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ABSTRACT: The functionalization of silicon electrodes with π-
conjugated chromophores opens new avenues to engineer hybrid
semiconducting interfaces relevant to information storage and processing.
Notably, molecularly dissolved π-conjugated units, such as ferrocene
derivatives, are traditionally exploited as building blocks to construct well-
defined interfaces that establish electrochemically addressable platforms
with which to investigate electron transfer properties and charge storage
capabilities. In contrast, planar π-conjugated building blocks such as
naphthalene diimide (NDI) cores enable the formation of solvated
aggregates equipped with emergent electronic structures not manifested
by the parent, molecularly dissolved building blocks. To interrogate the
extent to which the aggregated states of π-conjugated chromophores can
be leveraged to regulate the n-type semiconducting properties of
functionalized electrodes, we have devised an amphiphilic rylene core (NDI) that demonstrates a non-negligible degree of
aggregation in an aqueous medium. Characterization of the electronic structures of the NDI-derived aggregates using a combination
of electrochemistry, reductive titration experiments, and spectroelectrochemistry unveils the existence of π-anion stacks, the
formation of which is contingent on the initial concentration of NDI building blocks. We show that grafting n-doped NDI aggregates
on silicon electrode precursors equipped with a high density of anchoring groups by means of “click” reaction enables the formation
of the hybrid Si-NDI electrode (Si-NDI-15@1) that facilitates electron injection by more than 400 mV when compared to Si
interfaces constructed from molecularly dissolved NDI units. Furthermore, the engineering of a Si precursor surface characterized by
a low density of anchoring groups provides additional proof to highlight that the potentiometric properties recorded for Si-NDI-
15@1 originate from NDI units, evidencing a non-negligible degree of aggregation. The present work delivers tools to manipulate
the potentiometric properties of functionalized electrodes by leveraging on the electronic structures of aggregated, π-conjugated
precursors.

KEYWORDS: silicon electrode functionalization, naphthalene diimide, semiconducting nanostructures, n-doped aggregate,
semiconducting interfaces

■ INTRODUCTION

The development of functional materials paves the way to
fabricate smart integrated devices for applications in
optoelectronics, information storage technology, and energy
transduction schemes.1−5 In particular, the enticing optical and
electronic properties of organic nanomaterials built from π-
conjugated building blocks have bolstered this class of
materials as promising candidates to engineer organic field-
effect transistors,6,7 spin valves and filters,8−11 organic solar
cells,12−15 and chemical sensors.16,17 The interfaces defined by
the organic semiconducting media and the inorganic electrodes
play a cardinal role in dictating the efficiency of these
devices.18−21 Consequently, the last few decades have
witnessed a surge in interest to develop strategies to

functionalize (semi)conducting surfaces with redox-active

molecular systems using a bottom-up approach.22−24 The

resulting hybrid electrodes have provided unique platforms to

not only unveil the parameters that regulate interfacial

electron-transfer processes and electron-spin filtering effects

but also elucidate electrocatalytic cycles.14,25,26
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The covalent functionalization of doped silicon (Si) surfaces
with redox-active organic constructs enables the formation of
chemically well-defined, thermally robust, and electronically
responsive nanoarchitectures at Si/organic interfaces. Strat-
egies to covalently functionalize hydrogen-terminated mono-
crystalline silicon (oxide-free) surfaces (Si−H) with a broad
variety of redox-active chromophores have gained considerable
attention and represent a compelling approach to engineer
integrated systems for functional electronic devices.24,27−36

More specifically, seminal studies have unambiguously
demonstrated that synthetic grafting strategies can be
modulated to control the density of redox-active constructs
on Si−H surfaces, delivering hybrid surfaces equipped with
tailored electrochemical properties.24,27−41 For example, the
spatial proximity of anchored redox units engenders local
electronic interactions that regulate the potentiometric proper-
ties of the semiconducting hybrids.22−24 Pioneering studies
have reported the anchorage of ferrocene redox reporters on
silicon surfaces with a surface density as high as 3.5 × 10−10

mol cm−2, indicating the formation of a packed monolayer
where non-negligible electronic interactions between the
ferrocene heads have been confirmed by scanning electro-
chemical microscopy investigations.39 The high surface
coverage reported for Si substrates is the combined product
of a surface confinement effect along with robust Si−C bonds
that provide monolayer-thick materials equipped with
electronic functions which differ from those of the building
blocks in solution.
While the construction of hybrid silicon interfaces that

