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ABSTRACT: While the functionalization of silicon electrode
surfaces with molecularly dissolved chromophores paves the way
to create diverse redox-responsive interfaces, leveraging nanoscale jp
objects derived from s-conjugated organic building blocks to ,di
modulate the electronic structures of Si hybrids remains vastly ((A rHJ ((H - “%
elusive. This study uncovers a redox-controlled stabilization effect <8

exclusive to silicon electrodes functionalized with monolayers that 32: :: e

are derived from perylene bisimide (PBI) nanoaggregates. For this 3""3& Ro Il“ 2

class of n-type hybrid nanomaterials, we highlight that the cathodic s,_s,_s,_s,_s,. X
\ -s:—sx s—sn:s%:
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Redox-controlled
Stabilization

potential required to inject negative charge carriers into the
conduction band of the PBI monolayer can be reversibly stabilized " e

3 . | olecularly
by more than 375 mV through modulation of the maximum anodic Dissoived BI
potential (MAP) employed during the anodic cycle (ie., +0.5 or
+1.5 V vs Ag/AgCl). The magnitude of this redox-controlled stabilization effect is shown to be dictated by the structure—function
relationships of the PBI nanoaggregates exploited to construct the monolayers on Si electrodes. Using a set of control experiments,
we demonstrate that such a redox-controlled stabilization effect is not observed for monolayers derived from molecularly dissolved
PBI precursors and for Si electrode precursors that feature a low density of anchoring groups. Supported by density functional theory
calculations that highlight a significant structural reorganization of a model, partially p-doped PBI nanoaggregates, the data presented
herein indicate that a MAP of +1.5 V versus Ag/AgCl is accompanied by a structural reorganization of the monolayers built
exclusively from PBI z-aggregates. We propose that conformational perturbations engendered at a high anodic potential (+1.5 V)
lead to the emergence of electronic states that further facilitate electron injections. The results uncovered herein establish a proof of
principle that transferring the structure—function relationships of 7-aggregates on inorganic electrodes delivers a powerful method to
construct nanoscale semiconducting interfaces whose conduction band energies are redox-controlled in a reversible manner. This
effect may establish the foundation for a new class of memory effect as the anodic potentials (write) dictate the current density at a
given cathodic potential (read).
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B INTRODUCTION

The tunable optical and electronic properties of organic

electronic devices, electron-spin filters, and electrochemical

15,20-25
biosensors.

nanomaterials make them ideal candidates to construct
integrated systems pivotal for the interrogation of light—matter
interactions, charge-transfer reactions, and charge- and spin-
transport processes.' " The performance of these devices is
predominantly governed by the inherent nature of the hybrid
nanoscale interfaces formed between organic semiconducting
domains and inorganic electrodes.'' ~'® Consequently, the last
few decades have witnessed the emergence of “bottom-up”
approaches that capitalize on the functionalization of (semi)-
conducting electrode surfaces with redox-active units.'” ™"’
Although redox-responsive hybrid nanointerfaces constructed
in this manner have primarily served as platforms to probe
interfacial electron-transfer processes, they have also been
exploited to construct molecular electronic junctions, micro-
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The covalent grafting of redox-active building blocks on
hydrogen-terminated monocrystalline silicon (Si—H) electrode
surfaces enables the engineering of electroactive nanostructures
at the Si/organic interfaces that are structurally well-defined
and robust.'’~'? Pioneering studies have unequivocally
divulged that the electrochemical properties of hybrid Si/
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organic interfaces are dictated by the electronic structure and
the surface density of the redox-active chromophores
comprising the monolayers.'”*°™*® Furthermore, synthetic
design principles and covalent grafting approaches are
leveraged to deliver functional electronic platforms at nano-
scale dimension with tunable semiconducting properties.” >
For example, seminal studies by Fabre and Hapiot et al. have
revealed that in an extremely packed monolayer of ferrocene-
derived redox units grafted on Si surfaces (with surface
coverage as high as 3.5 X 107 mol cm™), neighboring
ferrocene units are involved in significant electronic
interactions as validated from scanning electrochemical
microscopy analysis.”” The origin of such high surface density
is attributed to the influence of both surface confinement
effects as well as the presence of structurally robust Si—C
bonds at the interfaces. While hybrid Si—organic interfaces that
feature monolayers of organic electron donor modules (p-
type) have been extensively investigated, the functionalization
of Si surfaces with electron acceptor units (n-type) is restricted
to only a handful of studies.>*® However, the molecular
engineering of n-type interfaces is needed to construct hybrid
materials relevant to solar fuel production and organic
electronics such as molecular p—n junctions and circuit
elements.”*™*

