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1 Summary of the initial proposal
Our research group has proposed a theory to enhance our understanding of electron trans-
fer and transport phenomena at the nanoscale level. This theory has proven valuable in
interpreting quantum properties and assessing the electronic structure (density-of-states,
DOS) of electrochemical interfaces (e.g., redox monolayers) and donor-π-acceptor com-
pounds (e.g., push-pull heterocyclic sites)–immobilized onto single layer graphene via π-π
stacking– through impedance-derived capacitive spectroscopy (ECS). For the later, single
layer graphene (SLGO) as two-dimensional material composed of carbon atoms arranged
in a hexagonal lattice can be utilized as suitable working electrode to immobilize heterocy-
clic compounds, standing out as one of the most promising materials for nanotechnology
applications due to its unique properties, such as high electrical conductivity, large sur-
face area, and mechanical flexibility. For both kind of interfaces, one can determine the
associated DOS by measuring the quantum capacitance Cq (Cq ∝ DOS), as function of
V at the characteristic frequency (e.g., equilibrium frequency fe). This DOS represents
the donor and acceptor states of the redox molecule tethered at the surface. At formal
potential the total states are half reduced and half oxidized, exhibiting a gaussian-like
shape for a redox-monolayer and a typical V-shape for SLG.

The main propose of this project was to develop field effect transistor (FET) devices
based on graphene (GFET) as platform to immobilize D-π-A compounds and to access
their electronic properties and structure using both of conventional DC and AC measu-
rement modes. A set of two graphene-based interfaces purchased from Graphenea such
as SLG and GFET were evaluated as potential surface to immobilize D-π-A compounds,
synthesized by Prof. Dr. Maria Manuela M. Raposo’s group, features cyanoacetic acid-
derived groups (acceptor), and ether-based and ternary amine groups (donor), connected
by a thiophene-based bridge (π bridge). The obtained architecture was aimed to explore
new sensing device for the detection and/or quantification of target the protein or DNA
as proof of concept.

In parallel to the main research topic, we investigated the effects of frequency pertur-
bation on the occupation of the electronic structure (DOS) of electroactive monolayers
fabricated using redox peptides. The obtained results demonstrated that the accessibility
of the DOS not only depends on potential or energy but also on frequency. Longer per-
turbation times allow for the occupation of a greater number of states by charge carriers.
Conversely, shorter perturbation times split the single sharp peak into two broader and
shorter peaks.
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2 List of activities
Published Articles
• Y. P. Sanchez, A. Santos, and P. R. Bueno (2025) Potential Gradient Effects on

Electron Transfer Reactions Mediated by Quantum Capacitive States. ACS Electro-
chemistry. doi.org/10.1021/acselectrochem.4c0011.

Submitted manuscripts

• E. V. G. Alarcón, Y. P. Sanchez, and P. R. Bueno. Beyond the Dielectric Continuum
Model: The Effect of the Electrolyte on the Rate of Electron Transfer Reactions from
a Quantum Electrodynamics Perspective. Electrochimica Acta (Attachment 6.3).

Manuscripts in elaboration and revision
• Y. P. Sanchez, and P. R. Bueno. Temporally Accessing to Density-of-States of

Redox-active Self-Assembled Monolayer. Brief: In this study, we studied the DOS
distribution as a function of frequency for redox peptides self assembled over gold
electrode, the obtained DOS profiles changed in function of frequency, implying
that the occupation of the Cq states is not only influenced by energy (Attachment
6.4.2).

• Y. P. Sanchez, E. F. Pinzon, and P. R. Bueno. Electron Transfer Efficiency of
Nanoparticle-Modified Interfaces Studied by Quantum Rate Model. Brief: In this
study, we employ the quantum rate theory to address such electron transfer constant
efficiency conferred to the presence of gold NPs, which act as nano-scale electro-
des, facilitating more efficient electron transfer by providing additional conduction
pathways (Attachment 6.4.1).