feature electron donor (p-type) monolayers is well estab-
lished,22−24,27,28,31,36,37,40,42 only a handful of studies have
reported the anchoring of electron acceptor (n-type) building
blocks. The low reduction potential of the redox-active
naphthalene diimide (NDI) cores, which are a class of rylene
dyes, renders this class of chromophores an appealing
candidate to devise n-type semiconducting interfaces that
feature a low-lying conduction band energy.43−51 We have
recently reported that a synthetic approach involving thermal
grafting of an aliphatic alkadiyne on a p-doped Si−H surface
followed by Cu1+-catalyzed “click” reaction enables the
formation of reactive monolayers on which NDI cores are
grafted.52 Contrasting the reversible redox properties measured
for the solvated NDI precursors, the NDI-functionalized Si
interfaces (Si-NDIs) exhibit quasi-irreversible electrochemical
behavior that may suggest structural perturbation of the
anchored monolayer upon n-doping in addition to slow
electron transfer processes. Moreover, the π−π interactions
between anchored neighboring NDI cores may lead to the
formation of a collection of electronic states that are
energetically disparate. Furthermore, while the NDI building
blocks are present as molecularly dissolved in solution, the high
density of reactive functional groups featured on the precursor
Si−H surface can enable the confinement of the NDI cores,
consequently enforcing electronic coupling between redox-
active units. The extent to which the aggregation properties of
NDI cores in solution can be harnessed to modulate the
potentiometric properties of Si-NDI interfaces remains elusive,
yet it can deliver tools to modulate the semiconducting
properties of hybrid materials.
Controlling the assembly of π-conjugated chromophores

enables the formation of aggregates equipped with tunable
structure−function relationships.53−56 Dispersion forces and
quadrupole−quadrupole interactions are parameters governing

the aggregation of π-conjugated cores in solution.57−59 The
assembly properties of NDI chromophores have been well-
established and provide access to solvated superstructures with
optical and electronic properties that differ from those
evidenced by molecular precursors.60−62 In these assemblies,
interchromophoric interactions enforce the formation of
electronic states that trace their origin from modest to strong
coupling of frontier molecular orbitals.63−66 Combining the
assembly properties of NDI aggregates with the electrical
properties of the Si−H surface opens new avenues to not only
regulate the electronic properties of hybrid semiconducting
surfaces but also establish strategies to leverage the structure−
function properties of solvated, π-conjugated aggregates.
Herein, we establish that grafting the amphiphilic NDI

chromophore shown in Scheme 1, initially under an aggregated

state or as molecularly dissolved, on a conducting silicon
electrode provides a means to regulate the potentiometric
properties of the final semiconducting interfaces Si-NDIs. Our
method exploits an azide-terminated Si surface (Si-Az) that, by
presenting a high density of reactive functional groups, allows
the covalent confinement of the solvated NDI species via a
Cu1+-catalyzed Huisgen 1,3-dipolar cycloaddition (“click”
reaction). Exploiting the reaction pathways shown in Scheme
1, we show that the anchorage of NDI-derived aggregates on
the Si surface enables the formation of semiconducting hybrid
materials which facilitate electron injection by more than 400
mV when compared to interfaces exploiting molecularly
dissolved NDI units as precursors (Pathway 1, Scheme 1).
The noninnocent role played by the conformation of the NDI

Scheme 1. Access to NDI-Functionalized Hybrid Si(111)
Interfaces (Si-NDI) Based on Initial Thermal Grafting
Followed by Sequential Postsynthetic Modifications Using
Azide−Alkyne “Click” Chemistry
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chromophores at the interface is further supported from
“surface dilution” experiments. This study confirms that the
potentiometric properties of hybrid Si-NDI interfaces can be
regulated by leveraging the initial aggregation states of the
NDI-based redox probe, which, in turn, are controlled by
varying the reaction conditions of the final covalent grafting
step (Pathways 1−4, Scheme 1).

■ RESULTS AND DISCUSSION
The three-step synthetic approach leveraged to access the
NDI-functionalized hybrid Si(111) interfaces (Si-NDIs) is
chronicled in Scheme 1. Please refer to Section 2A in the
Supoprting Information for details. Because the covalent
functionalization of Si−H with aliphatic alkynes and alkadiynes
is recognized to afford high surface coverage,41,52 we exploited
this principle to modify Si(111, p-type)-H surfaces by a
thermally activated grafting process with 1,7-octadiyne (step 1)
to construct the Si-Oct interfaces. Postsynthetic modification
of the Si-Oct precursors with 1,2-diazidoethane via a “click”
reaction provides the formation of the Si-Az platforms on
which to further anchor the asymmetric NDI core that features
an ammonium side chain terminated by an alkyne function.52

Because the asymmetric NDI core is equipped with only one
reactive side chain, the uncontrolled growth of multilayers on
the Si-Az precursors is an unlikely process.
To modulate the aggregation state of the NDI cores

involved in the construction of the final hybrid semiconducting
interfaces Si-NDIs, Pathways 1 and 2 shown in Scheme 1 were
explored first. Because the concentration of building blocks is a
cardinal parameter governing the formation of noncovalent
assemblies, we started by interrogating the aggregation state of
NDI cores at high concentration (Pathway 1, [NDI] = 15 mM,
[NDI]15 mM) and low concentration (Pathway 2, [NDI] = 2
mM, [NDI]2 mM). Please note that these conditions are to be
exploited for the “click” reaction in Step 3 (Scheme 1).
Because the electronic absorption properties of π-conjugated
chromophores are highly sensitive to aggregation, we used
ground-state electronic absorption spectroscopy to glean
further information on the aggregated state of the NDI
building block shown in Scheme 1. Figure 1A highlights the
spectroscopic signatures of individualized NDI units that are
unambiguously detected at [NDI] = 2 mM. The resolved 0−0,
0−1, and 0−2 vibronic transitions centered at 380, 359, and
341 nm, respectively, are consistently separated by 180 meV
(1452 cm−1, CC stretching), which is a hallmark of
molecularly dissolved rylene diimide species. The addition of
up to 1 equiv of the reductant, sodium ascorbate (NaAsc),
used in the “click” reaction” does not alter the spectroscopic
properties of the NDI building blocks as attested by the lack of
emergent spectroscopic signatures.
In sharp contrast, the absorptive features characterizing the

