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ABSTRACT: The confinement of 7-conjugated chromophores on
silicon (Si) electrode surfaces is a powerful approach to engineer
electroresponsive monolayers relevant to microelectronics, electro-
catalysis, and information storage and processing. While common
strategies to functionalize Si interfaces exploit molecularly
dissolved building blocks, only a handful number of studies have
leveraged the structure—function relationships of 7-aggregates to
tune the electronic structures of hybrid monolayers at Si interfaces.
Herein, we show that the semiconducting properties of n-type
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monolayers constructed on Si electrodes are intimately correlated ::::2::2:3: T-Aggregated
to the initial aggregation state of z-conjugated chromophore ddan PBI

precursors derived from bay-substituted perylene bisimide (PBI)
units. Specifically, our study unravels that for n-type monolayers
engineered using PBI 7-aggregates, the cathodic reduction potentials required to inject negative charge carriers into the conduction
bands can be stabilized by 295 mV through reversible switching of the maximum anodic potential (MAP) that is applied during the
oxidative cycles (+0.5 or +1.5 V vs Ag/AgCl). This redox-assisted stabilization effect is not observed with n-type monolayers derived
from molecularly dissolved PBI cores and monolayers featuring a low surface density of the redox-active probes. These findings
unequivocally point to the crucial role played by PBI 7-aggregates in modulating the conduction band energies of n-type monolayers
where a high MAP of +1.5 V enables the formation of electronic trap states that facilitate electron injection when sweeping back to
cathodic potentials. Because the structure—function relationships of PBI 7-aggregates are shown to modulate the semiconducting
properties of hybrid n-type monolayers constructed at Si interfaces, our results hold promising opportunities to develop redox-
switchable monolayers for engineering nonvolatile electronic memory devices.

14—18

B INTRODUCTION modules delivers electroresponsive nanoarchitectures.

Organic—inorganic hybrid nanomaterials equipped with Seminal studies have underscored that potentiometric

tunable (opto)electronic properties are ideal platforms. to attributes of Si-organic hybrid interfaces are regulated by the
) . . . inherent electronic structures and the surface coverages of
interrogate light—matter interaction processes, electron trans-

. . . 1-10 redox-active units that comprise anchored mono-
fer reactions, and charge and spin transport dynamics. 14—1829-37 . .
« » . . . layers. ’ Synthetic design approaches and covalent
Bottom-up” molecular strategies to engineer (semi)-

. . j . functionalization strategies are equally important parameters
conducting electrode surfaces functionalized with redox- 8 quatly imp P /

. . ) which have been shown to control the semiconducting
responsive molecular modules are pivotal for developing 14—18,29—37
: . : -3 properties of electro-active monolayers. For exam-
electrochemically addressable hybrid nanointerfaces.
. - . ” ple, seminal work by Fabre, Hapiot, and coworkers reported
The latter has been comprehensively investigated during the
AN ; g B strong lateral electronic interactions between ferrocene
past few decades to gain insights into interfacial charge-transfer modules anchored on Si electrodes.®® These electronic
processes a‘nd engineer. molecular junctions, communisation properties only emerge in functionalized Si interfaces that
devices, microelectronics, actuators, field-effect transistors,
nonvolatile memories, electrocatalysts, biosensors, and spin
filters.”*** The efficiencies of such nanomaterial-based devices
are primarily governed by the structure—function relationships
of the hybrid interfaces that integrate the realm of organic
. . . . 11-28
semiconductors with that of inorganic electrodes.
Covalent functionalization of hydrogen-terminated mono-
crystalline silicon (Si—H) surfaces with redox-active organic
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feature a high surface coverage of ferrocene in the monolayer
(3.5 x 107° mol ecm™).>® The confinement of redox units
with the robust structural attributes of the hybrid interfaces
conferred by covalent Si—C bonds is at the origin of this strong
interaction. While Si-organic hybrid interfaces built from
monolayers of p-type redox probes (i.e., electron donors) have
been vastly explored, the repertoire of Si-organic interfaces
functionalized with n-type (i.e., electron acceptor) organic
buildln% blocks is constrained only to a scant number of
studies.” ™" However, n-type hybrid interfaces are required to
engineer functional materials that find applications in solar
energy cazpture and conversion, organic electronics, and spin
filters.”

Perylene bisimide (PBI) building blocks are ideal candidates
to engineer electroresponsive platforms. These redox units
possess low-lying conduction band energies, electronic
absorption in the visible spectral window with high oscillator
strength, and chemical robustness over a broad range of
temperature and pH.*™*° In addition, their well-established
assembly properties deliver z-conjugated superstructures
relevant to solar energy capture and conversion and charge
transport. #6759 Noncovalent interactions between PBI units
lead to long- and short-range electronic couplings, which
regulate the optical and potentiometric properties of the
emergent superstructures.”' > As shown by Spano, structural
perturbations as small as Angstrom-level displacements
dramatically impact these electronic couplings, thereby altering
the photophysical and potentiometric properties of PBI-
derived supramolecular constructs.”>>”