• Y. P. Sanchez, and P. R. Bueno. Quantum Rate Model for the Study of Electron
Transfer and Transport Phenomena in Molecular Electronics. Brief: In this study,
we examine in more detail the rate-conductance relationship established by the
quantum rate expression applied to dry configuration, for which the charge car-
ries were calculated. The temperature - dependent measurements implies that the
charge transport follows a non-resonant tunneling mechanism (Attachment 6.4.3).

Supporting research group members

• Collaboration with PhD Student
Brief: Participation in the analysis, interpretation and manuscript preparation
(Attachment 6.3) of results obtained for the electron transfer reaction of redox mo-
nolayer in three different water-acetronitrile mixtures, as part of the PhD candidate
Erika Viviana Godoy Alarcon’s research. Additionally, collaboration in the electro-
chemical analysis of D-π-A compounds in solution, as part of the PhD candidate
Nicolás Moreno Santos de Siqueira’s research.
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• Assistance to undergraduate Student

Brief: I provided Training in laboratory activities to undergraduate student Natan
Ribeiro. As continuation of the gold nanoparticle study using the quantum rate
theory described in the manuscript (Attachment 6.4.1), a study of nanoparticle
size influence on the electronic communication of hybrid structure was proposed as
the student’s scientific initiation project. During the initial stage of his research, I
provided full-time guidance to help him acquire expertise in laboratory equipment,
experimental protocols, as well as develop autonomy for his research activities.
Additionally, I trained him in the use of the software for data analysis. Finally,
I conducted preliminary studies to establish the initial steps (Section 3.3) for the
second stage of his scientific initiation, which aims the study of long-range electron
transfer using redox peptide multilayers.

3 Summary research results

3.1 Push-pull compounds and single layer graphene

Figure 3.1 illustrates the push-pull molecules aimed to be attached to the single layer
graphene surface using π-π stacking strategy [1]. The π-conjugate system, composed of
the phenyl and thiophene moieties of the compound, provides a suitable structure for
immobilization. The influence of the donor structure on the quantum properties, such as
Cq and Rq, and electronic structure of the D-π-A/SLG junction could be studied through
ECS.

Figura 3.1: Chemical structure of the push-pull compounds. The R-substituents are
∼OCH3 (2a), ∼OCH2CH3 (2b) and ∼N(CH3)2 (2c) and act as the electron donor groups,
while the cyanoacetic acid-derived group acts as the electron acceptor group.

Given ECS’s sensitivity to surface (or structural)[2] and interface changes (or envi-
ronmental changes)[3], the graphene surface must maintain a stable and unmodified elec-
tronic density in order to accommodate the push-pull molecules. Figure 3.2 depicts the
capacitive response and DOS distributed for a flawless SLG (violet dots) measured in PB
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Figura 3.2: Evaluation of quality of the SLG by comparing the electrochemical response
measured at OCP in PB (12 mM, pH 7.4). (a) Capacitive Nyquist plots for flawless
SLG (OCP = 0.102 V) and defective SLG (OCP = -0.196 V). (b) Quantum capacitance
of graphene exhibiting the expected V-shape of the DOS for the flawless SLG (violet
circles), while for the defective SLG different DOS distribution.

[4]. Any imperfections lead to decreased capacitive values and altered DOS distribution,
characterized by a significant reduction (or loss) in the V-shape as shown in Figure 3.2
by the red dots, indicating that the graphene surface is not suitable for modification. To
address this challenge an anti-doping treatment using solvent cleaning was performed.
Briefly, the SLG were cleaned by immersion in acetone for 12 hours. Subsequently, the
samples were rinsed with isopropyl alcohol and dried with nitrogen or argon.

However, the electrochemical characterization shown in Figure 3.3a indicates that
the SLG samples are not pristine, two semi-circles are obtained in the Nyquist plots
instead of a single well-formed one as shown Figure 3.2a (violet dots). Additionally, the
DOS distribution (Figure 3.3b) highlights imperfections in the SLG samples, revealing
a shoulder at 0.25 V that is absent in a pristine SLG sample (see Figure 3.2b, violet
dots). These imperfections may result from alterations in the electronic structure, which
could be hinder the π-π stacking between the push-pull compounds and the graphene.
Therefore, the response observed in Figure 3.3 for the SLG samples modified with the
compounds (red dots) may be attributed to signal drift.