15 mM NDI solution differ dramatically from those recorded
for the individualized NDI species. In the absence of NaAsc,
the ratio of the intensity of the 0−0 and 0−1 vibronic
transitions centered at 381 and 360 nm, respectively, is below
one, a spectroscopic fingerprint of electronically coupled NDI
units.43 Furthermore, the addition of up to 1 equiv of the
sacrificial electron donor (NaAsc) is accompanied by the rise
of a new absorptive feature centered at 446 nm and the
apparition of a broad absorption band in the NIR spectral
window. Please note that these spectroscopic signatures are
exclusively monitored during the reductive titration of a high
concentration of NDI building blocks (Pathway 1, Scheme 1;

[NDI] = 15 mM). This observation underscores the
emergence of electronic states only accessed in the “click”
reaction pathway, exploiting 15 mM concentration and the
sacrificial electron donor. The origin of the broad NIR
transition that spans the 900−2500 nm window has been
previously attributed to spectroscopic states stemming from
charge transfer and electron−electron interaction of NDI
radical anions.43,46,48,63,64,66

Probing the potentiometric properties of NDI units as a
function of concentration further reveals disparities in the
electronic structure of the redox-active building blocks in
[NDI]2 mM and [NDI]15 mM. As gleaned in Figure 2, the cyclic
voltammograms recorded for the low and high concentration
of NDI units show a partially irreversible cathodic transition
with associated cathodic (E(p1)) and anodic peaks (E(p3))
centered at −0.477 V vs Ag/AgCl and −0.102 V vs Ag/AgCl
for [NDI]2 mM and −0.333 V vs Ag/AgCl and 0.063 V vs Ag/
AgCl for [NDI]15 mM. The partially irreversible behavior
demonstrated by both [NDI]2 mM and [NDI]15 mM may be
attributed to a slow electron transfer process in addition to
structural reorganization of NDI units, enforced upon
reduction. Redox-active NDI building blocks are notorious
for initiating the formation of charge-transfer dimers and larger
π-anion stacks.63

To glean more information on the electronic structures of
the NDI units in [NDI]2 mM and [NDI]15 mM, we estimated the
potential E(i) at the inflection point of the cathodic waves. This
approach has been reported by Vullev et al. to provide the best
approximation of the half-wave potentials (E(1/2)) for non-
reversible electrochemical systems.67 The E(i) is extrapolated
from the first derivatives of the cyclic voltammograms shown

Figure 1. Ground-state electronic absorption spectra recorded for
NDI building blocks in a mixture of CD3OD/D2O (2:1, v/v) as a
function of the initial building block concentration (A = 2 mM, B =
15 mM) and upon addition of the sacrificial electron donor sodium
ascorbate (NaAsc) at 25 °C. Optical path length = 0.1 mm.
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in Figure 2A and 2B. In addition, edge potentials (E(e)) are
reported. When compared to [NDI]2 mM, the more anodic E(i)

elucidated for [NDI]15 mM (ΔE(i) = 160 mV) suggests a non-
negligible stabilization of the reduction potentials of the NDI
units as a function of the building block concentration. This
observation corroborates the reductive titration experiments
chronicled in Figure 1. The oxidation potential of NaAsc (E−/0

= 0.04 V vs Ag/AgCl) does not provide a sufficient driving
force to reduce the NDI units in [NDI]2 mM.68 In contrast, the
fact that the first reduction potential is anodically shifted in
[NDI]15 mM indicates the existence of electronic states poised
to oxidize the sacrificial electron donor NaAsc.

Spectroelectrochemistry experiments performed on the NDI
building blocks corroborate the formation of π-anion stacks
generated chemically during the addition of NaAsc. Please
refer to Section 4 in the Supporting Information for details. As
observed in Figure S4 which chronicles the electrochemically
generated spectra, the excursion toward cathodic potentials
(0.0 V to −0.7 V vs Ag/AgCl) is associated with drastic
changes in the absorptive features characterizing the nascent
species. A decrease of the absorption bands associated with the
neutral NDI aggregate accompanies the rise of new transitions
centered at 450, 535, 612, and 738 nm. In addition, the
emergence of a broad NIR band that spans from 900 to 2500
nm observed in Figure S5 diagnoses the formation of π-anion
stacks as reported by us and others.63,66,69,70 Further excursion
toward the cathodic potentials (−0.7 V to −1.0 V vs Ag/AgCl)
initiates the apparition of spectroscopic features reminiscent to
those of the NDI dianion species as chronicled in Figures S4
and S5.
The electronic absorptive properties and the electrochemical

