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ABSTRACT: This study investigates the effect of the potential gradient on electron transfer 250
(ET) reactions occurring in redox-active monolayers self-assembled on metallic electrodes. e
Redox centers within the monolayer serve as quantum capacitive (Cq) energy levels (E = ¢*/ 200

Cq) that mediate ET from free redox couples (in the electrolyte) to the electrode. Different
from diffusion-controlled ET reactions where the current collector forms a junction with the

5 \4

free redox couples, C;-mediated ET reactions are diffusionless and hence exhibit quantized % . L.
= 'y
OU i gh/e2

resistance limits of R, o h/ e* ~ 25.8 kQ that follows quantum electrodynamics principles. 4

This diffusionless ET dynamics relies on the energy level alignment with the redox molecules 50

of the monolayer and electrolyte environment that ultimately governs the ET rate dynamics

with a rate constant of v « e/hC, & 1/R,C,. Changes in the acidity (inducing potential 0 Yvv v
gradient) of the redox-active monolayer due to the deprotonation of free Fe—COOH redox- 0 300 600 900 1200 1500
couple groups significantly impact the charging behavior of the E = e/ C, states, thus affecting [Fc-COOH] (uM)

the energy alignment between anchored and free redox species. That the acidity of the

monolayer affects C;-mediated ET efficiency is a piece of valuable information for designing suitable energy alignment between man-
made C, interfaces and redox couples present in electrolytic solvents.

KEYWORDS: charge-transfer mediation, potential gradient effects, diffusionless electron transfer reaction, quantum electrodynamics,
quantum capacitance, conductance quantum, quantum electrochemistry

B INTRODUCTION follow quantum electrodynamics principles within the
quantum-rate theory.”

Quantum-rate theory’ has been applied to study the
electronic structure of graphene’ and quantum dots” and to

In general, heterogeneous electron transfer (ET) reactions are
mass-transport-dependent processes in which electroactive
species (donor or acceptor moieties) diffuse at the electrode

surface and undergo redox ET reactions. The dynamics of the study the dynamics of electrochemical reactions occurring in
reaction can be investigated by monitoring the electric current redox-SAMs,”” permitting a better understanding of diffusion-
i response as a function of the potential scan rate s = dV/dt less ET dynamics settings that comply with Laviron’s
perturbation that predictability follows a Randles—Sevcik approach,” which predicts i o s. Additionally to comply with
diffusional control,' in which i « s'/2. In contrast, diffusionless the classical i o s relationship, it has been demonstrated that
ET reactions follow i o s rather than i  s'/2, constituting a the transmittance probability of the electron involved with
charge dynamics between an electrode and chemically attached reactions within redox-SAMs is directly associated with the
redox species with measurable C, and energy E = e/ C, states resistance quantum R, o h/ 20 and C, = &(dn/dE), where
(where ¢ is the elementary charge of the electron) that lead to” dn/dE is the density-of-states (DOS) that correlates with the

i = C;s (where C, is straightly identified as the constant of
proportionality between i and s).

This ET dynamics, which occurs without a diffusion control,
is referred to as diftusionless ET reactions and governed by
quantum electrodynamics principles in which the rate v of ET
follows the v o ¢/ th o E/h relationship (where 4 is Planck’s

electronic structure of the monolayer. In particular, the
relationship between electron’s transmittance, associated with
R, and the electronic structure, associated with Cy has a
characteristic time-constant 7 = R,C, that governs the rate v =
1/t = E/h with which ET occurs.

constant). This Cq—based rate constant of U €%/ th comprises

the Marcus ET rate constant whether statistical thermody- Received:  September 30, 2024 “Bectrochemisry
namics is considered over E with a Boltzmann approximation® Revised:  April 12, 2025 NE
of the state occupancy. Diffusionless reactions have been Accepted:  April 14, 2025

studied at electroactive interfaces comprising redox-active Published: April 29, 2025

species self-assembled over metallic electrodes™ (referred to
as redox-SAMs), but only recently have they been noted to
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Figure 1. Schematic representation of the pep-rSAM in an electrolyte environment and its role in mediating the ET reaction between the electrode
and Fc—COOH in solution. (a) Each redox peptide constituting the SAM acts as individual quantum states, with re = h/ ¢* and ¢, arranged in

series, and each r,c, time-constant is arranged in parallel to another. The measurable average time-constant is R,C, of diffusionless ET dynamics.
(b) In this ET reaction dynamics, charge carrier occupancy occurs within the average C, states of the ensemble dependlng on the reduction or
oxidation state of the pep-rSAM, obeying eq 1. (c) The electronic structure (or density-of- states) of pep-rSAM follows a Gaussian-like distribution,
where at formal potential energy Ef, half of the C, states are oxidized and the other half are reduced. (d) Illustration of the mediation of ET
reaction by C, states, where a two-step ET event is hkely to occur owing to the mediation phenomenon in which ET occurs through C, with the
free Fc— COOH state. (e) Schematic of the diffusionless ET dynamics mediated by C, states. (f) Overlap between C, and free Fc— COOH states in
electrolytic medium enhanced with the alignment between formal potential energy states Ep, i.e., when Ef = E, where m refers to monolayer and e
to the electrolyte.