Functionalizing PBI cores at the “bay regions”, namely,
positions 1, 6, 7, and 12 in Scheme 1, enables tuning of their
electronic structures and offers a synthetic handle to monitor
the formation of supramolecular architectures.**™" It is well
documented that installing substituents at the “bay regions” of
the PBI core contorts the z-conjugated framework that adopts
a twisted conformation.**=%5%%0 Consequently, the extent of
frontier molecular orbital overlaps and supramolecular
assembly properties differs divergently from those evidenced
with analogous superstructures derived from terminally
substituted PBIs where the bay regions are flanked with
hydrogen atoms,*¢~°%3°

In one of our recent investigations, we developed hybrid Si
interfaces that feature n-type monolayers formed by anchoring
m-aggregates of the terminally substituted PBI module PBI-
C,Am-C,Az shown in Scheme 1B.*” We showed that the
conduction band energy of this class of n-type Si interfaces is
intimately related to the maximum anodic potential (MAP)
reached during the anodic sweep. Precisely, the first reduction
potential of the PBI monolayer is stabilized by more than 375
mV at MAP = +1.5 V compared with that monitored when an
MAP = +0.5 V is used.”” Spurred by these results, we aimed to
interrogate the scope of this redox-assisted stabilization effect
by altering the structural features of PBI precursor building
blocks. Because the assembly properties of bay-substituted
PBIs are known to differ from those of analogous terminally
substituted PBIs, we questioned if the structure—function
relationships of their 7-aggregates would lead to the formation
of monolayers whose conduction band energies can be
dynamically switched as a function of MAPs.

In this present study, we establish the covalent modification
of alkyne-terminated monolayers on Si electrodes with the
novel bay-substituted PBI unit PBI-(OC,Az)-C,Am shown in
Scheme 1A. The PBI-functionalized n-type monolayers at Si
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Scheme 1. (A) Access to PBI-Functionalized Monolayers
(PBI-Sis) Engineered on Hybrid Si Electrode Interfaces via
Cu''-Catalyzed “Click” Reactions of the Alkyne-Terminated
Si-Oct Precursor Interface with the Bay-Substituted PBI
Module PBI-(0C,Az)-C,Am.” (B) Molecular Structure of
the Terminally Substituted PBI Module PBI-C,Am-C,Az
that Features an Azide Substitution at one of the Two Imide
Positions
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“Note that routes 1 and 2 offer synthetic leverage to control the
aggregation state of PBI-(OC,Az)-C,Am during the construction of
monolayers on the Si-Oct precursor interface.

interfaces (PBI-Sis) created in this manner exhibit conduction
band energies that can be modulated electrochemically. We
demonstrate that the cathodic reduction potentials required to
inject negative charge carriers into the conduction bands of
such n-type monolayers are intimately associated with the
maximum anodic potential (MAP) used during the anodic
oxidation cycles. Specifically, the PBI monolayer built from
PBI-(OC,Az)-C,Am 7r-aggregates unveils a first cathodic
reduction potential at —0.455 V vs Ag/AgCl when using a
low MAP of +0.5 V. In contrast, the conduction band energy
undergoes significant stabilization by 295 mV under the
influence of a high MAP of +1.5 V. This energetic stabilization
is fully reversible and can be switched by changing the MAP
between the limits of +0.5 and +1.5 V. A set of control
experiments confirm that such redox-assisted conduction band
stabilization is absent for (1) analogous n-type monolayers
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engineered from molecularly dissolved PBI chromophores and
(2) Si interfaces that are characterized with a low surface
coverage of PBI units. Our findings are rationalized based on
non-negligible conformational perturbations of the r-aggre-
gated PBI monolayer upon p-doping, which occurs at a high
MAP of +1.5 V. The latter engenders electronic trap states that
enable electron injection into the conduction band at much
lower cathodic potentials.

B EXPERIMENTAL SECTION

Synthesis of PBI-(OC,Triazo)-C,Am-Si@1/2 Interfaces. These
two PBI-Si interfaces were accessed via Cu*'-catalyzed alkyne-azide
“click” reaction of Si-Oct with PBI-(OC,Az)-C,Am via routes 1 and
2 shown in Figure S8. In a typical procedure, Si-Oct interface was
immersed in an Ar-degassed solution of PBI-(OC,Az)-C,Am
(concentration = 0.7 mM; total volume of the reaction = 50 mL,
solvent = MeOH or DMF). Subsequently, solutions of the Cu*’
catalysts (ie, anhyd CuSO,/Na-ascorbate or anhyd Cul/Hiinig’s
base) were prepared in the pertinent degassed solvents (i.e., H,O or
DMF) under Ar. It should be noted that in each case, the Cu-salt (i.e.,
CuSO, or Cul) was used in 10 mol % with respect to the amount of
PBI precursors. However, Na-ascorbate or Hiinig’s base was used in
10 molar equivalents with respect to the amount of the Cu-salt, and,
thus, 1 molar equivalent with respect to the amount of PBL
Accordingly, in each case, the Cu*' catalyst solution was cannulated
dropwise (under Ar) into the reaction mixture contained in the flask
and the contents were allowed to stir gently under Ar at rt for 1 d.
After this period, the solution of the reaction mixture was removed,
and the resultant PBI-(OC,Triazo)-C,Am-Si@1/2 surface was
subjected to comprehensive sequential washing with copious amounts
of water, DMF, MeOH, DCM, respectively, and finally with water.
Subsequently, the PBI-Si surface was rinsed thoroughly with EDTA
solution (0.05% w/v in water) to remove residual trace amounts of
Cu salts adhered onto the surface. After this, the surface was washed
with abundant amounts of water to preclude traces of EDTA. After
these post-synthetic work-up steps, the PBI-Si surface was dried
briefly by a gentle stream of Ar followed by high vacuum conditions
via standard Schlenk procedures.