properties recorded for the NDI units in solution allow us to
gain more insight into the aggregation state of the building
blocks that are summarized in Scheme 2. While a low

concentration of NDI building block (2 mM) in the MeOH/
H2O solvent mixture does not promote formation of an
aggregated state (Pathway 2), increasing the concentration to
15 mM in MeOH/H2O solution (Pathway 3) is accompanied
by a large degree of chromophore interaction and suggests that
the chromophores exist primarily under the form of π-stacks.
The electrochemical properties of [NDI]15 mM in MeOH/H2O
indicate the formation of electronic states that are stabilized
when compared to those of the isolated building blocks.
Consequently, the addition of a sacrificial electron donor
(NaAsc) promotes the formation of π-anion stacks (Pathway 1,
Scheme 2), exclusively formed at a high concentration of NDI
(15 mM). Furthermore, even at high concentration (15 mM)
in DMF solvent (Pathway 4, Scheme 2), the NDI cores
manifest the hallmarks of a molecularly dissolved species as
confirmed by the absorption spectrum shown in Figure S3.
Having established the structure−function relationships of

NDI cores as a function of the designed pathways, the Si-Az
surface precursors are functionalized, exploiting the “click”
reactions following Pathways 1 and 2 in Scheme 1. The surface
morphologies of the Si-NDI-15@1 and Si-NDI-2@2 inter-

Figure 2. Cyclic voltammograms and their first derivative plots (scan
rate = 0.025 V s−1) of the NDI building block at the concentration of
15 mM (A) and 2 mM (B) recorded in MeOH/H2O (2:1, v/v) using
glassy carbon as the working electrode, Ag/AgCl (3 M NaCl) as the
reference electrode, and Pt as the counter electrode under Ar gas
atmosphere at 25 °C. We also wish to underscore the fact that the
voltammograms were recorded in the absence of any externally added
supporting electrolyte by keeping in mind that the molecular structure
of the NDI building block already incorporates a terminal ammonium
side chain.

Scheme 2. Illustration of the Aggregated State of the NDI
Core As a Function of the Pathways Used to Functionalize
the Si Precursor Si-Aza

aPathway 1: [NDI] = 15 mM; CuSO4/NaAsc; MeOH/H2O (2:1) v/
v. Pathway 2: [NDI] = 2 mM, CuSO4/NaAsc; MeOH/H2O (2:1) v/
v. Pathway 3: [NDI] = 15 mM; CuI/Hünig’s Base; MeOH/H2O
(2:1) v/v. Pathway 4: [NDI] = 15 mM; CuI/Hünig’s Base; Dry DMF.
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faces were examined by tapping mode AFM and are shown in
Figures 3A and S8, respectively. Interrogation of the root-

mean-square (RMS) roughness (Rq) parameter reveals that
these two surfaces are smooth and atomically flat as attested by
the Rq (RMS) values below 0.5 nm. The chemical
compositions of the hybrid Si-NDI interfaces were inter-
rogated using high-resolution XPS, and the relevant spectra are
shown in Figure 3 and Section 6 of the Supporting
Information. Spectroscopic signatures arising from the C 1s,
N 1s, and O 1s core levels associated with the grafted organic
constructs along with the signal of Si 2p from the silicon
substrate are unambiguously evidenced when probing the Si-
NDI-15@1 and Si-NDI-2@2 surfaces. The representative
high-resolution XPS spectral scans of the C 1s and N 1s
regions for Si-NDI-15@1 and Si-NDI-2@2 are shown in
Figure 3C and 3D and in Figure S15A and S15B, respectively.
Congruent with the fact that these two hybrid interfaces
comprise identical building blocks, the recorded emission
features are virtually identical. The C 1s signal probed for each
Si electrode can be deconvoluted into three Voigt functions
with peaks centered at 288.2, 286.0, and 284.6 eV binding
energies. The high-energy peak that is centered at 288.2 eV
(fwhm ∼ 1.7 eV) is diagnostic of oxygen-bonded (CO)
carbon atoms, whereas the emission signals centered at 286.0
eV (fwhm ∼ 1.7 eV) and 284.6 eV (fwhm ∼ 1.3 eV) are the
fingerprints of nitrogen-bonded (C−N) carbon and carbon-
bonded (C−C) carbon atoms, respectively. While the analysis
of the C 1s region may indicate the attachment of the NDI
units on the Si surface, it is recognized that some unavoidable
contamination from external carbon sources, notably C−O

bonds, is also at the origin of an emission signal centered at
286 eV. To circumvent this limitation, the N 1s regions
recorded for the Si-NDI-15@1 and Si-NDI-2@2 surfaces
shown in Figures 3D and S15B, respectively, unambiguously
provide proof for the attachment of the NDI units on the Si-
Az. The N 1s region for each substrate shows a broad emission
signal deconvoluted into two Voigt functions with associated
peaks centered at 401.9 and 400.1 eV binding energies and
fwhm of 1.7 eV. These spectroscopic signatures reveal the
presence of chemically distinct nitrogen atoms and confirm the
attachment of the NDI cores on the Si surface.
All taken together, the XPS data confirm the formation of

triazole functional moieties upon “click” reaction of the NDI
module with the azide-terminated interface Si-Az. The absence
of high-energy N 1s signals between 404 and 405 eV,
characteristic of azide functionalities, indicates that virtually
all of the terminal azide groups in Si-Az have been converted
to triazole moieties.52 Furthermore, a closer inspection of the
high-resolution XPS spectrum of Si 2p shown in Figures S14D
and S15D reveals the existence of SiOx species in negligible
quantities, as evidenced by the weak emissive peak centered at
102.5 eV, suggesting that a low level of oxidation of the
precursor Si−H surface has to be considered.
The potentiometric properties elucidated for the Si-NDI-