The assembly properties of nanoaggregates based on
perylene bisimide (PBI) cores have been a subject of
comprehensive investigation during the last few decades.**~*
In addition, the low-lying first reduction potentials of PBI units
combined with strong absorptivity in the visible part of the
spectral window have been leveraged to engineer solvated
nanoscale objects and solid-state nanomaterials with which to
probe light—matter interaction processes and interrogate
charge-transport properties in hierarchical soft matters.**"**’
Noncovalent interactions between PBI chromophores in
solution enable the formation of superstructures equipped
with (opto)electronic properties that are highly sensitive to the
conformation of the building blocks.****™>* Seminal studies
have unambiguously demonstrated that Angstrom-level dis-
placements between neighboring PBI units engender severe
perturbation of the coulombic and charge-transfer coupling
resulting in profound modification of the photophysical and
potentiometric properties of PBI superstructures.54_56 Surpris-
ingly, the extent to which the structure—function properties of
PBI nanoaggregates can be derived to tune the semiconducting
properties of hybrid Si nanointerfaces remains unexplored. We
posit that functionalized silicon surfaces that feature a high
surface density of anchoring groups can be leveraged to confine
solvated PBI 7-aggregates at the organic/inorganic interfaces
and deliver a new class of n-type nanomaterials equipped with
neoteric electronic functionality.

In the present contribution, we demonstrate that the
covalent functionalization of conducting Si electrodes with
the neutral PBI-C,Am-C,Az and cationic PBI-C,Am*-C,Az
PBI units shown in Scheme 1 delivers novel hybrid Si
nanointerfaces (PBI-Sis) whose conduction band energies can
be redox-controlled. Specifically, we show that the potentials
required to inject electrons (cathodic potentials) into the
conduction band of monolayers derived from PBI 7-aggregates
are synergistically related to the maximum anodic potential
(MAP) used during the oxidation cycle. For a PBI monolayer
constructed using PBI-C,Am-C,Az 7-aggregates, while a MAP
of +0.5 V initiates a first reduction potential at —0.450 V versus
Ag/AgCl, increasing the MAP to +1.5 V facilitates electron
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Scheme 1. Synthetic Routes to Access PBI-Functionalized
Hybrid Si(111) Nanointerfaces (PBI-Sis) via the Azide—
Alkyne “Click” Reaction of an Alkyne-Terminated Si
Interface (Si-Oct) with PBI-Derived Neutral (PBI-C,Am-
C,Az) and Cationic (PBI-C,Am*-C,Az) Molecular

Modules”
[o) (o]
Q G _/'N:s
05 0ze,
PBI-C,Am-C,Az
(R = NMe,)
PBI-C,Am’-C Az
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MeOH/H,0 (50:1 v/v) Dry DMF

CuSO0,/Na-Ascorbate Cul/Hiinig’s Base

PBEI Molecularly
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“The routes 1 and 2 provide a synthetic handle to modulate the
aggregation state of the PBI building blocks during the formation of
the monolayers on Si-Oct.

injection by more than 375 mV when sweeping back toward
the cathodic potentials. Notably, this process is replicated with
fidelity by alternating between the two MAPs, that is, +0.5 and
+1.5 'V, respectively. Furthermore, this redox-controlled
stabilization is not observed for nanointerfaces built from
molecularly dissolved PBI precursors and Si electrode
precursors that feature a low density of anchoring groups.
Supported by density functional theory (DFT) calculations
that highlight a significant structural reorganization of a model,
partially p-doped PBI nanoaggregate, the data presented herein
suggest that a MAP of +1.5 V is accompanied with a structural
reorganization of the monolayers built exclusively from
solvated PBI s-aggregates. We propose that conformational
perturbations engendered at a high anodic potential (+1.5 V)
lead to the emergence of electronic states that further facilitates
electron injections into the conduction band of the
monolayers.

B RESULTS AND DISCUSSION

The two asymmetric building blocks PBI-C,Am-C,Az and
PBI-C,Am"-C,Az shown in Scheme 1 have been engineered
to tune the amphiphilic character of the PBI units and
engender 7-conjugated nanoscale objects that exhibit strong
and weak excitonic coupling, respectively. These PBI building
blocks were accessed via a multistep synthetic pathway that
involves sequential base-catalyzed ring-opening and acid-
catalyzed ring-closure reactions using perylene-3,4,9,10-tetra-
carboxylic bisanhydride (PBA) as the starting material (refer to
Section 2 of the Supporting Information for details). The lack
of ammonium functionality on the PBI-C,Am-C,Az building
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block decreases its solubility in polar, protic solvents. This
structural attribute affords formation of solvated m-aggregates
whose structure—function relationships differ from those
elucidated for the PBI-C,Am*-C,Az m-aggregates. Figure
1AB shows the ground-state electronic absorption spectra
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Figure 1. (AB) Ground-state EAS recorded for the solutions of (A)
PBI-C,Am-C,Az and (B) PBI-C,Am*-C,Az in MeOH/H,O (50:1,
v/v) and dry DMF. Experimental conditions: [PBI] = 0.7 mM; optical
pathlength = 2 mm; temperature = 25 °C. (C—F) Comparative
scanning electron microscopy (SEM) images that describe the solid-
state morphologies of (C,D) PBI-C,Am-C,Az and (EF) PBI-
C,Am"-C,Az recorded for the samples prepared by drop-casting
solutions (0.7 mM) of the PBIs in (C,E) MeOH/H,O (50:1, v/v)
and (D,F) dry DMF on untreated Si/SiO, substrates.