This quantum mechanical resistive-capacitive time-constant depicted in Figure la. The electron’s occupancy of the states
7, measurable in redox-SAMs, has been previously identified as within the ensemble is associated with the reduction or
R,C,4 by Creager and colleagues,11 where R, is referred to as oxidation state of the SAM, following the Fermi—Dirac
the charge-transfer resistance and C_4 as a pseudo-capacitance statistics f = [1 + exp(E/kgT)]™", where kj is the Boltzmann
associated with the irreversible adsorption (ads) of the redox constant and T is the temperature. E = g — Ef, where p is the
species over the electrode. Note that the quantum-rate v « 1/7 chemical potential energy of the electrons modulated by the
is proportional to the reciprocal of the characteristic 7 = R;C, potential imposed by the potentiostat to the electrode and E¥
constant and, hence, it encompasses Creager’s description of 7 is the formal potential energy of the redox-active species
= R,C,4 as a particular setting of the quantum-rate theory. contained in the redox-SAM (Figure 1b). Note that whenever
This is owing to R, being proved to be quantized, i.e., } equates to Ep, the electron’s occupancy of the redox-SAM is
proportional to R in the ET reaction dynamics of redox- half, i.e.,, f = 1/2. This f = 1/2 occupancy signifies that the net
SAMs, as demonstrated in ref 9. On the other hand, the electric current flowing in the interface is null and referred to
meaning of C, within the quantum-rate theory is broader than as exchange current, where there is an equilibrium occupancy
that proposed by Creager (as a type of adsorption capacitance in which half of the states are reduced and half are oxidized,
associated with the redox molecular coverage), as it not only implying that reduction and oxidation currents are equal and
encompasses ET dynamics of redox-SAMs but also describes flowing in opposite directions,'” and a DOS,, is measurable
non-redox (where ET reaction is absent) quantum electro- through measuring C,, as illustrated in Figure lc.
dynamics processes within graphene, quantum dots,” and Owing to C, bemg associated with the DOS," its
reduced graphene oxide structures'? where, in the latter, it is measurement permlts inference of the electronic structure
able of explaining the supercapacitance within this type of occupancy, as shown in previous studies.”’*'> Regarding
carbonaceous structure. redox-SAMs, the DOS converts into a Gaussian-like shape,

By applying statistical mechanics over v = E/h o €*/ hC, to Figure 1c, that is essentially controlled by the f(1 — f) term of a
describe the dynamics of redox-SAMs at finite (room) thermally broadened capacitive function, such as
temperature, each molecule over the SAM, fabricated over )
the electrode, has a time-constant 7; = r ¢, that describes its C = ﬂf(l -f)
dynamics within the ensemble average value of 7 = R;C,, as B (1)
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Figure 2. (a) Square-scheme mechanism of the PCET reaction for Fc—COOH in aqueous solvent. Vertical and horizontal equilibrium arrows
represent the individual electron and protonation/deprotonation steps, respectively, and the corresponding acid dissociation constants, K,, and
formal potentials, E/e, are shown. (b) Pourbaix diagram plotting E/e versus pH; the solid line separates the oxidized and reduced species, whereas
dotted vertical lines delimit the regions of protonated and deprotonated species. The intersections of the solid and dotted line indicates the pK,
values. (c) The proton-ionizable groups of the redox-tagged peptide and free Fc—COOH (ET-mediating setting shown in Figure le).

where N is the total amount of accessible quantum states. The
modification of an electrode with a redox-SAM hence
introduces accessible redox-active state levels E e/ Cy
permitting ET dynamics to be mediated by C, states where ET
dynamics between free redox and electrode states occurs in a
diffusionless manner following i = C,s dependence, as depicted
in Figure 1d. In the latter type of diffusionless ET dynamics,
C,mediating states play a pivotal role in facilitating
diffusionless redox reaction dynamics from the electrode to
the free redox states (and vice versa) in the electrolyte, as
illustrated in Figure lef. In other words, the presence of G,
states in the electrode suppresses the diffusion dependence i
s'/2 of ET reactions that occur in the absence of C, states in the
electrode, e.g., in the case in which there is a direct contact
between free redox species in the electrolyte and a non-
modified metallic electrode.

ET mediation through C, states is achieved because of the
suitable energy alignment between E = e/ Cq and the free
redox states in the electrolyte.'’ —eV = u — Elf, where V is the
potential difference of the potentiostat applied to the working
electrode in respect to the reference, whether y equates to Ef;
hence, f = 1/2 and C, is maximum, as predicted by eq 1. The
energy alignment in the interface can additionally involve the
free redox energy states Ey, as illustrated in Figure 1f. In the
latter settings, the energy alignment between E and Ef allows
quantum ET dynamics, where diffusion control is absent.
Figure 1f illustrates the alignment between the redox DOS
(DOS,, and DOS,,;), formal potential energy Ef of free the
redox moieties in the electrolyte (commonly referred to as
Marcus—Gerischer redox DOS in the electrochemical
nomenclature of the literature'), and EJ of the monolayer.
The alignment between these energy levels E;, (physicists refer
to this as the Fermi level)'® can be tested, complementary to
impedance measurements, using cyclic voltammetry, in which
the overlap of these redox processes can be noticed, as
reported in ref 10.