15@1 and Si-NDI-2@2 interfaces differ markedly. Electro-
chemical measurements were performed using the Si-NDI
surfaces as working electrodes, and the representative cyclic
voltammograms (CVs) are shown in Figure 4. Additional CVs
are shown in Figures S24 and S25. Table 1 summarizes the
potentiometric properties of these interfaces. Excursion toward
cathodic potentials unveils broad and ill-defined cathodic
reduction waves E(p1) centered at −0.150 V for Si-NDI-15@1
and −0.530 V for Si-NDI-2@2. Concomitantly, swiping back
toward the anodic potentials reveals the existence of two
oxidation waves E(p2) and E(p3) centered at −0.390 V and
−0.06 V for Si-NDI-15@1 and −0.850 V and −0.325 V for Si-
NDI-2@2. While we acknowledge that the redox transitions
appear weakly resolved even at low scan rates (25 mV s−1),
these peaks are reproducible, signaling negligible surface
damages under the reported experimental conditions (Figures
S24 and S25). These data indicate that the Si-NDI-15@1 and
Si-NDI-2@2 interfaces exhibit a partially irreversible character.
Because the electrochemical signals recorded for Si-NDI-

15@1 and Si-NDI-2@2 cannot be considered reversible, we
deemed it more appropriate to exploit the potentials E(i)

associated with the first inflection point to estimate a
meaningful potential at which NDI building blocks are
reduced. As shown in Figure 4, the potential associated with
the first inflection point E(i1) recorded for Si-NDI-15@1 is
anodically shifted by more than 400 mV when compared to
that elucidated for the Si-NDI-2@2 interface (E(i1) = −0.459
V). Furthermore, it is interesting to note the existence of a
second inflection point with an associated potential (E(i2)) of
−0.461 V for the Si-NDI-15@1 interface and −0.802 V for the
Si-NDI-2@2 interface. We postulate that E(i2) diagnoses the
further reduction of the NDI cores into, possibly, a dianionic
species. Because the first reduction wave observed in Si-NDI-
15@1 is stabilized by more than 400 mV when compared to
that recorded for Si-NDI-2@2, it is fair to infer that the
electronic structures and consequently the structural attributes
of the NDI cores comprising the two interfaces may differ, to
some extent.

Figure 3. (A) Tapping mode AFM image of the Si-NDI-15@1
interface. (B) Cross-section profile of the area under the blue square
on the AFM image depicted in (A) to determine the Rq (RMS)
roughness of the surface. (C and D) High-resolution XPS spectra
(blue), deconvoluted spectra (red), and sum/fitted spectra (dotted
green) of Si-NDI-15@1 that represent the C 1s (C) and N 1s (D)
areas. Please note that the C 1s signal (C) can be deconvoluted into
three Voigt functions with peaks centered at 288.2, 286.0, and 284.6
eV, which can be assigned to the contributions from CO, C−N,
and C−C bonds, respectively. On the other hand, the N 1s signal (D)
can be deconvoluted into two Voigt functions with peaks centered at
401.9 and 400.1 eV that confirm the presence of chemically distinct
nitrogen atoms.
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The electronic properties of NDI cores in the Si-NDI-15@1
and Si-NDI-2@2 interfaces are intimately correlated to the
initial aggregation state of the redox units during the “click”
reaction. In Pathway 2 leading to the Si-NDI-2@2 electrode,
the NDI precursors are vastly present as a neutral, molecularly
dissolved species as confirmed by ground-state electronic
absorption spectroscopy. Consequently, species anchored on
the Si surface originate from neutral, individualized NDI
building blocks. Increasing the concentration of NDI
precursors to 15 mM in Pathway 1 has a profound impact
on the aggregation state of the redox-active units as mentioned
earlier. As shown in Figure 1B, the spectroscopic signatures of
NDI building blocks in the absence of sodium ascorbate signal
a non-negligible level of NDI interactions. Further addition of

up to 1 equiv of the sacrificial electron donor used during the
“click” reaction enforces the formation of π-anion stacks that
are further anchored on the Si surface to deliver Si-NDI-15@1.
The fact that Si-NDI-15@1 and Si-NDI-2@2 surfaces feature
identical building block composition while electron injection is
facilitated by more than 380 mV in Si-NDI-15@1 points
toward the noninnocent role played by the π-anion stacks in
regulating the final semiconducting properties of the function-
alized surface. To further validate this hypothesis, additional
grafting pathways were devised and are shown as Pathways 3
and 4 in Schemes 1 and 2.
Electrochemical investigation of the Si-NDI interfaces