(EAS) recorded in dimethylformamide (DMF) and MeOH/
H,0 (50:1 v/v) for the PBI-C,Am-C,Az and PBI-C,Am*-
C,Az derivatives, respectively. As expected, these two building
blocks feature the hallmark of molecularly dissolved species in
DMF as confirmed by (1) the well-resolved 0—0, 0—1, and 0—
2 vibronic transitions centered at 525, 490, and 460 nm,
respectively, that are consistently separated by 169 meV (1360
cm™'; the C=C stretching frequency), and (2) the ratio of
intensities of the 0—0 and 0—1 vibronic transitions (1.46)

indicates a lack of short- and long-range coupling between PBI
o 51,55,56
units.” ™
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In marked contrast, the spectroscopic signatures recorded
for the PBI-C,Am-C,Az building block in a solution of
MeOH/H,0 (50:1, v/v) shown in Figure 1A differ to those
evidenced for the DMF solution. Notably, two bathochromi-
cally shifted shoulder bands are observed at 605 and 560 nm in
addition to the higher energy bands at 515, 480, and 460 nm
that are attributed to the 0—0, 0—1, and 0—2 transitions of 7-
aggregates. While the high-energy bands diagnose the
formation of H-like aggregates, the low-energy shoulders may
also signal the coexistence of J-like aggregates, although at a
smaller concentration.>*® It is noteworthy that in the case of
the solution of PBI-C,Am*-C,Az in MeOH/H,0 (50:1, v/v),
the EAS shown in Figure 1B (blue trace) reveal virtually
identical peak positions of the 0—0 (522 nm), 0—1 (490 nm),
and 0—2 (460 nm) vibronic transitions as compared to those
characterizing the molecularly dissolved PBI units in the DMF
solvent (Figure 1B, red trace). However, the ratio of intensities
of the 0—0 and 0—1 vibronic transitions in the MeOH/H,O
mixture appears to be closer to one (1.04). Therefore, it is
reasonable to anticipate that the PBI-C,Am*-C,Az chromo-
phores, in the MeOH/H,O binary solvent mixture, exist in the
form of solubilized, partially aggregated species.

To further highlight how the side-chain functionalities
flanked on the two PBI molecular structures impact non-
covalent interactions between the z-conjugated cores, the
solid-state morphologies of drop-cast PBI-C,Am-C,Az and
PBI-C,Am*-C,Az solutions were recorded using SEM (cf.
Section S in the Supporting Information for details). As
highlighted in Figure 1C,E, the PBI-C,Am-C,Az and PBI-
C,Am"*-C,Az building blocks share similar solid-state
morphologies when deposited from a MeOH/H,0 (50:1, v/
v) parent solution. Both enable the formation of fiber-like
materials spanning the nano-to-microscale dimension. While
the spectroscopic features evidenced by PBI-C,Am-C,Az and
PBI-C,Am"-C,Az building blocks at a concentration of 0.7
mM in MeOH/H,O (50:1, v/v) solution signal the formation
of electronically disparate nanoaggregate species, the fact that
they engender virtually identical hierarchical nano-to-micro-
scale superstructures may stem from a concentration effect
during the drop-casting process. In sharp contrast, the SEM
images of the sample drop-cast from a solution of PBI-C,Am-
C,Az in DMF (Figures 1D and S8 and S9) reveal the presence
of isolated and well-defined 2D microstructures whose lengths
and heights vary within the range of 4—5 ym and 40—50 nm,
respectively. Furthermore, the sample drop-cast from the
solution of PBI-C,Am*-C,Az in DMF lacks the ability to
organize into structures with hierarchical features in the solid
state as evidenced by the SEM images shown in Figures 1F and
S11. A similar observation has been made for analogous,
cationic PBI derivatives,"*"*!