ET requires a significant energy barrier without mediation
by capacitive DOS states, which results in increased resistance
(represented by R, which settles in parallel to the quantum
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RC branch within a characteristic time-constant 7 = Rqu).
This resistance is associated with the “diffusive” transfer of
electrons directly from redox species in the solution phase to
the electrode.'” R,; corresponds to the charge-transfer
resistance R, observed in a typical electrode reaction using
unmodified or bare Au (metallic) electrodes, which character-
izes a diffusion-controlled reaction.'”

Note that C, is the experimental variable required for
determining the ET rate constant and can be measured using
time-dependent approaches, such as electrochemical impe-
dance spectroscopy (EIS)."® The details of the quantum-rate
theoretical prediction of the rate constant v = E/h (from now
on named as k for agreement with electrochemistry’s
nomenclature) for the heterogeneous ET reaction in a
diffusionless regime are introduced in Section SL1 (of the
Supporting Information), permitting access to the electro-
dynamics or kinetics through the measurement of C, since k =
4(e*/hC,)," where C, is the only experimental variable.

The occupancy of quantum capacitive states is sensitive to
environmental changes,19 such that diffusionless interfacial ET
dynamics is influenced by factors such as the dielectric
characteristics of the environment, T, and electronic coupling
between the donor and acceptor states.”’ > The acidity/
basicity of the molecular moieties influences the ET reaction
and formal potential Ey/e of the redox-SAM, resulting in the
pH-dependent formation of charged interfaces or redox species
within the SAM.>* ™

Proton transfer can occur when coupled with ET reactions,
known as proton-coupled electron transfer (PCET) reactions.
These concerted (not necessarily synchronous) transfers of
electrons and protons (H') are significantly influenced by
solvent properties.”” For example, protic solvents actively
participate in the PCET reaction by accepting protons owing
to their ability to form hydrogen bonds.” This stabilizes the
H' intermediate and significantly affects the reaction kinetics
compared with aprotic solvents, where the kinetics are
primarily governed by redox species with ionizable proton
groups.”

https://doi.org/10.1021/acselectrochem.4c00112
ACS Electrochem. 2025, 1, 832—841
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Figure 2a shows the PCET schematic reaction of ferrocene
carboxylic acid (Fc—COOH) with a strong carboxylic acid
group (as well as that of Fc(CH,),COOH at n > 1). Fc—
COOH readily undergoes deprotonation because of intra-
molecular charge stabilization by the electrostatic effect.”> The
square-scheme mechanism for the PCET reaction of Fc—
COOH is shown in Figure 2a, as depicted in the Pourbaix
diagram for a single electron—proton (e”/H*) dynamics of
Fc—COOH, as schematically denoted in the bottom of Figure
2b. This Pourbaix diagram indicates regions where the
oxidized/reduced protonated (Fc*—COOH/Fc—COOH) and
deprotonated (Fc*—COO™/Fc—COO™) species are evident,
and it can be noted that at the extremes of the pH axis, the Ep/
e redox is pH-independent (horizontal solid lines). On the
other hand, between pK,(Fc*) and pK,(Fc) (sloping region),
the Eg/e is pH-dependent, and it determines the pH region in
which PCET is prominent.*’

Electrochemical analysis of Fc—COOH in 100 mM
tetrabutylammonium perchlorate in 4:1 (v/v) acetonitrile/
water, where pH is adjusted using organic base and inorganic
acid, permits the measurement of the oxidation and reduction
acid dissociation constants of pK,(Fc*) ~ 4.5 and pK,(Fc) ~
7.8, respectively. Ep/e for both forms was measured as Egp/
e(—CO0O™) ~ 337 mV and Eg/e(—COOH) ~ 528 mV.*’

The sigmoidal dependence of the Ep/e and pK, is due to a
Nernstian behavior in which the concentrations of reduced and
oxidized species are correlated with the pK, as detailed in
Section SI.3. A correlation with the quantum-rate theory can
be established by noting that the energy alignment between
Ef/e and Eg/e is influenced by Fc/Fc" species involved in the
PCET equilibrium reaction, which can be quantified in terms
of the Fermi—Dirac distribution function, where —eAV = (u —
EP) is stated as

ave Loy gy kT [
AV—e(y Ep) = ; ln[l—f] s

with f corresponding to reduced states of the redox-SAM,
whereas 1 — f corresponds to the oxidation. Hence, according
to eq 1, changes in [H*] influence redox state occupancy and,
consequently, the Ef/e and C,; of the redox-SAM and the
energy alignment with Ej/e. Thus, the ET dynamics (in the
present case governed by quantum electrodynamics principles)
is influenced by the charge state of the redox-SAM that is, in
turn, affected by [H*] associated with the PCET reaction, as
will be demonstrated further here.

The ET mediation discussed above'’ involves an electro-
active interface with hydrogen-ionizable moieties near the
redox sites (see Figure 2c). Using ferrocene-tagged peptides,
redox-SAMs exhibiting quantum capacitance that control the
kinetics of the redox reaction at the interface in a diffusionless
setting can be obtained.”” " These redox-tagged peptide
SAMs contain terminal amino acids linked to ferrocenes by a
carboxylic acid group, and similar to other SAMs, the influence
of pH on the redox reaction dynamics can be expected, as
shown in previous studies.’’ Hence, the evaluation of the
dissociation constant of this type of redox-tagged peptide SAM
permits the analysis of potential gradient shifts (—eAV of eq 2)
and interactions between Fc—COOH and redox-active
moieties in the SAM (Figure 2b). The acid dissociation of
carboxylic groups of the redox-SAM and Fc—COOH in
solution significantly contributes to the ET dynamics, which
can be analyzed in detail through the premises of quantum-rate

835

theory and by evaluating the energy alignment of redox
moieties with the redox-SAM and the free redox moieties in
the electrolyte, as it is influenced by the deprotonation of Fc—
COOH that governs the efficacy of this C;-mediated redox
reaction.

