.
Density profile analysis revealed the formation of a dense EDL
layer consisting mainly of dense layers of acetonitrile molecules
and positively charged ions with irregular shapes and highly
distributed charges, which reduces the diffusion ability of benzyl
bromide molecules between the EDL and bulk solution.
Eventually, all of these simultaneously occurring processes
reduce the concentration of BnBr molecules in the EDL. As a
result, the BnBr concentration on the electrode surface tends to
zero, and the interaction with the surface is described by the
solvent medium and might be completely absent. The outcomes
suggest that in real-world systems, both thermodynamic and
kinetic limitations hinder BnBr access to the electrode surface.
In this case, the OSET might be an additional mechanism to
produce benzyl radical, which is in line with the dissociative
bond-breaking step for the benzyl halides.
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