Interrogating the potentiometric properties of the PBI-
C,Am-C,Az units as molecularly dissolved species in DMF
and as solvated z-aggregates in MeOH/H,O (50:1, v/v)
reveals striking electronic structure disparities. Please note that
all potentials are reported against Ag/AgCl. While the cyclic
voltammograms (CVs) recorded for the PBI-C,Am-C,Az
units in the DMF solvent (Figures 2B and S12B) evidence
reversible electrochemical signals assigned to the first and
second reduction of the redox-active PBI cores,””® the CVs of
the solvated z-aggregates shown in Figures 2A and SI12A
highlight nonreversible redox processes as indicated by a large
peak-to-peak separation (AE® > 390 mV) between the
cathodic (E®Y) and anodic peak potentials (E®?). This
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Figure 2. CVs (scan rate = 0.05 V s7') recorded for the solutions
(concentration = 0.7 mM) of PBI-C,Am-C,Az in (A) MeOH/H,0
(50:1, v/v) and (B) dry DMF using n-Bu,NPF, (0.7 mM) as the
supporting electrolyte. Note the inflection potentials of reduction as
determined from the first derivative plots of the cathodic signals.
Experimental conditions employed glassy carbon as the working
electrode (electro-active surface area = 0.071 cm?), Ag/AgCl (3 M
NaCl) as the reference electrode, and Pt as the counter electrode
under an Ar gas atmosphere at 25 °C.

observation originates from slow electron rate processes and
structural reorganization of the solvated nanoaggregates upon
reduction and back-oxidation, similar to recently reported
findings in other systems.”**”*° To gain more insights into the
potentiometric properties of the PBI-C,Am-C,Az m-aggre-
gates, the first cathodic inflection potential (E(V) was
evaluated by plotting the first derivative of the CV when
sweeping toward the cathodic side.”’ This approach estab-
lished by Vullev and co-workers allows for the estimation of
the half-wave potential (E/?) for electrochemical systems
that deviate from reversibility. As chronicled in Figures 2A and
S12A, the PBI-C,Am-C,Az 7-aggregates are characterized by a
first reduction potential (E®)) = —0.198 V) that is stabilized by
more than 90 mV as compared to that recorded for the
molecularly dissolved PBI-C,Am-C,Az units (E0V = —0.292
V). A second reduction potential EW) centered at —0.498 V is
recorded for the 7-aggregates (Figure 2A) and suggests the
formation of heavily n-doped species.

The CVs recorded for the PBI-C,Am*-C,Az 7-aggregates
and the molecularly dissolved analogues are shown in Figure
S13. While the electrochemical signals recorded for the PBI-
C,Am*-C,Az 7-aggregates formed in MeOH/H,0 (50:1, v/v)
share some resemblance to those elucidated for the PBI-
C,Am-C,Az r-aggregates, the former evidences the first
reduction potential (E") = —0.270 V) destabilized by more
than 70 mV with respect to that recorded for the latter (E0V) =
—0.198 V). The apparent stabilization of the first reduction
potential unraveled for the PBI-C,Am-C,Az r-aggregates
suggests that the interchromophore interaction varies, to
some extent, with respect to the interactions which character-
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ize the PBI-C,Am'-C,Az r-aggregates. This conclusion
corroborates the observation made from the electronic spectral
properties of the nanoaggregates where a higher degree of
electronic coupling has been highlighted in the PBI-C,Am-
C,Az assemblies.

By exploiting route 1 in Scheme 1, functionalization of the
Si-Oct interface precursor with the PBI-C,Am-C,Az and PBI-
C,Am™-C,Az m-aggregates delivers the PBI-C,Am-C,Triazo-
Si@1 and PBI-C,Am*-C,Triazo-Si@1 semiconducting nano-
interfaces, respectively. The Si interfaces constructed from
molecularly dissolved PBI units (route 2, Scheme 1), namely,
PBI-C,Am-C,Triazo-Si@2 and PBI-C,Am*-C,Triazo-Si@2,
offer control platforms against which to investigate the effect of
PBI-aggregated states on the final potentiometric properties of
the Si nanohybrids. Please refer to Section 3A in the
Supporting Information for synthetic details. To analyze the
solid-state morphologies characterizing these four interfaces,
tapping mode atomic force microscopy (AFM) was exploited.
The corresponding AFM images recorded for the PBI-C,Am-
C,Triazo-Si@1 and PBI-C,Am"-C,Triazo-Si@1 nanohybrids
are shown in Figures 3A and S16A, respectively, and reveal the
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Figure 3. (A) Tapping mode AFM topographic image of the PBI-
C,Am-C,Triazo-Si@1 interface. (B) Cross section profile of the area
within the inset of the AFM image (blue square) in (A) to calculate
the Ry (RMS) roughness of the surface. (C,D) High-resolution XPS
spectra (navy blue), deconvoluted spectra (red/green/sky blue), and
cumulative/fitted spectra (dotted green) of the PBI-C,Am-C,Triazo-
Si@1 interface that represent the C 1s (C) and N 1s (D) areas.

existence of smooth monolayer surfaces. Further quantification
of the root-mean square surface roughness parameter, R,
(RMS), further supports this claim as the R, value is below
0.5 nm. Please refer to Figures 3B and S16. An identical
observation is made for the PBI-C,Am-C,Triazo-Si@2 and
PBI-C,Am*-C,Triazo-Si@2 nanointerfaces whose AFMs and
associated R, values are shown in Figures S15 and S17,
respectively.