engineered via Pathways 3 and 4 (Scheme 1) confirms the
noninnocent role played by the initial NDI aggregate states in
dictating the potentiometric properties of Si-NDI-derived
semiconducting interfaces. To isolate the effect of sodium
ascorbate, Pathway 3 exploits an identical solvent mixture and
initial concentration of NDI ([NDI] = 15 mM) to that used in
Pathway 1 but differs in terms of the copper catalyst that was
replaced by a Cu1+ source (CuI), which does not require a
sacrificial electron donor. Furthermore, in Pathway 3, leading
to Si-NDI-15@3, the NDI building blocks evidence a non-
negligible degree of aggregation as this pathway utilizes
identical solvent composition to that of Pathway 1.
Concomitantly, Pathway 4 in Scheme 1 is designed to
compare the influence of the neutral NDI aggregation state
of Pathway 3. Congruent with the fact that NDI building
blocks demonstrate a high solubility in DMF solvent as
mentioned earlier, this condition is leveraged to investigate the
extent to which the anchoring of molecularly dissolved NDI
units perturbs the potentiometric properties of the Si-NDI-
15@4 interface and potentially contrasts that of Si-NDI-15@3.
Please refer to the Supporting Information for details about the
synthetic access of these interfaces (Section 2A) and their
characterization using AFM (Section 5), XPS (Section 6), and
electrochemistry (Section 7).
The CVs recorded for the Si-NDI-15@4 interface shown in

Figure S27A feature a first reduction wave centered (E(p1)) at
−0.510 V when swiping toward the cathodic potentials and
one unresolved, weak oxidation signal E(p2) centered at −0.750
V when navigating back to the anodic potentials. The first
derivative of the cyclic voltammogram shown in Figure S28B
unveils a first reduction potential E(i) = −0.451 V, which is in
line with the value estimated for the first reduction potentials
of Si-NDI-2@2 (E(i) = −0.459 V). Furthermore, as highlighted
in Figure S27C, the concomitant increase and shift observed
for these two reported potentials when increasing the scan rate
may indicate that the NDI electrochemical system shows some
quasi-reversible characters. The cyclic voltammogram recorded
for the Si-NDI-15@3 interfaces chronicled in Figures S26A,B
and S28A contrasts that acquired for Si-NDI-15@4. A weak
reduction signal (E(p1)) is evidenced at −0.367 V, and a broad
unresolved oxidation wave (E(p2)) is observed at −0.775 V.
Similar to the Si-NDI interfaces described above, the Si-NDI-
15@3 interface features two inflection points E(i1) and E(i2)

centered at −0.273 V and −0.785 V, respectively. It is
interesting to note that the E(i1) recorded for Si-NDI-15@3 is
stabilized by more than 170 mV when compared to that
calculated for Si-NDI-15@4 but destabilized by more than 200
mV when compared to that elucidated for the Si-NDI-15@1
interfaces.
Comparing the first inflection point potentials E(i) measured

for the Si-NDI-15@3 and Si-NDI-15@1 interfaces further

Figure 4. Cyclic voltammograms and their first derivative plots (scan
rate = 0.025 V s−1) of Si-NDI-15@1 (A) and Si-NDI-2@2 (B)
interfaces recorded in dry acetonitrile using 0.1 M n-Bu4NPF6 as the
supporting electrolyte, the Si-NDI surfaces as working electrodes, Ag/
AgCl (3 M NaCl) as the reference electrode, and Pt as the counter
electrode under Ar gas atmosphere at 25 °C. Please note that the
electroactive surface area of the working electrode to convert the
current (“i” in μA) scale to the current density (“j” in μA cm−2) scale
was 0.5026 cm2 in all the cases.
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supports the noninnocent role played by the NDI π-anion
stacks. While the initial NDI precursors exist as partially
aggregated in the experimental conditions employed in
Pathway 3, the lack of sacrificial electron donor in the “click”
reaction conditions prevents the formation of n-doped
aggregates. In this regard, we postulate that the NDI species
anchored on the Si surface in Pathway 3 does not share the
same initial structure−function relationships as the NDI π-
anion stacks exclusively generated in Pathway 1. Because the
electronic properties of the grafted NDI domains are intimately
correlated to the magnitude of the interaction between the
redox-active units and the conformation of the building blocks,
the difference of semiconducting properties evidenced by Si-
NDI-15@3 (E(i1) = −0.273 V) and Si-NDI-15@1 (E(i1) =
−0.055 V) interfaces originates from the structure−function
relationships of the parent NDI precursors.
While the semiconducting Si-NDI-15@4 interface has been