Synthesis of PBI-(OC,Triazo)-C,Am-Si(1:50)@1 Interface.
The ‘surface diluted interface Si-(1:50)-Oct was accessed from Si-
H precursor using the thermally activated grafting approach with
mixed alkynes (namely, 1,7-octadiyne and 1-octyne) as shown in our
previous studies.’®*” Please note that the surface coverage of reactive
alkyne functionalities in Si-(1:50)-Oct (~1 moiety per 20 nm?) is ca.
50 times lower compared with that evidenced in Si-Oct.***’
Accordingly, the PBI-(OC,Triazo)-C,Am-Si(1:50)@1 interface
shown in Figure S9 was accessed from Si-(1:50)-Oct via Cu''-
catalyzed “click” reaction with PBI-(OC,Az)-C,Am following the
route 1 exactly as described earlier for analogous PBI-(OC,Triazo)-
C,Am-Si@1 interface, cf. Tables S1 and S2. The target PBI-
(OC,Triazo)-C,Am-Si(1:50)@1 interface was obtained by following
the same post-synthetic work-up and drying process mentioned
earlier.

Detailed synthetic procedures and characterization data for the PBI
precursors are described in Section 2 of the Supporting Information.
Solution-phase electrochemistry, AFM, SEM, and XPS character-
ization, and control experiments ruling out the oxidation of the Si
surfaces are also detailed in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis and Aggregation Properties of PBI
Precursors. The novel PBI-based building block PBI-
(0OC,Az)-C,Am shown in Scheme 1A is substituted at the
1,7-bay positions with 2-azidoethoxy moiety. It has been
designed to exist in the form of s-aggregates or molecularly
dissolved units as a function of the solvation environment. The
synthetic pathway to access this azide-functionalized bay-
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substituted PBI building block uses a nucleophilic aromatic
substitution reaction (SNAr) of the bromo-functionalized PBI
precursor PBI-(Br)-C,Am with 2-azidoethanol. Section 2 of
the Supporting Information details synthetic procedures and
characterization data. The lack of hydrophilic functionalities
(e.g., cationic/anionic side chains) on the PBI-(OC,Az)-
C,Am scaffold decreases its solubility in polar protic solvents
enabling the formation of 7-aggregates in this environment. In
contrast, a polar aprotic medium (DMF) supports the
solvation of PBI-(OC,Az)-C,Am as molecularly dissolved
species. Figure 1A chronicles the ground-state electronic
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Figure 1. (A) Normalized ground-state electronic absorption spectra
(GS-EAS) recorded for the solutions of PBI-(OC,Az)-C,Am in
MeOH/H,O (50:1, v/v) and dry DMF that is represented in green
and orange lines, respectively. Experimental conditions: [PBI] = 0.7
mM; optical pathlength = 2 mm; temperature = 25 °C. (B,C) SEM
images that reveal the solid-state morphologies of PBI-(OC,Az)-
C,Am recorded for the samples prepared by drop-casting the PBI
solutions (0.7 mM) in (B) MeOH/H,O (50:1, v/v) and (C) dry
DMF onto untreated Si/SiO, substrates.

absorption spectra (GS-EAS) recorded for the solutions of
PBI-(OC,Az)-C,Am in MeOH/H,O (50:1 v/v) and DMF.
The PBI building block exhibits the spectroscopic signatures of
molecularly dissolved species in DMF (orange line in Figure
1A) as validated by (1) the 0—0, 0—1, and 0—2 vibronic
transitions centered at 560, 523, and 486 nm, respectively, that
are regularly separated by ~169 meV, ie, ~1360 cm™" (the
stretching frequency C=C) and (2) the relative ratio of
absorbances of the 0—0 and 0—1 vibronic transitions (1.35)
that indicate the absence of inter-chromophore interactions
(short- and long-range coupling) between the PBI
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units.*”*#33553675% The spectroscopic signatures evidenced
for the solution of PBI-(OC,Az)-C,Am building block in
MeOH/H,0 (50:1 v/v) diverge from those observed in the
case of the solution in DMF. Specifically, the absorption
spectrum shown as a green line in Figure 1A reveals a broad-
band feature with an absorption maximum at 528 nm and
diagnoses unresolved vibronic transitions. These spectroscopic
features suggest the existence of n-aggregated species in
MeOH/H,0 (50:1, v/v) that exhibit non-negligible excitonic
coupling between the PBI units.””***%*%37>% The hypso-
chromic shift (1082 cm™) calculated when comparing the
spectroscopic signatures of PBI-(OC,Az)-C,Am building
blocks in MeOH/H,0 (A, = 528 nm) and DMF (4, =
560 nm) suggests that H-like aggregates are the primary
species. In addition, the tail observed between 600 and 700 nm
may also indicate the existence of J-like aggregate although at a
smaller concentration.