To confirm the covalent anchorage of the PBI units on the
Si electrode, atomic compositions of the four engineered
semiconducting nanointerfaces were interrogated using X-ray
photoelectron spectroscopy (XPS). Details are provided in
Section 8 of the Supporting Information. The representative
high-resolution XPS spectra of the C 1s and N Is areas for
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PBI-C,Am-C,Triazo-Si@1 are shown in Figure 3C,D,
respectively. The emission feature of the C 1s signal is
deconvoluted into three Voigt functions with the peaks
centered at binding energies of 288.0, 285.9, and 284.6 eV.
While the high-energy emission signal at 288.0 eV is the
spectroscopic signature of oxygen-bonded carbon (C=O)
atoms, the peaks centered at 285.9 and 284.6 eV are diagnostic
of nitrogen-bonded carbon (C—N) and carbon-bonded carbon
(C—C/C=C) atoms, respectively. Because C 1s signals may
present some contamination from external carbon sources,
specifically, C—O bonds giving rise to an emission signal
centered at 286 eV, the high-resolution N 1s XPS spectrum
shown in Figure 3D is a more adequate spectroscopic handle
to unambiguously confirm the attachment of the PBI building
blocks. This N 1s emission feature shown in Figure 3D is
deconvoluted using two Voigt functions centered at 402.1 and
400.1 eV, attesting the existence of chemically disparate
nitrogen atoms. The XPS characterization of the PBI-C,Am-
C,Triazo-Si@2 and the PBI-C,Am"-C,Triazo-Si@1-2 inter-
faces is discussed in Section 8 of the Supporting Information,
and it confirms the attachment of the PBI units on the Si-Oct
precursor.

The potentiometric properties of the PBI-Si hybrid
nanointerfaces built from PBI s-aggregates, namely, PBI-
C,Am-C,Triazo-Si@1 and PBI-C,Am*-C,Triazo-Si@1 in
Scheme 1, differ markedly to those recorded for the Si
nanointerfaces constructed from molecularly dissolved PBI
units, that is, PBI-C,Am-C,Triazo-Si@2 and PBI-C,Am’-
C,Triazo-Si@2. Please refer to Section 9 of the Supporting
Information. Figure 4A,B compares the CVs of PBI-C,Am-
C,Triazo-Si@1 recorded as a function of the MAPs applied
during the anodic sweeps. Additional CVs with more details
are shown in Figures S§29 and S30. The CVs shown in Figure
4A (MAP = +0.5 V) exhibit broad, weakly resolved, and ill-
defined redox waves recorded during the excursions toward the
cathodic and anodic potentials. While the irreversible character
of the probed nanointerfaces originates from slow electron-
transfer rate constants and structural reorganizations occurring
at the monolayer level,®>™®® the CVs are nonetheless
reproducible and indicate negligible surface damage under
the experimental conditions being employed. It is interesting to
note that a modest cathodic shift of the initial first reduction
potential (E( Cyde 1 = —0.390 V) occurs during cycle 2 and 3
(B8, = —0.450 V, E&Y), 5 = —0.450 V). This shift highlights
conformational changes of the PBI monolayers taking place
during the first cathodic sweep (cycle 1). In marked contrast,
Figure 4B shows that excursion to a MAP of +1.5 V has a
drastic 1mpact on the cathodic wave whose first reduction
potential (Ecyde , = —0.075 V) is stabilized by more than 375
mV as compared to the reduction potential recorded in cycle 2
when using MAP = +0.5 V (E&)., = —0450 V). It is
1nterest1ng to note that when utilizing a MAP of +1.5 V, (1)
the Ecyde ) recorded during the first cathodic sweep that starts
from a potential of 0.5 V exhibits a similar value to that
recorded for a MAP of +0.5 V (Figure 4A), (2) the apparent
stabilization of the first reduction potential is selectively
controlled by MAP = +1.5 V, and (3) an additional cycle using
a MAP of +1.5 V (cycle 3, Figure 4B) enforces identical
stabilization of the first reduction potential (Ecyde 5 = —0.090
V). As shown in Figure $39, this process is reversible; the (V)
recorded with the PBI-C,Am-C,Triazo-Si@1 nanointerface
can be restored to its original value by setting the MAP to +0.5
from +1.5 V. Because the cathodic potentials required to n-
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Figure 4. CVs (cycles 1-3; scan rate = 0.05 V s™') of PBI-C,Am-
C,Triazo-Si@1 (A,B) and PBI-C,Am-C,Triazo-Si@2 (C,D) inter-
faces recorded using a starting potential of +0.5 V in cycle 1 and the
MAP limit of +0.5 V (A,C) and +1.5 V (B,D) for cycle 2/3 in dry
acetonitrile in the presence of n-Bu,NPF¢ as the supporting
electrolyte. Experimental conditions employed the PBI-Si surfaces
as the working electrodes (electro-active surface area = 0.5026 cm?),
Ag/AgCl (3 M NaCl) as the reference electrode, and Pt as the
counter electrode under an Ar gas atmosphere at 25 °C. Please note
that (i) the starting potential of cycle 1 in all the cases is +0.5 V; (ii)
cycles 1, 2, and 3 are r (presented in red, green, and blue color,
respectively, and (iii) E"" potentials are shown for the three
consecutive cycles.