Following the identification of quality concerns related to the SLG samples, the Na-
nobionics group initiated discussions with Graphenea to address the issue. As a result of
the meeting, both parties agreed to explore alternative products that may better meet
the technical and functional requirements, such as the Graphene Field-Effect Transistor
Chip: S-20 (Figure 3.4). This graphene-based device provides 12 GFETs per chip: six
graphene sheets (source 1 to 6) are connected to a common drain electrode, while the
remaining six sheets (source 7 to 12) are connected to a second drain electrode.

However, electrochemical characterization of the GFET-S20 devices in phosphate buf-
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Figura 3.3: Evaluation of quality of the SLG and immobilization of push-pull compound
measured at OCP in PB (12 mM, pH 7.4). (a) Capacitive Nyquist plots for SLG (OCP =
- 0.15 V) and modified SLG with push-pull compound (OCP = -0.058 V). (b) Quantum
capacitance of graphene exhibiting irregular V-shape of the DOS for both samples.

fer (PB, 12 mM, pH 7.4), performed in collaboration with Prof. Dr. Raphael Nascimento
and PhD candidate Nicolás Siqueira, revealed technical issues not only with the chip
but also with the Graphenea Cartridge—a device that provides the electrical interface
between the chip and the potentiostat. The similarity between the Nyquist plots of each

Figura 3.4: Layout of the GFET-S20 device from Graphenea. The twelve graphene sheets
are divided into upper and lower regions, each comprising six graphene channels.
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Figura 3.5: Electrochemical characterization of GFET-S20 devices in PB (12 mM, pH
7.4) across all 12 graphene sheets. Nyquist plots for (a) the upper and (b) the lower
graphene regions as defined in Figure 3.4, and the corresponding DOS profiles shown in
(c) and (d), respectively.

set of graphene sheets, upper and lower region, shown in Figure 3.5a and b suggest that
the shared drains may sensitize multiple sheets simultaneously and the slightly difference
may be attributed to signal drift. This hypothesis is supported by the low DC resistance
(∼750 Ω) between the sources.

Additionally, the DOS profiles shown in Figure 3.5c and d indicate that the electro-
nic structure of the graphene in both the upper and lower regions is suboptimal when
compared to the pristine SLG sample shown in Figure 3.2b (violet dots). Furthermore,
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the calculated quantum resistance Rq of ≈ 222.6 kΩ 1, which is approximately seven
times higher than the von Klitzing constant (RK= 25.8 kΩ), reinforces the hypothesis of
a defective graphene structure.

Based on these findings—and taking into account the functionality and usability issues
observed with the provided cartridge—the working group has prepared a report for Prof.
Paulo Roberto Bueno. As my postdoctoral appointment has ended, further research
activities will be carried out under the responsibility of the remaining team members.

3.2 Electronic structure study in function of
frequency

Electron transfer process in diffusion-less configuration involves the occupation of quan-
tum capacitive Cq states by the charge carriers, such as electrons and holes. The occupa-
tion of these Cq follows the Fermi–Dirac distribution function f = [1 + exp(eV/kBT )]

−1,
where the potential energy of electrons in the electrode is modeled as −eV = µ−EF = E,
with EF stating for the Fermi level of the redox moieties chemically attached to the elec-
trode [5, 6]. Incorporating the Fermi–Dirac distribution into the capacitance definition
allows to consider the influence of temperature in real electrochemical systems, as descri-
bed by the following equation,

Cq =
e2N

kBT
f(1− f), (3.1)