Interrogated by scanning electron microscopy, the solid-
state morphologies of the PBI-(OC,Az)-C,Am blocks drop-
cast from parent DMF and MeOH/H,O solutions are
different. As shown in Figures 1B and SS, drop-casting a
solution of PBI-(OC,Az)-C,Am from MeOH/H,O (50:1, v/
v) initiates the formation of film-like materials that stem from
the interaction of the solvated PBI-(OC,Az)-C,Am 7-
aggregates. Please refer to Section 3 of the Supporting
Information for more details on the sample preparation and
data acquisition. In contrast, the SEM images in Figures 1C
and S6 (drop-cast DMF solution) reveal the existence of
isolated rod-like microstructures with lengths ranging between
4 and 6 um. These well-defined hierarchical microstructures
originate from the assembly of molecularly dissolved PBI units
during the drop-casting process. The disparity observed when
comparing the solid-state morphologies recorded for the DMF
and MeOH/H,O samples confirms that the PBI-(OC,Az)-
C,Am building blocks exist under different solvated states.

Potentiometric Properties of Solvated PBI Precur-
sors. The potentiometric properties recorded for the PBI-
(OC,Az)-C,Am building block in DMF and MeOH/H,0
confirm the existence of aggregated states. These 7-aggregates
do not share the same electronic structure as the molecularly
dissolved building blocks. The cyclic voltammograms recorded
for the molecularly dissolved species PBI-(OC,Az)-C,Am in
DMF (Figures 2B and S7B) exhibit typical electrochemical
reversibility”' as validated by (1) two sequential cathodic
signals pertinent to the first and second reduction of a neutral
PBI unit and corresponding two sequential anodic signals
pertinent to the back-oxidation of the di- and monoanionic
PBI species,””****% (2) a peak-to-peak separation (AE®)) of
70 mV between the cathodic and anodic peaks, and (3) the
ratio of the cathodic and anodic peak currents being close to
unity. In contrast, the CVs recorded for the PBI-(OC,Az)-
C,Am 7-aggregates formed in MeOH/H,O (50:1, v/v)
(Figures 2A and S7A) unambiguously underscore non-
reversible®" electrochemical processes as corroborated by (1)
emergence of only one broad and unresolved cathodic
reduction wave and the corresponding anodic oxidation
wave, (2) a sizable peak-to-peak separation (AE® = 125
mV) between the cathodic and anodic peaks, and (3) deviation
of the ratio of the cathodic and anodic peak currents from
unity (>1). The origin of such deviation from electrochemical
reversibility is traced back to slower rates of electron transfer
processes and structural reorganization within the 7-aggregates
upon cathodic reduction and anodic back-oxidation. A similar
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Figure 2. Cyclic voltammograms (scan rate = 0.05 Vs™') recorded for
the degassed solutions of PBI-(OC,Az)-C,Am in (A) MeOH/H,0
(50:1, v/v) and (B) dry DMF using n-Bu,NPF, (0.1 mM) as the
supporting electrolyte. Please notice the values of the first inflection
reduction potential,that is, EW , as determined from the first derivative
plots of the cathodic signals in the two cases. Experimental
conditions: [PBI] = 0.7 mM; working electrode = glassy carbon
(electro-active surface area = 0.071 cm?); reference electrode = Ag/
AgCl (3 M NaCl); counter electrode = Pt; Ar gas atmosphere;
temperature = 25 °C.

observation has recently been reported for related molecular
systems.* "4~ Further insights into the potentiometric
properties of the PBI-(OC,Az)- C,Am r-aggregates were
gathered through estimation of the first cathodic reduction
inflection potential (EM") by plotting the first derivative of the
cathodic signal of the CV.®" This approach established by
Vullev and coworkers estimates the half-wave potential (E(/?))
for nonreversible electrochemical systems.”” As depicted in
Figures 2 and S7, the PBI-(OC,Az)-C,Am 7-aggregates
formed in MeOH/H,0 (50:1, v/v) feature a first reduction
inflection potential (E®) = —0.335 V) that is stabilized by
more than 80 mV compared to that recorded for the
molecularly dissolved PBI-(OC,Az)-C,Am units (E() =
—0.415 V) in DMF. This observed stabilization originates
from a non-negligible degree of electronic perturbation via
inter—chromo})hore interactions within the PBI rm-aggre-
gates.””*>!=>” This conclusion is corroborated by the results
obtained from the GS-EAS properties of the 7-aggregates that
reveal excitonic coupling between the z-conjugated PBI units.