This study aimed to examine the electrostatic effects of
deprotonated species—interface interactions, particularly their
influence on the energy level alignment and accessibility of
conductive quantum channels for diffusionless ET reactions.
The ET reaction of Fc—COOH was investigated at various
concentrations mediated by a ferrocene-tagged SAM. A
comparison of the results with those obtained using a non-
electroactive SAM with a similar chemical structure confirmed
the ET mediation through capacitive states. These analyses
were conducted within the framework of quantum-rate theory
and demonstrated the efficacy of the theory to the detailed
analysis of varying electrochemical processes because the
parameters of the model facilitated the experimental assess-
ment of the impact of external factors on ET mediation. The
analysis improves the understanding of the fundamental
processes involved in mediated ET processes, as it improved
our understanding of long-range ET reactions in biological
systems,”>*® and provides the foundation for improving the
design of sensing interfaces based on the use of C, as a
transducer signal.

B EXPERIMENTAL PROCEDURES

Chemical Reagents. Aqueous solutions were prepared
using Milli-Q water (Simplicity water purification system,
Millipore, 18.2 MQ cm at 25 °C). Alumina suspensions (1, 0.3,
and 0.0S um) and polishing cloths (MASTERTEX) were
obtained from Buehler. Sodium hydroxide (NaOH), ethyl
alcohol (CH;CH,OH), ferrocene-carboxylic acid (Fc—
COOH), HPLC-grade acetonitrile (ACN), tetrabutylammo-
nium perchlorate (TBACIO,), boric acid (H;BO,), phosphoric
acid (H;PO,), and potassium ferricyanide (K;[Fe(CN)4])
were purchased from Sigma-Aldrich. Acetic acid (CH;COOH)
and potassium ferrocyanide (K,[Fe(CN)¢]) were obtained
from Synth. Sulfuric acid (H,SO,) was purchased from
Qhemis. The ferrocene-tagged peptide Fc-Glu-Ala-Ala-Cys-
NH, and the non-redox peptide Glu-Ala-Ala-Cys-NH, were
synthesized (Supporting Information, Section SL.2) via a solid-
phase peptide strategy using the Fmoc strategy on a Rink
amide resin (0.5 mmol g~'), as described previously.”> The
chemical structures of both peptides differed only in the
ferrocene molecule.

Electrode Surface Preparation. The surface of the 2 mm
diameter gold electrodes from METROHM (geometric area of
0.03142 cm?®) was cleaned as described in a previous study.’’
The electroactive interfaces were fabricated via the self-
assembly of Glu-Ala-Ala-Cys-NH, or Fc-Glu-Ala-Ala-Cys-
NH, to form monolayers of the non-redox peptide (pep-
SAM) and redox peptide (pep-rfSAM), respectively. Prior to
assembly, the electrode surfaces were mechanically polished
using a MASTERTEX polishing cloth and aluminum
suspensions with decreasing particle sizes (1, 0.3, and 0.05
um). Sonication in water was performed for S min between the
polishing steps to remove adhered particles. Subsequently, the
electrodes were electrochemically cleaned using cyclic
voltammetry (CV) in 0.5 M NaOH with potentials ranging
from —1.5 to —0.5 V (versus AglAgCl, 3 M KCl) over 200
cycles at a scan rate s of 100 mV s~', followed by water rinsing
and immersion in ethanol with magnetic stirring for 20 min.

https://doi.org/10.1021/acselectrochem.4c00112
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Figure 3. Representative cyclic voltammetry of 10, 100, and 1500 yuM Fc—COOH in ACN/H,0O (1:4, v/v) using bare gold electrode (a), non-
electroactive pep-SAM (b), and electroactive pep-rSAM (c). The peak-to-peak AV separation values are indicated for 100 and 1500 uM Fc—
COOH for bare gold, pep-SAM, and pep-rSAM. The red dashed vertical lines show the formal potential shifts (AEz/e). A single value of Ez/e ~
0.36 V is obtained for [Fc—COOH] < 600 uM (see Figure S12). The significant changes in peak current density after the gold electrode was
modified using non-redox (b) or redox molecules (c), particularly at the highest concentration of 1500 M. These changes are observed in Figure

4a.

Thereafter, the electrodes were electrochemically polished
using CV in 0.5 M H,SO, with potentials scanned from —0.2
to 1.5V (versus AglAgCl, 3 M KCl) for 25 cycles at a scan rate
of 100 mV s™".

The mean electroactive surface areas of pep-SAM (0.04S +
0.001 cm®) and pep-rSAM (0.042 + 0.003 cm’) were
calculated after a sulfuric acid cleaning step.”® The electro-
active surface area was measured by integrating the cathodic
peak in the last CV electrochemical scan, using a value of 410
#C cm™2® The surface roughness was determined by dividing
the electroactive area by the geometric area. This was
maintained as the minimum quality control of the surface for
surface roughness values of less than 1.7. The electroactive
surface area values were used to calculate the current density
and capacitance per unit area.