This equation defines the number of available states dn to be occupied per interval of
energy dµ. For electroactive monolayers fabricated using redox peptides, the occupation
distribution reveals the DOS, which is measured at equilibrium frequency typically taking
low values (ca. fe < 0.1 s−1) [7], exhibiting a Gaussian-like shape with a maximum Cq

value (or maximum states to be occupied).
Figure3.6 shows the measurements of DOS distribution as a function of frequency for

redox peptides self assembled over gold electrode and measured in 20 mM Tetrabuty-
lammonium perchlorate (TBAClO4) in ACN/H2O (1:4, v/v). The changes in the DOS
shapes following the frequency increments, such as the split of the single peak to two
peaks, indicate that the occupation of the Cq states is not only influenced by energy (i.e,
-eV = µ−EF ) as noted by Eq.3.1 but also time-dependent. Peak deconvolution analysis
evidences two distinct DOS shapes, as shown in Figure 3.6b and c, which suitable fitted
using the modified version of Eq. 3.1:

Cq = Cqa + Cqb =
e2Na

kBT
fa(1− fa) +

e2Nb

kBT
fb(1− fb) (3.2)

In this equation, Cq results from the addition of two functions, Cqa and Cqb , where fa
and fb are the Fermi–Dirac functions that describes the occupation of two populations

1Calculated as Rq = 1/Cqfr, where fr is the frequency at the peak of the capacitive Bode diagram
(not shown).
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Figura 3.6: DOS distribution analysis for the same redox monolayer performed at (a)
0.1692, (b) 8.373 and (c) 36.16 Hz. In yellow solid line the fitting using Eq. 3.1 and
Eq. 3.2, and in dashed line the accumulative deconvolution.

of states centered at EFa and EFb
, respectively. At EF ∼ 0.36 V, the C ′ values of each

DOS curve match with that of the bode diagram from the electrochemical impedance
spectroscopy (EIS) data measured at EF ∼ 0.35 V, as depicted by Figure 3.7. Similar
behavior is observed for EIS data measured at different potentials, emphasizing that the
access to the capacitive states is temporally influenced. Moreover, the determination
of quantum resistance Rq, as Rq = 1/C ′

scfr) where C ′
sc is the capacitance value in he

semicircle, suggests that the ET process, independently of frequency and energy, follows
the quantized limit (Rq = 12.9 kΩ) with changing the amount of accessible Cq states (see
Table 3.1). The equivalent circuit analysis is detailed in the manuscript in preparation
(Attachment 6.4.2) as well as the discussion of this results.

Figura 3.7: 3D plot of DOS distribution in function of frequency and energy and bode
diagrams obtained at different potentials.
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Tabela 3.1: Obtained values of fr and C ′
sc and the determined Rq reported as a mean value

x̄ with the standard error (x̄± σ), for at least three independently fabricated interfaces.

Potential (V) fr (Hz) C ′
sc (µF) Rq (Ω)

0.212 ± 0.007 115 ± 45 0.6 ± 0.3 16001 ± 569

0.278 ± 0.008 30 ± 2 2.2 ± 0.3 14644 ± 1646

0.317 ± 0.006 10.68 ± 0.00 6.2 ± 0.6 15085 ± 1499

0.335 ± 0.005 7.7 ± 0.6 8.9 ± 0.9 14632 ± 1259

0.36 ± 0.01 7.411 ± 0.001 9.2 ± 0.7 14692 ± 1154

0.388 ± 0.008 11.1 ± 0.8 6.0 ± 0.6 14991 ± 650

0.43 ± 0.01 30 ± 2 2.1 ± 2 15163 ± 1084

0.50 ± 0.01 113 ± 15 0.6 ± 0.9 15361 ± 687

3.3 Electron transfer process in peptide bilayer
structure

Figura 3.8: (a) DPV and (b) capacitive Nyquist for the redox peptide bilayer obtained in
the electrochemical characterization performed in 20 mM TBA in ACN/H2O (1:4, v/v).