Functionalization of Si Electrodes with PBI z-
Aggregates. The aggregated state of PBI-(OC,Az)-C,Am
building blocks is leveraged to construct hybrid semiconduct-
ing interfaces on Si electrodes. As shown in Scheme 1A, the
Cu*'-catalyzed “click” reaction in route 1 anchors the PBI-
(OC,Az)-C,Am r-aggregates on the Si-Oct interface
precursor leading to PBI-(OC,Triazo)-C,Am-Si@1 hybrid
interface. The analogous Si hybrid interface PBI-(OC,Triazo)-
C,Am-Si@2 is engineered from the covalent grafting of
molecularly dissolved PBI-(OC,Az)-C,Am units in route 2.
The latter serves as a control platform to elucidate the
influence of m-aggregated states on the final potentiometric
properties of the Si hybrid interfaces. The synthetic procedures
for these PBI-Si hybrid interfaces are described in Section SA
of the Supporting Information. Tapping mode atomic force
microscopy (AFM) reveals the solid-state morphologies
featured by these two analogous PBI-Si interfaces. The
representative AFM images recorded for the PBI-
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(0C,Triazo)-C,Am-Si@1 and PBI-(OC,Triazo)-C,Am-Si@
2 interfaces are depicted in Figures 3A and S10, respectively.
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Figure 3. (A) AFM topographic image (tapping mode) of the PBI-
(OC,Triazo)-C,Am-Si@1 interface. (B) Determination of R; (RMS)
surface roughness from the cross-section profile (designated in green
filled circles) of the representative area shown within the inset of the
AFM image (designated in green square). (C,D) High-resolution XPS
spectra (blue), deconvoluted spectra using Voigt functions (red), and
cumulative fitted spectra (dotted green) evidenced for PBI-
(0C,Triazo)-C,Am-Si@1 interface that represents the emission
signals originating from (C) C 1s and(D) N 1s areas. Please note that
the C 1s emission signal(C) can be deconvoluted into four Voigt
functions with their peaks centered at the binding energies of 287.9,
286.1, 285.7, and 284.6 eV, which can be attributed to the
contributions from C=0, C—0, C—N, and C=C/C—C bonds,
respectively. The N Is signal(D) can be deconvoluted into two Voigt
functions with their peaks centered at the binding energies of 401.4
and 400.0 eV, validating the presence of chemically disparate nitrogen
atoms.

Smooth and atomically flat surfaces are observed for both
hybrid monolayers as confirmed by the root mean square
surface roughness parameter,’”* ™%’ Ry (RMS), which falls
below 0.5 nm for the two surfaces (Figures 3B and S10). This
surface morphology analysis via AFM suggests that the
covalent grafting strategies using 7-aggregated and molecularly
dissolved states of PBI-(OC,Az)-C,Am deliver smooth PBI-Si
hybrid interfaces that are uniformly functionalized.

To unambiguously confirm the covalent functionalization of
the PBI units at the Si interface, chemical compositions of the
two PBI-Si interfaces were examined using X-ray photo-
electron spectroscopy (XPS). Please refer to Section 7 of the
Supporting Information for details. The high-resolution XPS
spectra of the C 1s and N 1s areas recorded for the PBI-
(OC,Triazo)-C,Am-Si@1 surface are shown in Figure 3C,D,
respectively. Accordingly, the C 1s emission signal can be
deconvoluted into four Voigt functions with their peaks
centered at the binding energies of 287.9, 286.1, 285.7, and
284.6 eV. The high-energy emission peak at 287.9 eV is
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diagnostic of oxygen-bonded carbon atoms (C=0), while the
emission signals peaking at 286.1, 285.7, and 284.6 eV are
attributed to oxygen-bonded carbon (C—0), nitrogen-bonded
carbon (C—N), and carbon-bonded carbon (C—C/C=C)
atoms, respectively. Notably, the emission peak at the binding
energy of ~286 eV stemming from C-O bonds may also
originate from contamination of external carbon sources.***’
The high-resolution XPS spectrum of the N 1s area (Figure
3D) offers a more explicit spectroscopic handle to
unambiguously validate the covalent anchorage of the PBI
units on the Si-Oct precursor interface. The N 1s emission
signal can be deconvoluted into two Voigt functions with their
peaks centered at 401.4 and 400.0 eV. These spectroscopic
signatures confirm the presence of chemically dissimilar
nitrogen atoms. Furthermore, brief scrutiny of the high-
resolution XPS spectrum of the Si 2p area (Figure S12)
discloses the existence of SiO, species, albeit in negligible
quantities, as corroborated by the weak-intensity emission
signal centered at the binding energy of 102.5 eV that implies a
low level of oxidation of the precursor Si—H surface. Taken
together, the XPS analyses of PBI-(OC,Triazo)-C,Am-Si@1
surface confirm covalent grafting of PBI units at the Si
interface. The high-resolution XPS characterization data of the
analogous PBI-(OC,Triazo)-C,Am-Si@2 surface are pre-
sented in Figure S13. They also confirm the successful
anchorage of the n-type redox probe at the Si interface.

Potentiometric Properties of PBI Monolayers on Si
Electrodes. The semiconducting properties of the PBI-Si
hybrid interfaces are intimately related to the aggregated state
of the PBI-(OC,Az)-C,Am precursors used in routes 1 and 2.
As seen in Figures 4A and S18, the CVs recorded with the
PBI-(OC,Triazo)-C,Am-Si@1 interface derived from PBI 7-
aggregates show broad, ill-resolved, and weakly defined redox
waves. This nonreversible electrochemical behavior stems from
(1) slow rates of electron transfer processes and (2) structural
reorganizations of the monolayer level.***”***® Noteworthy,
the CVs are reproducible, indicating that the experimental
conditions used are nondestructive to the monolayer at the
interface. Figures 4A, S18, and S19 reveals that the initial first
reduction inflection potential (E(“)Cyde . = —0.390 V)
undergoes a modest cathodic shift during cycle 2 (E(il)CycleZ
= —0.455 V) and cycle 3 (EW¢q. 3 = —0.460 V). This shift
may suggest that the PBI monolayers experience conforma-
tional changes, to some extent, during the cathodic sweep in
cycle 1.7 Contrasting this finding, increasing the MAP to +1.5
V has a remarkable influence on the cathodic reduction waves.
Specifically, Figures 4B, S20, and S21 shows that the first
reduction inflection potential recorded in cycle 2 (E(“)Cyde 5, =
—0.160 V) is stabilized by 295 mV compared with that
evidenced in cycle 2 when applying a MAP = +0.5 V
(E(il)cyde , = —0.455 V). It is interesting to note that (1) the
E® cyde1 Trecorded for the first cathodic signal remains
unaltered for both MAP = +0.5 V and MAP = +1.5 V; (2)
the energetic stabilization of the first reduction inflection
potential is absent for MAP = +0.5 V and is only operational
when a MAP = +1.5 V is reached; and (3) the energetic
stabilization of E(“)Cyde , remains similar upon an additional
redox cycle, that is, cycle 3, with a MAP of +1.5 V (E(“)Cycle 5=
—0.230 V).