After the sulfuric acid cleaning step, the electrodes were
rinsed with water and dried in a nitrogen environment. They
were then immersed for 16 h at room temperature (25 °C) in
2 mM non-redox peptide or 2 mM redox peptide in 1:1 H,O/
ACN (v/v) to form SAMs over mechanically and electro-
chemically polished gold electrodes. The modified surfaces
were rinsed with 1:1 H,O/ACN, as described in a previous
study.””

Electrochemical Measurements. Electrochemical anal-
yses were performed using an AUTOLAB potentiostat (from
METROHM) controlled by NOVA software. The measure-
ments were performed using a three-electrode setup
comprising a platinum mesh as the counter electrode, Agl
AgCl (3 M KCI) as the reference electrode (all potentials
reported in this work were measured with respect to this
reference), a modified gold electrode as the working electrode,
and 20 mM TBACIO, as the supporting electrolyte in ACN/
H,O (1:4, v/v) at room temperature (25 °C).

The electrochemical response of Fc—COOH at varying
concentrations of [Fc—COOH] was assessed using bare and
modified electrodes with peptide monolayers containing
electroactive (pep-rSAM) or non-electroactive (pep-SAM)
characteristics. A stock solution of 1500 yuM Fc—COOH was
prepared in 20 mM TBACIO, in ACN/H,O (1:4, v/v). Serial
dilutions were subsequently performed using 20 mM
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TBACIO, in ACN/H,0 (1:4, v/v) as the diluent, resulting
in Fc—COOH aliquots with concentrations ranging from 1 to
1500 uM Fc—COOH.

CVs were recorded from 0.0 to 0.7 V (three cycles) at a scan
rate of 100 mV s~ using either the unmodified or modified
electrode. The formal potentials of the Fc—COOH (E§/e) and
the redox-SAM (Ej/e) were measured as Ep/e ~ (V,, + V,,;)/
2, where V,, and V,, are the oxidation and reduction potential
peaks of the corresponding CV, respectively. Subsequently, EIS
was conducted at Er/e using the FRA module of AUTOLAB.
The frequencies ranged from 100 kHz to 0.1 Hz (total of 60
logarithmically arranged frequencies with a sinusoidal potential
perturbation RMS amplitude of 10 mV). For redox-SAM,
additional EIS measurement was conducted at a potential
outside the faradaic window, which was referred to as V,,, ~
0.1V.

Electrochemical capacitance spectroscopy (ECS) spectra
were constructed using a complex capacitance function C*(w)
= 1/jwZ*(w) from the EIS raw data Z*(w), where j is the
complex number j = /=1, w is the angular frequency w =
2af, and f is the linear frequency.”””*" The capacitance
complex function facilitates the determination of the
capacitance spectra by using C*(w) = C’' + jC”, where C'
and C” are the real and imaginary capacitive components,
respectively. These values are calculated using the mathemat-
ical equations C' = ¢Z” and C" = ¢pZ', where Z' and Z" are the
real and imaginary impedance components, respectively, and ¢
= 1/(wl|ZI*), in which |Z| is the modulus of the impedance.

The values of the circuit elements were obtained by fitting
EIS to appropriate equivalent circuit models of the interface
(Figures S7, S11, and S16). The values of the equivalent circuit
elements obtained from the fitting are stated as the mean value
x with the standard error of the mean o5 (X + o;) calculated for
two (pep-SAM) and three (pep-rSAM) independently
fabricated interfaces.

Determination of pK,. The pK, values of Fc—COOH,
pep-SAM, and pep-rSAM were determined by differential pulse
voltammetry (DPV) using the same three-electrode cell, as
described previously. The measurements were conducted in
Britton—Robinson buffer solutions. The potential sweep in

https://doi.org/10.1021/acselectrochem.4c00112
ACS Electrochem. 2025, 1, 832—841


https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.4c00112/suppl_file/ec4c00112_si_001.pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00112?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00112?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00112?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.4c00112/suppl_file/ec4c00112_si_001.pdf
https://pubs.acs.org/doi/10.1021/acselectrochem.4c00112?fig=fig3&ref=pdf
pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.4c00112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Electrochemistry

pubs.acs.org/electrochem

8
61 g -~ SAM o
—_ en-
3 . geg-rSAM o ©
5 , | 8 3% §
o8 © 8
0 @
&
&; 2 § g Fogo) S
= -4 @@
T e
=2 e
(a) .

-8

300 600 900 1200 1500

[Fc-COOH] (uM)

0

R (kQ)

300 1 o AuRy
O pep-SAM (R,)
© pep-rSAM (R,)
200 A exponential fit
100 A
@]
(b) v
0 r

300 600 900 1200 1500
[Fc-COOH] (uM)

0
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Exponential decay regressions with good fit (* > 0.98) indicate that the resistance decreased with increasing Fe—COOH concentration for pep-
SAM and pep-rSAM. The R, values of the unmodified gold electrode (Au) at low Fe—COOH concentrations (not shown) were statistically

inaccurate.

anodic and cathodic directions (potential range for Fc—
COOH from 0 to 0.7 V, and for the monolayers from —0.2 to
0.7 V) was performed at a pulsed potential (70 mV) during
short pulses (70 ms). In addition, ECS was used for the pK,
calculation of pep-rSAM, wherein EIS was performed on the
same buffer solutions at Eg/e calculated using the DPV profiles.