dope the PBI monolayers are modulated by the anodic
potentials, we interpret this observation as a redox-controlled
stabilization effect of the monolayer conduction band. This
effect is also observed for the hybrid PBI-C,Am*-C,Triazo-
Si@1 nanointerface derived from PBI nanoaggregates,
although at a lower magnitude. As shown in Figures S33 and
S34, the first reduction potential recorded after excursion to a
MAP of +1.5V (Ec},de ,=—0.220V) is stabilized by ~ 240 mV
with respect to that observed when a MAP = +0.5 V is
exploited (Ecyde , = —0.460 V). As chronicled in Figure S41,
the redox-controlled stabilization effect on the cathodic
potentials of PBI-C,Am*-C,Triazo-Si@1 is also found to be
reversible upon setting the MAP from +1.5 to +0.5 V.

In contrast, the redox-controlled stabilization effect is absent
for hybrid Si nanointerfaces built from molecularly dissolved
PBI units. As shown in Figures 4C,D and S35 and 36 that
chronicle the CVs recorded for the PBI-C,Am-C, Triazo-Si@2
and PBI-C,Am*-C,Triazo-Si@2 nanohybrids, respectively,
the MAP (+0.5 and +1.5 V) has no impact on the first
reduction potentials. For instance, during the analysis of PBI-

(2 Am-C,Triazo-Si@2, a MAP of +0.5 V is associated with

E&). 1 =—0.700 V and E&). , = —0.730 V (Figure 4C), while
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similar reduction potentials (+50 mV) are recorded when
using a MAP of +1.5 V (Figure 4D). It is interesting to note
that the potentials required to inject negative charge carriers
into the conduction band of the PBI-C,Am-C,Triazo-Si@2
monolayer (Ecyde 1 = —0.700 V) are more negative than those
recorded for the PBI-C,Am*-C,Triazo-Si@2 (ECyclel =
—0.405 V). This observation diagnoses a nanointerface
conformation that differs to that characterizing the PBI-
C,Am*-C,Triazo-Si@2 analogue. This assumption is sup-
ported by the solid-state morphologies evidenced by the PBI-
C,Am-C,Az and PBI-C,Am*-C,Az units drop-cast from DMF
solutions. As shown in Figure 1D, the neutral PBI units enable
the formation of 2D nanosheets, whereas the charged species
lacks the ability to evolve into higher ordered nanostructures in
the solid state (Figure 1F).

Because the redox-controlled stabilization effect is exclusive
to interfaces constructed from PBI nanoaggregates, we
hypothesized that the aggregation state of the initial PBI
units, in solution, dictates the structure—function relationships
of the monolayers covalently anchored on Si electrodes. To
further support this hypothesis, the PBI-C,Am-C,Az -
aggregates were anchored on the Si surface Si-Oct(1:50), a
surface which is characterized by a low density of reactive
alkyne groups, 8.4 X 1072 mol cm™. Refer to Section 3B in
the Supporting Information for more details on the synthesis of
the PBI-C,Am-C,Triazo-Si(1:50)@1 nanointerface. In addi-
tion, tapping mode AFM images and high-resolution XPS
spectra are shown in Figures S18 and S23, respectively. Since
this surface den51ty corresponds to a coverage of one alkyne
per 20 nm%’ it is fair to assume that lateral interaction
between PBI units is suppressed in the hybrid PBI-C,Am-
C,Triazo-Si(1:50)@1 nanointerface. Congruent with this
expectation, the corresponding CVs shown in Figures S37
and S38 reveal dramatically disparate potentiometric properties
as compared to those highlighted previously for the PBI-
C,Am-C,Triazo-Si@1 nanohybrid. Starting at +0.5 V, the
cycle toward a final cathodic potential of —1.5 V (cycle 1)
unravels an irreversible electrochemical signal characterized by
an ES;ZIS , of —0.800 V (Figure S37). No distinguishable redox
waves are discerned when sweeping back to a MAP of +0.5 V.
Surprisingly, an apparent cathodic shift of the first reduction
potential is observed during cycle 2 (Egg]e , = —1.02 V) which
is reproduced during cycle 3. As shown in Figure S38,
switching the MAP to +1.5 V engenders cathodic electro-
chemical signals that share some similarities (Ecyde , = —1.04
V) to those recorded during the second cycle using MAP =
+0.5 V. This data indicates that the PBI-C,Am-C,Triazo-
Si(1:50)@1 nanohybrids, characterized with a low density of
PBI units, do not evidence the redox-controlled stabilization
effect observed for the PBI-C,Am-C,Triazo-Si@1 and PBI-
C,Am"-C,Triazo-Si@1 semiconducting nanointerfaces.