Since a variety of molecules can be self-assembled to metallic electrodes, this strategy
has opened up new possibilities for studying the electronic coupling and evaluating the
influence of the distance between the electrode and electroactive redox-centers [8]. This
approach constitutes a key strategy for studying long-range electron transfer reactions
as a particularly experimental method of scrutinizing electron transfer reactions. For
instance, this approach has been useful for understanding electron transfer process in
biological structures such as that operating in the photosynthesis and cellular systems.
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Figura 3.9: Chemical structure of non-redox (a) and redox (b) peptide for fabricating the
electroactive bilayer.

A study of electron transfer processes between redox sites strategically localized
between layers of a peptide multilayer architecture was study. The use of non-redox
peptide (EAAC, Figure 3.9a) allowed for the formation of the first monolayer. Subse-
quently, redox peptide (Fc-EAAK, Figure 3.9b) with chemical groups in both extremes
that enable chemical attachment to the modified gold surface, was employed. In the
initial stage, the C-terminal groups of the peptide chain in the non-redox monolayer were
activated using the EDC/NHS carbodiimide reaction [9] to facilitate the bonding of amine
groups of the redox peptide,forming the bilayer structure.

Figure 3.8 shows the preliminary electrochemical characterization using differential
pulse voltammetry (DPV) and ECS for the obtained bilayer. For the potential range
explored in the DPV, no redox peaks are observed, and the instability of the surface
is evident due to the differences between the first and second anodic and cathodic DP
curves. The capacitance profile performed at 0.378 V and 0.87 V indicates the absence
of quantum-related capacitive process.

Measurements in different pH values, comparing unmodified and modified electrodes,
were performed to investigate possible electron transfer reaction coupled to proton trans-
fer reaction with the solvent due to the ionizable protons of the peptide. Figure 3.10
exhibits indistinguishable profiles for unmodified and modified electrodes, implying that
the bilayer structure was unsuccessfully obtained. The use of activators such as N,N-
diisopropylethylamine (DIEA) and Hydroxybenzotriazole (HOBt) is suggested to immo-
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Figura 3.10: Cyclic voltammetry of unmmodified and modified electrode performed in 20
mM TBA in ACN/H2O (1:4, v/v) with ajusted pH of 3.71 (a) and 6.53 (b).

bilize the redox peptide. This work was assigned to an undergraduate student for the
second stage of his/her scientific initiation activities.

4 Data management plan
All research results, including data analysis and graphical plotting, were prepared using
the NOVA 2.0, Origin Graphics, Sigma Plot 12.5, and Excel software. Generated files
and data treatment are storage using the research group’s hardware devices.

Manuscripts were stored using LaTeX.

5 Complementary Activities
Evaluation of institutional support received in the period

The support provided by São Paulo State University "Júlio de Mesquita Filho"and
the São Paulo State Research Support Foundation has been crucial for the successful
execution of this project. The assistance in terms of professionals, physical space, and in-
frastructure for maintaining research laboratories, generously provided by Unesp and the
Chemistry Institute (IQ-Araraquara), has played a pivotal role in advancing the project.
Additionally, IQ-Araraquara has graciously granted access to its multi-user laboratories,
which are equipped with a Raman spectrometer and other essential resources.

Financial support from the São Paulo Research Foundation, including the provision
of a postdoctoral scholarship and technical reserve, has been instrumental in creating
favorable conditions for carrying out the activities outlined in the projects funded by
FAPESP. This combined support has been essential in ensuring the successful implemen-
tation and progress of our research endeavors.
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Participation in scientific event

• XXXVI Congresso de Iniciação Científica da Unesp-IQ/Araraquara. September
24th, 2024. (Attachment 6.1)

Participation as evaluation committee member

• Concurso público para Professor Adjunto A, area de Engenheria Química, EDITAL
PROGEPE nº 60/2024 - UFLA, São Sebastião do Paraíso (Attachment 6.2)
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6 Attachments

6.1 Participation in scientific events
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6.2 Participation as committee member
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6.3 Submitted paper
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6.4 Manuscript in preparation

6.4.1 Manuscript in final stage
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6.4.2 Manuscript A in writing stage
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6.4.3 Manuscript B in writing stage
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