Britton—Robinson buffers (pH = 3 to 8.3) were prepared by
modifying 20 mM TBACIO, in an ACN/H,0 (1:4, v/v)
solution. Buffered electrolyte solutions were prepared from an
equal mixture of 0.04 M CH;COOH, 0.04 M H;BO;, and 0.04
M H,PO,.*" The pH value was adjusted using 0.2 M NaOH.
The pH values of the buffer solutions were measured by using
a pH meter equipped with a glass electrode (Sensoglass). To
determine the pK, of Fc—COOH, buffer solutions were
prepared with 100 uM Fc—COOH, whereas a ferricyanide/
ferrocyanide redox couple (2 mM [Fe(CN)s]*~/#) was used
as the electroactive species in the buffer preparation for the
determination of the pK, for pep-SAM. Regarding pep-rSAM,
Britton—Robinson buffers containing the non-redox probe was
used.

B RESULTS AND DISCUSSION

Effects of Fc—COOH Concentration on the Diffusion-
Controlled ET in the Fc—COOH/Electrode Interface. The
ET between ferrocene/ferrocenium (Fc—COOH/Fc™—
COOH) carboxylic acid species and the unmodified gold
electrode is governed by diffusion-controlled ET, as confirmed
and detailed in Section SI.4. The ET reaction was reversible for
concentrations between 50 and 600 yM (see Figure SS), as
confirmed by the peak-to-peak separation AV < 90 mV and
peak current ratio i, /i,y ~ 1, in agreement with the expected
behavior." Figure 3a shows the representative CVs of varying
Fc—COOH concentrations, where the faradaic current
surpassed the non-faradaic current (attributed to the double
layer capacitance) as the [Fc—COOH] increased during the
diffusion-controlled redox reaction, resulting in a formal
potential of Ej/e ~ 0.36 V. At higher [Fc—COOH], Ej/e
shifted toward higher potentials (approximately 0.42 V),
implying that the redox reaction required a higher potential
to occur.

The observed shift in the formal potential toward higher
values at [Fc—COOH] > 1000 uM was attributed to the
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accumulation of negatively charged Fc—COO™/Fc*—COO~
species near the electrode surface. This electrostatic repulsion
hindered the approach of incoming molecules, thus requiring a
higher potential for ET to occur. The deprotonation of Fc—
COOH to Fc—COO™ was caused by the pH of the supporting
electrolyte solution (ca. 6.67), which was higher than the pK,
of Fc—COOH (ca. 5.47 + 0.03; see Section SL.3). This pK, is
also higher than that reported by Fabbrizzi et al.”*> owing to the
distinct solvent environment, hindering the observation of the
acid region for a redox reaction that is pH-dependent, as
expected from Pourbaix diagrams analysis; see Section SI.3 for
more details.

Therefore, the PCET reaction for Fe=COOH in this study
involved the ET of ferrocene after the transfer of H* to the
aqueous solvent. The ET reaction between Fc—COO™/Fc"—
COO~ and the metallic electrode (electrode) is described by
Fc—COO~ = Fc'—COO™ + e~ (electrode). At high
concentrations, the diffusion layer (formed around the
electrode) may become saturated with charged species,
limiting the rate at which fresh Fc—COO™/Fc*—COO~
molecules reach the surface, which affects the values of R,
obtained by fitting the EIS measurement using the equivalent
circuit shown in Figure S7, which increased as [Fc—COOH]
increased (Table S2). Hence, a higher potential was required
to promote the ET reaction.

Surface Charge Effects of pep-SAM on the Diffusion-
Controlled ET Dynamics in the Fc—COOH/pep-SAM/
Electrode Interface. The non-electroactive (dielectric) pep-
SAM significantly, as expected, hindered the reversible
behavior of Fc—COOH at the gold electrode, acting as a
blocking layer for the ET reaction. The CV profiles in Figure
3b exhibited deviations from the reversibility with AV > 180
mV and i,/i,; # 1 (see Figure S8). This indicated that
unequal concentrations of oxidized and reduced species were
present at the electrode surface, leading to reduced and
unbalanced anodic and cathodic currents compared to those at
the unmodified electrode (see Figure 3a).

At concentrations lower than 10 yM, the faradaic current did
not surpass the non-faradaic capacitance of pep-SAM
(depicted by the blue shadow CV in the inset of Figure S8).
However, the calculated values of i,,/i,.; # 1 for concentrations
higher than 50 uM suggest that reduction reactions were
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favored over oxidative reactions. Because pep-SAM is
negatively charged at pH 6.67, its pK, value was approximately
5.15 (Figure S9); neutral Fc*—COO™ species experience less
electrostatic repulsion by negatively charged pep-SAM, in
comparison to charged Fc—COOT, potentially contributing to
the observed preference for the reduction reaction.