The redox-controlled stabilization effect recorded for the
PBI-C,Am-C,Triazo-Si@1 and PBI-C,Am*-C,Triazo-Si@1
nanointerfaces is postulated to originate from the formation of
electronic states engendered at MAP = +1.5 V, in monolayers
exclusively derived from PBI nanoaggregates. The origin of
these nascent trap states can be rationalized by structural
deformations of the PBI monolayer enforced at a high anodic
potential. While the oxidation of molecularly dissolved PBI
units has been reported at a potential of +1.60 V versus
SCE,*””° the oxidation potential of the confined PBI units on
the silicon electrode in the PBI-C,Am-C,Triazo-Si@1 nano-
hybrid may differ, to some extent, to that evidenced in a
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solvated environment. In this regard, a MAP of +1.5 V can
enable the injection of positive charge carriers (holes) into the
valence bands of the PBI nanoaggregates anchored on the
silicon surface. As shown in Figure 4B, an anodic peak centered
at +1.35 V is discerned during the sweep to +1.5 V in cycle 1.
This signal may correspond to the injection of the positive
charge carriers in the monolayer derived from PBI-C,Am-
C,Az nanoaggregates. In contrast, this anodic peak is absent
when probing monolayers derived from molecularly dissolved
PBI as seen in the CVS in Figure 4D.

Energy-minimized structures of a model nanoaggregate, a
trimer 7-stack, as a function of p-doping levels have been
computed at the DFT level of theory and are shown in Figure
S. Please refer to Section 10 of the Supporting Information for
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Figure S. Energy-minimized structures computed at the DFT level of
theory (wB97X-D) for the model PBI trimer stacks as a function of
hole concentration. (A) Neutral PBI stack [PBI];, (B) one hole per
PBI stacks [PBI];**, (C) two holes per PBI stacks [PBI],**. For each
trimer, the dihedral angle (6) defines the offset between two PBI
monomers, while the dihedral angle (¢) defines the twist of the bay
region and is measured using positions 6, 6A, 7, and 7 A of the PBI
core. Details are given in the Section 10 of the Supporting
Information.

details. Non-negligible structural modifications accompany the
formation of the p-doped species [PBI];** and [PBI],**

compared to the neutral precursor [PBI];. Specifically, the
dihedral angle (6) between PBI 3 and PBI 2 in the
monocationic [PBI];** trimer increases (Af ~ 5°) as a result
of perturbation of the dispersion interactions associated with
the oxidation of one PBI unit. Please refer to Figure S48 in the
Supporting Information for the detailed electrostatic potential
maps. Furthermore, it is interesting to note a non-negligible
twist of dihedral angle characterizing the bay region (¢) of the
PBI units in the monocation [PBI];** trimer in addition to the
bending of the PBI cores along their long molecular axis
(Figure S47). Further p-doping of [PBI],** to [PBI],** is
accompanied by (1) a decrease of the dihedral angle between
PBI 2 and PBI 3 (A€ ~ 13.5°), while an increase in dihedral
angle between PBI 1 and PBI 2 is witnessed (Af ~ 4°), (2) an
increase in the interchromophoric distance between PBI 2 and
PBI 3, and (3) a concurrent planarization of the PBI cores, as
summarized in Figure S48. Analysis of these energy-minimized
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stack models confirms that non-negligible structural perturba-
tion accompanies the p-doping of the nanoaggregates.