constructed using a high concentration of NDI units ([NDI] =
15 mM), its first reduction potential (E(i1) = −0.451 V)
resembles that recorded for Si-NDI-2@2 (E(i1) = −0.459 V). It
is interesting to correlate the electronic functions of these two
interfaces with the aggregated states of the precursor NDI
building blocks. In Pathway 4 that exploits a 15 mM
concentration of NDI units in DMF solvent, the building
blocks exist as molecularly dissolved. Similarly, the NDI cores
are individualized under the conditions used in Pathway 2
(MeOH/H2O, [NDI] = 2 mM). All taken together, these data
underscore the importance of the initial aggregated state of the
NDI units and indicate that the first reduction potentials
measured for the Si-NDI-15@4 and Si-NDI-2@2 interfaces
originate from NDI domains constructed from individualized
redox-active units during the “click” reaction.
Additional proof that the initial aggregated state of NDI

building blocks offers a means to regulate the semiconducting
properties of functionalized Si interfaces stems from comparing
the first reduction potentials recorded for Si-NDI-15@3 and
Si-NDI-15@4. Please note that the Si-NDI-15@3 interface is
constructed by exploiting NDI precursors (Pathway 3, Scheme
1) with a non-negligible degree of aggregation as confirmed by
electronic absorption spectroscopy. Chronicled in Table 1, a
more positive potential is required to inject electrons in Si-
NDI-15@3 (E(i1) = −0.273 V) when compared to Si-NDI-
15@4 (E(i1) = −0.451 V). It is interesting to corroborate this

finding with the potentiometric properties recorded for the
solution-based NDI precursors shown in Figure 2. The
aggregation of NDI units at high concentration enforces the
formation of a solvated species that features a more positive
first reduction potential (ΔE(i1) = 160 mV) with respect to that
of the molecularly dissolved species. This observation signals
the formation of electronic states in solvated NDI aggregates
that facilitate electron transfer. Similarly, we hypothesize that
NDI domains in Si-NDI-15@3 may feature a non-negligible
degree of NDI−NDI interaction dialed-in by the solvated
precursor building blocks.
The engineering of a Si precursor surface characterized by a

low density of anchoring groups confirms that the potentio-
metric properties recorded for Si-NDI-15@1 stem from NDI
units, evidencing a non-negligible degree of aggregation. It is
expected that a silicon surface equipped with a low density of
reactive azide groups may not be capable of fully trapping the
NDI aggregate formed in solution and would rather only
capture one or some of the repeating units forming the
aggregates. The mixed-acetylene functionalized interface Si-
(1:50)-Oct shown in Figure S1 was engineered by covalent
modification of Si(111)-H via a thermally activated grafting
mechanism with a 1:50 molar ratio mixture of 1,7-octadiyne
and 1-octyne. Further functionalization of the residual terminal
alkyne with diazidoethane by means of a “click” reaction
produces the diluted surface precursor Si(1:50)-Az. Please
refer to Section 2 of the Supporting Information for more
details. Assessing the surface coverage using ferrocene probes
reveals an azide surface coverage of 8.44 × 10−12 mol cm−2.
This surface coverage correlates to a density of one azide
function per 20 nm2. Notably, a similar approach has been
reported for a mixed diyne-functionalized surface by Ciampi
and co-workers.41 The Si(1:50)-Az surface that features a low
density of anchoring sites is subjected to the functionalization
Pathway 5 to deliver the Si(1:50)-NDI-15@5 interface shown
in Figure S1. The characterization data related to AFM (Figure
S13) and XPS (Figure S18) of this interface are chronicled in
the Supporting Information. Please note that Pathway 5
exploits identical experimental conditions to those of Pathway
1 but differs in the nature of the silicon precursor that features
a lower density of azide anchoring groups.
The electrochemical characterization of Si(1:50)-NDI-15@

5 using cyclic voltammetry (v = 0.025 V/s) in acetonitrile is

Table 1. Potentiometric Properties of Diverse Si-NDI Interfaces Accessed via Different Azide−Alkyne “Click” Reaction
Conditions

potentiometric propertiesb

pathways/Si-NDI interfacesa E(p1) (V) E(p2) (V) E(p3) (V) E(e) (V) E(i1) (V) E(i2) (V)

1/Si-NDI-15@1 −0.150 −0.390 −0.060 0.040 −0.055 −0.461
2/Si-NDI-2@2 −0.530 −0.850 −0.325 −0.365 −0.459 −0.802
3/Si-NDI-15@3 −0.367 −0.775 N/A −0.225 −0.273 −0.785
4/Si-NDI-15@4 −0.510 −0.750 N/A −0.331 −0.451 −0.730
5/Si(1:50)-NDI-15@5 −0.540 −0.865 N/A −0.323 −0.398 −0.730

aAll the “click” reactions were carried out under Ar gas atmosphere in degassed solvent/media at rt for 24 h. During all the “click” reactions, the
amount of the Cu salt (i.e., CuSO4 or CuI) employed was 10 mol % with respect to NDI, and the amount of the base (i.e., Na-ascorbate or Hünig’s
base) employed was 10 mol equiv with respect to the Cu salt, hence 1 mol equiv with respect to NDI, cf. SI for details. bAll the cyclic voltammetric
experiments were carried out under Ar gas atmosphere at 25 °C in dry acetonitrile using 0.1 M n-Bu4NPF6 as the supporting electrolyte, the Si-NDI
surfaces as working electrodes, Ag/AgCl (3 M NaCl) as the reference electrode, and Pt as the counter electrode. The electroactive surface area for
all the measurements was 0.5026 cm2. Each measurement has been reproduced 3 times at different spots on the surface. Please note that E(p), E(e),
and E(i) refer to peak potential, edge potential, and potential at the inflection point of the cathodic wave, respectively. N/A refers to the absence of
any discernible peak. The potential values are reported versus Ag/AgCl (3 M NaCl) as the reference. Please refer to Section 7 in the Supporting
Information for details.
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shown in Figure 5 and reveals that the potentiometric
properties (E(i1) = −0.398 V) differ remarkably from those