The impedance data (Figure S10) confirmed the non-
faradaic capacitance values observed in Figure 3, with minimal
changes in the response owing to the increase in [Fc—
COOH]. An exponential reduction of the R, obtained using
equivalent circuit fitting (Figure S11) was observed with
increasing values of [Fc—COOH] (Figure 4b). This trend
coincides with the increase in the peak currents observed in
Figure 4a for [Fc—COOH] < 1000 uM. Thus, for
concentration higher than 1000 uM, the electrostatic repulsion
hinders the proximity of the redox probe to the surface.

The R, values obtained in the presence of pep-SAM were
significantly higher (1000-fold) than those obtained using a
bare gold electrode (see Figure 4b), highlighting the insulating
(or dielectric) character of the non-redox peptide monolayer.

Because of the absence of redox states in the molecular
structure of this monolayer, the non-electroactive pep-SAM
did not exhibit quantum state levels (e.g, C,) for charge,
although the ET between Fc—COO™/Fc'—COO™ and the
electrode transpired following the quantum mechanical
tunneling processes operating at the nanoscale thickness of
this SAM, as described in a previous study.”” The following
section discusses the results obtained using a different type of
SAM (pep-rSAM), which features a ferrocene molecule
incorporated into the peptide structure to produce a redox-
active monolayer that exhibits a different (diffusionless) ET
mechanism, as reported in a previous study.’

Diffusionless ET Dynamics on Fc—COOH/pep-rSAM/
Electrode Interface: The Effect of Fc—COOH Concen-
tration. Compared with the blocking effect observed for pep-
SAM, redox-SAMs with C, states provide a promising
approach for suppressing electrostatic barriers, supplying
quantum channels for mediating the ET reaction with
quantum resistance (R, ~ 12.9 kQ).” Expanding on previous
studies exploring the mediation of ET between the electrode
and redox species by redox-SAMs,” the robustness of this
approach was assessed based on the alignment of energy levels
studied across a wider concentration range.
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Because the pH of the supporting electrolyte (6.67) was
higher than the pK, of pep-rSAM (~4.5, see Figure S15),
ionizable protons of the redox-active pep-rSAM were trans-
ferred to the solvent, creating a negatively charged surface. The
well-known electroactive response of pep-rSAM was observed
at 0.365 V (Figure S12). Because of the charged surface arising
from the PCET of pep-rSAM, the ET mediation of Fc—
COO™/Fc*—COO™ in solution was significantly affected (see
Figure S12). Formal potential shifts from 0.36 to 0.42 V with
increasing [Fc—COOH] were observed. This resulted in non-
reversible behavior at saturated concentrations, as shown in
Figure 3c.

Although the CV shown in Figure S12 suggests that a
coupled ET process occurred between the tethered Fc in pep-
rSAM and free Fc—COO™/Ec"*—COQO7, the overall electro-
chemical response depended on [Fc—COOH]. The reversible
behavior (AV < 90 mV, i,,/i,.; ~ 1) was maintained up to 600
#M and accompanied by an increase in the faradaic current
compared with direct ET using the bare electrode (Figure 4a).
Because the electrochemical faradaic current is related to the
quantum capacitance by the scan rate s as i = Cqs,8 and C; x N
(eq 1), the enhancement of i was attributed to the quantum
states N of pep-rSAM, which were enabled by the sustained
energy level alignment (E//e ~ 0.365 V).

The linear increase in faradaic current as a function of [Fc—
COOH] observed between 1 and 600 uM deviated
significantly at higher concentrations (>1000 yM) and was
associated with a significant reduction in the faradaic current
(Figure 4a). This reduction was likely due to the surface charge
of pep-rSAM, which can repel the negatively charged Fc—
COO" species, hindering their access to the electrode surface
and thereby limiting ET efficiency. Further discussion of these
electrostatic interactions is provided in the following section.

ET Efficiency between Fc—COOH and pep-rSAM:
Potential Gradient Effects. The negatively charged surface
of pep-rSAM did not affect ET mediation via the C, states for
[Fc—COOH] < 600 uM, facilitating the approach of Fc—
COO7/Ec*—COO~ to the interface for the redox reaction
without affecting the ET dynamics (Figure 6a). However, at
higher concentrations (>1000 uM), the response deviated
from equilibrium (AV > 120 mV, i,/i,; < 0.8), suggesting
limitations in ET efficiency. Although Fc*—COO™ approached
the surface for reduction, the change in the equilibrium Fc—
COO™ = Fc'—COO™ + e~ (monolayer) to the reverse
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q (b), which ultimately affect ET kinetics k (c) based on the Fc—

COOH concentration. An exponential increase in C, results in ET following the quantized resistance limit, where R, remains constant at
approximately 12.9 kQ within experimental error. In region I (a), the negatively charged surface of pep-rSAM facilitated the approach of the Fc—

COO7/Fc*—COO™ species to the monolayer for ET with quantized efficiency; therefore, this process occurred with minimum resistance, R

q

However, in region III (b), the saturation of the interface with these species results in electrostatic repulsion with the negative charge. This disrupts

the C, states, hinders ET, and promotes reduction over oxidation.

reaction likely coincided with changes in the C, state
occupation owing to the surface charge repulsion of Fc—
COO~ (see Figure 7b).

The Nyquist diagrams (Figure S) confirm the initial increase
and subsequent reduction in C, with increasing [Fc—COOH].
Three regions were observed: region I, low [Fe—COOH] with
dominant capacitance and increasing C, (Figure 5b); region II,
an intermediate region with reduced capacitive dominance;
and region III, high [Fc—COOH] with high impedance
(Figure Sa). A capacitive contribution was observed even at
high concentrations; however, this contribution was not
dominant (Table S10).