We propose that the structural perturbation enforced during
the partial p-doping of the PBI monolayers in PBI-C,Am-
C,Triazo-Si@1 and PBI-C,Am"-C,Triazo-Si@1 nanohybrids
at MAP = +1.5 V may be preserved, to some degree, when
sweeping back toward the cathodic potentials. We postulate
that this structural reconfiguration is associated with the
formation of electronic trap states that assist electron injection
into the PBI monolayers at lower cathodic potentials. The fact
that the PBI-C,Am’-C,Triazo-Si@1 nanointerface demon-
strates a redox-controlled stabilization effect of the conduction
band energy less pronounced than that observed for the PBI-
C,Am-C,Triazo-Si@1 analogue further underscores the non-
innocent role played by the PBI r-aggregate precursors in
dictating the semiconducting properties of functionalized Si
electrodes. As shown by ground-state electronic absorption
spectroscopy (Figure 1B), PBI-C,Am*-C,Az building blocks
evidence the hallmark of weakly coupled H-like aggregates in
MeOH/H,O (50:1, v/v). In contrast, the spectroscopic
signatures of the PBI-C,Am-C,Az m-aggregates in an identical
solvent system indicate strong excitonic coupling between the
repeating units. Congruent with this observation, it is fair to
assume that the PBI monolayers derived from the PBI-C,Am-
C,Az m-aggregates capture some of the structure—function
relationships of the nanoaggregate precursors. Consequently,
noncovalent interactions between PBI repeating units in the
PBI-C,Am-C,Triazo-Si@1 nanointerface differ to those in
PBI-C,Am"-C,Triazo-Si@1 and assist a more pronounced
structural perturbation at MAP = +1.5 V. Taken together,
these results unravel that the magnitude of the conduction
band stabilization controlled by the anodic potentials is
intimately related to the interaction of PBI units in the
monolayers. To the best of our knowledge, the results
uncovered herein establish the first proof of principle that
transferring the structure—function relationships of solvated
nanoaggregates on inorganic electrodes delivers a powerful
method to construct electroactive monolayers whose con-
duction band energies are redox-controlled in a reversible
manner.

Bl CONCLUSIONS

In conclusion, we report the first functionalization of Si
electrodes with z-conjugated PBI units that demonstrate
various degrees of aggregation. The chemical compositions and
structural analyses performed on these semiconducting hybrid
nanointerfaces confirm the successful attachment of PBI units
and the formation of homogeneous monolayers. Using cyclic
voltammetry experiments, the existence of a redox-controlled
stabilization effect on the conduction band energies exclusive
to Si surfaces functionalized with PBI nanoaggregates is
unraveled. For these hybrid materials, the cathodic potential
required to n-dope the PBI monolayers can be modulated by
tuning the MAPs. Although excursion to a MAP of +0.5 V for
the PBI-C,Am-C,Triazo-Si@1 nanointerface derived from
neutral PBI nanoaggregates induces a reduction wave at
—0.450 V, an anodic potential of +1.5 V enforces a stabilization
of more than 375 mV of the first reduction potential (Egzle 2=
—0.075 V) when sweeping back to the cathodic potentials.
This process is reversible and can be switched back and forth
by regulating the MAP exploited during the anodic sweeps,
that is, +0.5 and +1.5 V.
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For semiconducting nanointerfaces built from molecularly
dissolved PBI precursors, the cathodic potentials necessary to
inject negative charge carriers remain invariant regardless of
the MAP employed. To unambiguously confirm that the
redox-controlled stabilization effect observed at the PBI-
C,Am-C,Triazo-Si@1 surface is a result of PBI nano-
aggregates, the functionalization of Si surface precursors
presenting a low density of anchoring functional groups with
PBI nanoaggregates was engineered. Congruent with our
hypothesis, this hybrid interface lacks this redox-controlled
stabilization effect. Taken together, these control experiments
underscore the cardinal role played by the PBI nanoaggregate
precursors in modulating novel semiconducting properties to
Si hybrid nanomaterials. Furthermore, because the PBI-
C,Am™-C,Az building blocks demonstrate a lower degree of
aggregation than that evidenced by the neutral PBI-C,Am-
C,Az analogue, we posit that the magnitude of the redox-
controlled stabilization effect observed in the PBI-C,Am-
C,Triazo-Si@1 and PBI-C,Am*-C,Triazo-Si@1 interfaces
correlates with the aggregation state of the PBI precursors.
To rationalize the role played by the MAP, DFT calculation
performed on a partially p-doped PBI trimer 7-stack unravels
non-negligible structural deformation that may assist the
formation of electronic trap states. These newly formed states
facilitate negative charge carrier injections. By uncovering that
the structure—function relationships of 7-aggregates can be
leveraged to regulate the electronic properties of semi-
conducting interfaces, this study delivers new rules and
principles to engineer nanomaterials relevant to energy
transduction and information storage. In this regard, the
reported redox-controlled stabilization effect may establish the
foundation for a new class of memory effect as the anodic
potential (write) dictates the current density at a given
cathodic potential (read).
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