of Si-NDI-15@1 (E(i1) = −0.055 V), but surprisingly they are
comparable to those recorded for Si-NDI-15@4 (E(i1) =
−0.451 V) and Si-NDI-2@2 (E(i1) = −0.459 V). Because
lateral NDI−NDI interaction in Si(1:50)-NDI-15@5 is likely
to be suppressed due to the low density of anchoring points,
we postulate that the potentiometric properties recorded for
Si(1:50)-NDI-15@5 are characteristic of the individualized
redox-active cores on silicon electrodes. It is important to
emphasize that both Si(1:50)-NDI-15@5 and Si-NDI-15@1
leverage the NDI π-anion stacks as precursors but that these
two interfaces demonstrate substantially different potentio-
metric properties.
While a matter of speculation at this time, we believe that

the surface-diluted Si(1:50)-Az precursor does not provide a
density of reactive groups high enough to fully anchor the π-
anion stack aggregates formed in solution. During the “click”
reaction, only one or some of the NDI units composing the
aggregates are anchored on the diluted surface. It is fair to
assume that the NDI units not covalently grafted on the Si
surface are washed away during the postsynthesis workup
treatment. In sharp contrast, the electrochemical data
presented for Si-NDI-15@1 are representative of the
aggregated NDI units anchored on the surface. Because the
precursor Si-Az surface presents a high density of reactive
azide functions, it enables the trapping of the NDI aggregates,
initially formed in Pathway 1, in its full integrity. The fact that
electron injection is facilitated in Si-NDI-15@1 when
compared to Si(1:50)-NDI-15@5 may originate from the
existence of delocalized states enforced by interactions of NDI
cores on the Si surfaces.

■ CONCLUSIONS
A set of redox-active hybrid Si interfaces Si-NDIs have been
developed through the covalent functionalization of Si(111)-H
with a naphthalene diimide-based n-type molecular system.

The multistep synthetic grafting strategy to access the Si-NDI
interfaces involves a thermally activated grafting of an aliphatic
diyne on Si(111)-H, followed by postsynthetic modifications
using “click” reactions. Subtle variations of the NDI-aggregated
states during the “click” reaction are shown to modulate the
potentiometric properties characterizing the hybrid interfaces.
In this regard, grafting NDI π-anion stacks on the Si surfaces
delivers the semiconducting Si surface Si-NDI-15@1 for which
electron injection occurs at more positive potentials (E(i1) =
−0.055 V) with respect to the Si surfaces Si-NDI-2@2 (E(i1) =
−0.459 V) and Si-NDI-15@4 (E(i1) = −0.451 V) built from
individualized NDI units. Furthermore, we show that the
anchorage of a neutral NDI aggregate on a Si interface offers
the Si-NDI-15@3 interface which does not facilitate electron
injection (E(i1) = −0.273 V) with the same magnitude of that
observed for the Si-NDI-15@1 interface.
To reveal the noninnocent roles played by interchromo-

phore interaction and conformation at the interface in
regulating the overall potentiometric properties, a “surface
dilution” experiment was carried out to access the Si(1:50)-
NDI-15@5 interface by sequential “click” reactions on a
mixed-acetylene functionalized Si surface. This interface is
characterized by a low density of NDI units that averages ∼1
core per 20 nm2. While constructed under identical synthetic
conditions as the Si-NDI-15@1 interface, the functionalized
Si(1:50)-NDI-15@5 electrode exhibits potentiometric proper-
ties (E(i1) = −0.398 V) matching those observed in the case of
Si-NDI-15@4 (E(i1) = −0.451 V) and Si-NDI-2@2 (E(i1) =
−0.459 V). This observation suggests the existence of an
electronic state reminiscent to that of individualized NDI
chromophores at the Si(1:50)-NDI-15@5 interface. This
assumption is further supported by the fact that the
interactions between the chromophores are negligibly small
due to the smaller number of NDI chromophores in close
proximity due to the “surface dilution” effect.
To summarize, the results reported herein reveal that the

potentiometric properties of hybrid Si-NDI interfaces can be
modulated by the initial aggregation states of the NDI redox
probe covalently anchored on Si surfaces. Because examples
that delineate the functionalization of Si electrodes with
electron-deficient molecular components are scarce, these
findings may open new avenues to construct n-type semi-
conducting hybrid materials. Furthermore, considering the
ever-growing importance of functional hybrid interfaces, this
study delineates new tools for the development of function-
alized microelectronics and can pave the way to engineer novel
classes of electroactive materials.
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