The stabilization of the conduction band energy triggered at
high MAP as chronicled in Figures 5A, S29, and S30, the E
recorded for PBI-(OC,Triazo)-C,Am-Si@1 interface upon
applying a MAP = +1.5V (E(“)Cyde ,) can be switched back to
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Figure 4. Cyclic voltammograms (cycles 1—3; scan rate = 0.05 Vs™')
of PBI-(OC,Triazo)-C,Am-Si@1 (A,B) and PBI-(OC,Triazo)-
C,Am-Si@2 (C,D) interfaces recorded by using a starting potential
of +0.5 V in cycle 1 and the maximum anodic potential (MAP) limit
of +0.5 V (A,C) and +1.5 V (B,D) during cycle 2/3 in dry acetonitrile
using n-Bu,NPF4 (0.1 M) as the supporting electrolyte. Experimental
conditions: working electrodes = PBI-Si surfaces (electro-active
surface area = 0.5026 cm?); reference electrode = Ag/AgCl (3 M
NaCl); counter electrode = Pt; Ar gas atmosphere; temperature = 25
°C. Please note that (i) the starting potential in cycle 1 for all the
cases is +0.5 V, (ii) cycles 1, 2, and 3 are represented in red, green,
and blue lines, respectively, and (iii) the values of E(“), that is, the first
inflection reduction potential as determined from the first derivative
plots of the cathodic signals, are shown for the three consecutive

cycles.

the ori(ginal value (E(il)cyde 1) by resetting the MAP to +0.5 V
(ie, E il)(;yde 3)- A similar redox-assisted stabilization effect has
been recently reported by us although for monolayers
constructed using terminally substituted PBI units that feature
hydrogens at the 1,7 positions.”” Furthermore, the reported
effect is unlikely to originate from oxidation of the Si surface
during the anodic sweep. While an identical MAP = 1.5 V is
used when probing the potentiometric of PBI-(OC,Triazo)-
C,Am-Si@1/2 interfaces, only the interface derived from PBI
m-aggregates exhibits a stabilized conduction band energy.
Should this effect stem from Si oxidation, both interfaces
would demonstrate it.

No redox-assisted stabilization effect is evidenced for the
PBI-(OC,Triazo)-C,Am-Si@2 interface constructed with
molecularly dissolved PBI units (route 2 in Scheme 1A). As
gleaned in the CVs recorded for the PBI-(OC,Triazo)-C,Am-
Si@2 interface (Figures 4C,D and S22—S25), the MAP used
during the anodic sweeps at +0.5 and +1.5 V has virtually no
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Figure S. Sequential MAP-dependent cyclic voltammograms (cycles
1-3; scan rate = 0.05 Vs™') of PBI-(OC,Triazo)-C,Am-Si@1 (A)
and PBI-(OC,Triazo)-C,Am-Si@2 (B) interfaces that employ a
starting potential of +0.5 V in cycle 1 (red line) and sequentially
exploit a MAP limit of +1.5 and +0.5 V during cycle 2 (green line)
and cycle 3 (blue line), respectively. Please note that in the case of
PBI-(OC,Triazo)-C,Am-Si@1, the EWV recorded during cycle 2 can
be reversibly restored to its original value (that is observed in cycle 1)
by resetting the MAP from +1.5 (cycle 2) to +0.5 V (cycle 3). In the
case of PBI-(OC,Triazo)-C,Am-Si@2, however, the E(!) exhibits
inconsequential dependence on the MAP limit, that is, +0.5 or +1.5V,
during different cycles.