C, values from the fitting (Table S10) aligned with this
behavior. Figure 6a shows the initial increase in C, from
approximately 149 to 215 uF cm™> within region L The
increase in available N states that can mediate the ET reaction
of the Fc—COO™/Fc*—COO~ species approaching the pep-
rSAM surface (Figure 7a) resulted in an increase 1n the faradaic
current (Figure 4a). For region I, the calculation” of R, (Table
S10) confirms that quantum states mediate the ET between
the Fc—COOH in solution and the electrode because the
observed resistance value was within the quantum limit (ca.
12.9 kQ) (see Figure 6b). Because C, and R, govern the ET
kinetics with quantum efficiency in region I, the ET rates

Region | Reglon 1]
Electrode Electrode

Figure 7. Schematic illustration of the potential gradient effect on the
diffusionless ET dynamics mediated by C, states within pep-rSAM.
(a) Enhanced ET reaction occurring in the region I of Nyquist
diagrams (see Figure S), where there is quantum RC dynamics
governing the ET reaction. (b) Hindered ET reaction due to the high
concentration of negatively charged redox species in region III,
leading to electrostatic repulsion between charges within redox
species in the SAM and free moieties in the electrolytic medium. The
occupancy of C, states is altered as a result of these charging effects,
affecting the ET-mediated reaction with a perceptible charge in Ry
parallel ET and diffusion-dependent ET process (see Figure S16).
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obtained by employing the quantum-rate expression k = 4¢*/
hC, (eq SS) can be observed when ET is or is not mediated by
the C, states (Figure 6c).

In reglon I ([Fc—COOH] > 1000 pM), saturation with
Fc—COO7/Fc*—=COO™ species resulted in electrostatic
repulsion with the negatively charged monolayer (Figure 7b),
modifying the C, state occupation, which resulted in a 21-fold
reduction in capac1tance (Figure 6a). Consequently, no N
states were available for ET mediation. This hindered the
accessibility extended to the C, states of pep-rSAM, suggesting
energy level changes and loss of the previously observed
alignment, shifting E¥/e from 0.36 to 0.42 V. For instance, at
1500 uM, a non-reversible CV was obtained, as shown in
Figure 3c. For region III, the obtained R, values were not
within the quantum limit (>19 kQ), suggesting that the
previous efficiency was not attained (see Table S10).
Therefore, the absence of quantum circuit elements governing
the ET rate leads to a constant rate different from that
obtained in region I, likely reflecting the high energy barrier
that the ET process must overcome for tunneling when the
quantum states are no longer involved in the intermediation of
the ET process.

Ry is used in the equivalent circuit description to model the
parallel ET paths that constitute the ET process without
mediation'® by C, states of the interface. The trend of Ry
values as a function of [Fc—COOH] was similar to that of the
R, of pep-SAM (lacking C, states), as shown in Figure 4b. This
confirmed that the parallel ET transfer process was not
mediated by the C, states. The high values of R,, which
exceeded those of R, indicate a significant energy cost for ET

q
to occur via this type of ET path.

B FINAL REMARKS AND CONCLUSIONS

This study demonstrates that electrostatic interactions are
crucial in tuning ET reactions mediated by C, states. By
modulating the acidity of the SAM and free redox species in
the electrolyte, one can either enhance or hinder the efficiency
of the mediated ET. At high concentrations of negatively
charged redox species, the electrostatic repulsion between Fc—
COO™ and the negatively charged pep-rSAM surface shifts the
formal potential, disrupting energy level alignment and
hindering effective ET mediation. Further analysis using
density functional theory simulations, for instance, of this
energy level alignment can provide insight into the resultant
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HOMO-LUMO energy gap of the interaction between the
negatively charged redox-SAM with both Fc—COO~ (neg-
atively charged) and Fc*—COO™ (neutral species).

Quantum RC dynamics where C, and R, govern the ET
dynamics implies additional quantum channels N available,
which is computed as an increase in C, of the interface. This
quantum RC dynamics with increasing E = ¢*/C, results in an
enhanced flow of electrons as contributions from both redox-
SAM and free redox species in solution. This acidity
equilibrium between redox species in the SAM and those
free in solution influences the mediation of ET by affecting the
acidity and the potential gradient AV (eq 2), which ultimately
affects the occupancy and energy alignment between the
quantum states in the SAM and the free redox species in the
electrolyte environment. Our findings highlight the importance
of considering these effects (electrostatics driven by proto-
nation/deprotonation) in designing C,-mediated ET interfaces,
which has significant implications in designing sensing
interfaces. For the design of these sensing interfaces, carefully
considering how the chemistry influences the physical
properties of the interface is important, as it must be
monitored and taken into account.
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B ADDITIONAL NOTES

“This is achieved by the energy level alignment of non-
capacitive (redox species) and the quantum capacitive states
(redox moieties in the electroactive SAM), focusing on a single
100 uM Fc—COOH."°

qu was measured as the total contribution of series resistance
comprising R, and the monolayer resistance R, obtained from
the equivalent circuit fitting (Figure S16), as described
previously.”
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