impact on the reduction inflection potentials. Precisely,
exploiting a MAP of +0.5 V is associated with E(”)Cyclel =
—0.465 V, which remains identical during subsequent sweeps,
that is, cycles 2 and 3 in Figures 4C, S22, and S23. In addition,
the CVs recorded with the MAP = +1.5 V also reveal
re(producible values (+ 50 mV) of the first reduction potential
E®) which remain unaltered during subsequent sweeps as
observed in Figures 4D, S24, and S25. Congruent with these
observations, the MAP-dependent CVs of PBI-(OC,Triazo)-
C,Am-Si@2 interface shown in Figures 5B, S31, and S32
highlight the fact that resetting the MAP from +1.5 to +0.5 V
has virtually no impact on the EW value. Our findings
underscore that PBI hybrid interfaces derived from molecularly
dissolved building blocks do not enable a redox-assisted
stabilization effect on conduction band energy.
Potentiometric Properties of Si Interfaces Featuring
a Low Surface Density of PBIs. Because the redox-assisted

https://doi.org/10.1021/acs.langmuir.1c03423
Langmuir 2022, 38, 4266—4275


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03423/suppl_file/la1c03423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03423/suppl_file/la1c03423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03423/suppl_file/la1c03423_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03423/suppl_file/la1c03423_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03423?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

stabilization effect is witnessed exclusively for PBI-
(OC,Triazo)-C,Am-Si@1 interface constructed using 7-
aggregated PBI units, we conclude that the solvated PBI
aggregate precursors command the structure—function rela-
tionships of the PBI monolayers anchored covalently at the Si
interface. To validate this hypothesis, PBI-(OC,Az)-C,Am 7-
aggregates were functionalized on Si electrodes that feature a
low coverage of reactive alkyne moieties (8.4 X 1072 mol
em™2),***” namely Si-(1:50)-Oct. Section SB of the
Supporting Information describes the synthetic details of the
PBI-(OC,Triazo)-C,Am-Si(1:50)@1 interface. The solid-
state morphology interrogated via tapping mode AFM image
and the chemical composition monitored by high-resolution
XPS spectra for these interfaces are summarized in Figures S11
and S14, respectively. Because the precursor alkyne-terminated
surface Si-(1:50)-Oct features a gopulation of one alkyne
moiety per ~20 nm? surface area,3 7 we posit that lateral z-
interactions between the PBI units is prohibited in PBI-
(OC,Triazo)-C,Am-Si(1:50)@1 interface. In essence, the low
density of reactive alkyne functions enables the anchorage of
only a few PBI units featured in the solvated aggregates.
Consequently, the PBI coverage in PBI-(OC,Triazo)-C,Am-
Si(1:50)@1 is expected to contrast the PBI-(OC,Triazo)-
C,Am-Si@1 interface, which is characterized with a surface
coverage of 2.23 X 107'" mol cm™? for the PBI units translating
to one PBI unit per 0.74 nm’® surface area (please refer to
Section 8.4 of the Supporting Information for details). In
complete agreement with the surface coverage, the pertinent
CVs recorded for the PBI-(OC,Triazo)-C,Am-Si(1:50)@1
interface (Figures S26 and S$28) underscores divergently
different potentiometric properties as compared to those
evidenced for PBI-(OC,Triazo)-C,Am-Si@1 interface, vide
supra. As shown in Figure S26, the sweep toward a cathodic
potential (cycle 1) engenders a nonreversible potentiometric
wave corresponding to an E(ﬂ)cyde | of —1.28 V. Sweeping back
to the MAP of +0.5 V does not reveal any distinguishable
redox signals. Surprisingly, the EW undergoes an apparent
cathodic shift during the sweep in cycle 2 (E(il)cyde , =—1.40
V), which is restored during cycle 3. Setting the MAP to +1.5
V (Figure S28) reveals an E(il)Cycle , = —1.44 V, which
resembles the E(ﬂ)cyde , evidenced while using MAP = +0.5 V.
These potentiometric data vindicate that the PBI-
(0C,Triazo)-C,Am-Si(1:50)@1 interface built from a low
surface coverage of PBI units cannot initiate the redox-assisted
stabilization effect observed exclusively for the PBI-
(OC,Triazo)-C,Am-Si@1 interface that features a high
density of anchoring precursors.

Origin of the Redox-Assisted Stabilization Effect. The
origin of the redox-assisted stabilization effect on the
conduction band energy of PBI-(OC,Triazo)-C,Am-Si@1
interface is anticipated to stem from the formation of nascent
electronic trap states created within the n-aggregated PBI
monolayer at MAP = +1.5 V. We posit that such developing
electronic trap states are generated via structural deformations
of m-aggregated PBI monolayer at a high anodic potential.””
We have recently shown by DFT calculations that the p-
doping of a model PBI trimer 7-stack is associated with non-
negligible conformational perturbation.”” Molecularly dis-
solved bay-functionalized PBI building blocks are known to
undergo anodic oxidation in the solution state within the
potential range of ca. +1.20 to +1.60 V vs SCE depending on
the substituents.””*”’® The oxidation potential of PBI units
anchored covalently at the PBI-(OC,Triazo)-C,Am-Si@1
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interface is expected to diverge, to some extent, in comparison
with those witnessed in the solvated environment due to lateral
interactions between the 7-conjugated cores. The use of MAP
= +1.5 V during the anodic sweep can facilitate injection of
positive charge carriers (holes) into the valence bands of z-
aggregated PBI units in PBI-(OC,Triazo)-C,Am-Si@1 inter-
face. This claim is corroborated by the apparition of an anodic
wave peaking at +1.28 V, as shown in Figures 4B, SA, S20, and
§29, during the anodic sweep to MAP = +1.5 V during cycle 1.
This anodic peak may be attributed to p-doping (hole
injection) of the z-aggregated PBI monolayer. This is further
verified by the absence of this anodic peak during sweeping to
MAP = +1.5 V in the case of PBI-(OC,Triazo)-C,Am-Si@2
interface engineered from molecularly dissolved PBI units as
chronicled in Figures 4D, 5B, S24, and S31.

The redox-assisted stabilization effect presented herein
mimics that we recently reported for hybrid interfaces built
with 7m-aggregates derived from the terminally substituted PBI
units shown in Scheme 1B.>” However, the magnitude of the
stabilization effect evidenced by the PBI-(OC,Triazo)-C,Am-
Si@1 interface (295 mV) is lower (~80 mV) than that
reported with interfaces constructed with PBI units not
functionalized at the bay positions (375 mV).”” This
observation validates that the precursor PBI z-aggregates can
be exploited to modulate the final semiconducting properties
of hybrid Si interfaces. The structure—function relationships of
the 7-aggregates derived from bay-substituted neutral PBI
building block PBI-(OC,Az)-C,Am differ, to some extent,
from those characterizing the terminally substituted neutral
PBI building block PBI-C,Am-C,Az (Scheme 1B) recently
reported by us.”” This conclusion is corroborated by GS-EAS,
solid-state morphology elucidated by SEM, and potentiometric
properties recorded for the solvated m-aggregates of PBI-
(0C,Az)-C,Am and PBI-C,Am-C,Az in MeOH/H,O (50:1,
v/v). For example, while PBI-C,Am-C,Az 7-aggregates form
fiber-like structures in the solid-state,”” PBI-(OC,Az)-C,Am
m-aggregates cannot evolve into hierarchical structures in the
solid state. In addition, the spectroscopic signatures, and the
potentiometric properties of the two 7-aggregates in solution
are drastically different, further suggesting that they exhibit
different superstructure conformations. Accordingly, we
conclude that the monolayers engineered from the precursor
m-aggregates of PBI-(OC,Az)-C,Am (bay-substituted) and
PBI-C,Am-C,Az (terminally substituted)’’ capture the
structure—function relationships of the precursor 7-aggregates.
In essence, the conformations of the 7-aggregate precursors are
translated at the monolayer level, consequently parameterizing
the magnitude of structural reconfiguration induced via p-
doping at MAP = +1.5 V. Furthermore, we cannot rule out that
some structural reorganization of the solvated aggregates
occurs during the Si electrode functionalization step. Structural
constraints imposed at Si interfaces may engender the
formation of aggregated PBI monolayers whose conformation
diverges as compared to that of the solvated PBI precursor
assemblies. We posit that transferring the structure—function
relationships of PBI s-aggregates on Si electrodes offers a
powerful strategy to develop electroresponsive hybrid materials
with redox-tunable conduction band energies.

B CONCLUSIONS

We have shown that the aggregation state of a novel bay-
substituted PBI building block can be harnessed to implement
reversible electronic functionalities in semiconducting hybrid
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interfaces. Precisely, anchoring PBI s-aggregates on Si
electrodes delivers the semiconducting monolayer PBI-
(OC,Triazo)-C,Am-Si@1, whose conduction band energies
are dynamically regulated via a redox-assisted stabilization
effect. While a MAP = +0.5 V instigates a cathodic reduction
signal at —0.455 V, increasing the MAP to +1.5 V initiates a
stabilization of 295 mV of the first cathodic reduction potential
(E(il)CycleZ = —0.160 V). We further demonstrate that this effect
is reversible by switching between the two alternate MAP
limits. Contrasting this result, the hybrid interface PBI-
(OC,Triazo)-C,Am-Si@2 derived from molecularly dissolved
PBI units reveals that the conduction band energy is insensitive
to the MAP applied during the oxidation cycles.

These findings are rationalized based on the formation of
electronic trap states formed within the r-aggregated PBI
monolayer through conformational perturbations. Emergent
electronic trap states formed seemingly stabilize the con-
duction band energy of the interface. These emergent states
facilitate the injection of negative charge carriers at more
anodic potentials. To further demonstrate that the reported
redox-assisted stabilization effect originates from lateral
interaction between the PBI units, precursor Si interface
featuring a low density of anchoring moieties was used to
construct the PBI-(OC,Triazo)-C,Am-Si(1:50)@1 mono-
layer. In this interface, one reactive site is present every 20
nm’ consequently preventing any lateral interactions between
PBI units. Despite using PBI 7-aggregates as a precursor, the
PBI-(OC,Triazo)-C,Am-Si(1:50)@1 monolayer does not
exhibit the redox-assisted stabilization effect reported for
interfaces where lateral interaction between PBI modules is
possible. This finding confirms the pivotal role of PBI 7-
aggregates in tuning the conduction band energies of n-type
monolayers functionalized at semiconducting Si hybrid
interfaces. Furthermore, the hybrid Si interfaces derived from
bay-functionalized PBIs show a stabilization effect whose
magnitude is lower than that previously reported for
monolayers built with terminally substituted PBIs.”” This
observation confirms that the structure—function relationships
of the PBI 7-aggregates are essential parameters to consider to
modulate the semiconducting properties of n-type PBI-Si
nanointerfaces.

By validating the fact that the semiconducting properties of
hybrid Si interfaces can be reversibly tuned through the
structure—function relationships of z-aggregates, the present
study offers new opportunities to engineer electroresponsive
functional monolayers for applications in the cutting-edge
research areas of energy transduction, potentiometric memory
devices, and information storage.
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