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ABSTRACT: Modulating, by design, the electronic properties of
nanoscale objects that are water-compatible is at the forefront to
develop redox-responsive materials capable of interfacing and
probing living organisms. In the present work, we report the
synthesis and structural and electronic characterizations of two
novel water-soluble naphthalene diimide (NDI) oligomers that
differ in the nature of the flexible chemical linkages tethering the π-
conjugated cores. Ground-state electronic absorption spectroscopy
experiments, performed as a function of oligomer concentration in
an aqueous medium, reveal negligible interactions between
oligomer chains but significant interactions among NDI units
that comprise a single oligomer chain. Contrasting the monomer
controls, which demonstrate well-resolved first and second
reduction processes, the NDI oligomers exhibit complex redox processes suggesting the screening of injected charges in the
oligomer chains. We show that the flexible chemical linkages offer a synthetic handle to stabilize the first reduction potentials by
more than 325 mV when compared to monomer controls. Because the electronic structures of these water-soluble oligomers are
characterized by low-lying reduction potentials (E0/‑ = −0.025 V vs SCE), biologically relevant sacrificial electron donors, sodium
ascorbate and sodium hydrosulfide, possess sufficient driving force to incrementally n-dope the NDI oligomers. Further supported by
spectroelectrochemical measurements and time-dependent density functional theory (TD-DFT) calculations, the spectroscopic
properties of the reduced NDI units indicate the emergence of novel spectroscopic states diagnostic of radical π−anion interactions.
The existence of delocalized electron spin density is unraveled by electron paramagnetic resonance spectroscopy and is shown to be
dependent on the strength of the sacrificial electron donors used to n-dope the NDI oligomer chains. Our results not only deliver
new insights into the spectroscopic signatures that allow for tracking π−anion interactions in NDI-derived superstructures but also
provide new avenues to tune electron spin properties in water-soluble nanoscale objects.

1. INTRODUCTION

Controlling the redox and electron spin properties of nanoscale
objects is fueled by an interest to tailor the electronic functions
of semiconducting materials.1−5 While covalent bonds ensure
the electronic coupling between π-conjugated units in
conducting and semiconducting polymers, noncovalent inter-
actions between aromatic building blocks have been mastered
by biological systems to elaborate complex machineries such as
light-harvesting complexes. Inspired by nature, the last few
decades have witnessed tremendous efforts focused on
manipulating the structure−function properties of noncovalent
assemblies built from stacks of π-conjugated chromophores, a
class of materials also named supramolecular polymers.6−9 The
spatial proximity between neighboring units in these non-
covalent assemblies promotes interaction of π-electrons leading
to the emergence of redox and photophysical properties not
achievable by individualized molecular constructs.10−16 Recent
studies focused on investigating the potentiometric properties

of supramolecular polymers have highlighted the extent to
which structures dictate the functions of noncovalent
assemblies.17−20 In this regard, the conformation of molecular
building blocks is a well-known structural parameter that
regulates the functions of noncovalent assemblies, where
Ångstrom-level displacements suffice to profoundly modify the
electronic coupling between neighboring units.21−24

Similar to supramolecular polymers, noncovalent interac-
tions among π-conjugated units embedded in the flexible
backbones of oligomer scaffolds can be exploited to tune the
electronic properties of nanoscale objects.25−29 This principle

Received: March 12, 2021
Revised: April 16, 2021
Published: May 7, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
10526

https://doi.org/10.1021/acs.jpcc.1c02239
J. Phys. Chem. C 2021, 125, 10526−10538

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IA
M

I o
n 

Ja
nu

ar
y 

31
, 2

02
2 

at
 1

9:
51

:2
3 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+_target+Paulino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arindam+Mukhopadhyay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ifigeneia+Tsironi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaixuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dalia+Husainy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katlyn+Meier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katlyn+Meier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Hubert+Olivier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c02239&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02239?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02239?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02239?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02239?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02239?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/19?ref=pdf
https://pubs.acs.org/toc/jpccck/125/19?ref=pdf
https://pubs.acs.org/toc/jpccck/125/19?ref=pdf
https://pubs.acs.org/toc/jpccck/125/19?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02239?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


has been used to engineer, for example, foldamers whose
optical functions are regulated by the structural properties of
the flexible chains linking the more rigid, redox-active
units.30−32 Solvent polarity and temperature are the two
primary experimental handles used to parameterize non-
covalent interactions between the π-conjugated units. Seminal
work by Iverson and others has shown the emergence of
photophysical properties unique to folding states in oligomers
built from naphthalene diimide (NDI) electron-acceptor and
pyrene electron donor units.33−35 In contrast, only a few
studies have explored the extent to which chemical linkages
modulate the redox properties of flexible oligomers.36 Because
flexible repeating units offer a synthetic handle to modulate the
electronic interaction of the more rigid π-conjugated segments,
they can be leveraged to tune the electrochemical potentials at
which electrons and holes are injected into frontier molecular
orbitals. While noncovalent interactions between radical π−
anions and π−cations have been reported for molecular
chromophores,37−39 the spectroscopic and electron spin
properties of p- and n-doped oligomers remain enigmatic.
Yet, the molecular engineering of synthetic oligomers whose
structure−function properties can be dynamically regulated by
the consumption of chemical fuels, such as sacrificial electron
donors and acceptors, paves the way to engineer responsive
materials that can function far from equilibrium.40−43

The electron-acceptor naphthalene diimide has emerged as
an appealing building block to devise nanoscale objects
equipped with redox-responsive capabilities.44−47 The syn-
thetic versatility combined with the tunable potentiometric
properties of these redox-active units has bolstered the
pioneering of supramolecular architectures relevant to solar
energy capture and conversion,48−51 anion sensing,52−54 and
organic electronics.55−58 Reduced NDI units undergo radical
π−anion interactions that give rise to specific absorptive
features in the NIR spectral window.59−61 While this class of
noncovalent interactions, specific to reduced NDI units, has
mostly been interrogated in organic solvents, only a handful of
studies have investigated the interactions of reduced NDI units
in aqueous media. Consequently, the extent to which n-doping
NDI units can be exploited to tune the electronic functions of
water-soluble nanoscale objects is still an open question.
Herein, we present the synthesis and characterization of the

two water-soluble (NDI-Triazo)5 and (NDI-Am)5 oligomers
shown in Scheme 1 that comprise redox-active NDI units and
flexible oligoethylene linkers. The two oligomers differ in their
linkage topology between the NDI cores where electron-rich
triazole moieties are part of the chain scaffold in (NDI-
Triazo)5. In contrast, the (NDI-Am)5 oligomer is constructed
by direct attachment of its redox units and the ethylene oxide
linkers. These two oligomers feature ammonium functionalities
that render them water-soluble. Cyclic voltammetry experi-
ments in solution reveal that the linkage topology plays a
critical role in dictating the electronic properties of the
oligomers where the first reduction potential of (NDI-Am)5 is
stabilized by more than 200 mV as compared to that recorded
for (NDI-Triazo)5. Exploiting reductive titrations and
spectroelectrochemistry, we demonstrate that the n-doped
oligomers are characterized by two discrete spectroscopic
states, the origin of which is intimately related to the level of n-
doping of the oligomer scaffolds. Electron spin resonance
spectroscopy further identifies the existence of localized and
delocalized electron spin densities, which are shown to be
dependent on the oxidation potentials of the sacrificial electron

donors used to inject negative charge carriers in the oligomer
scaffolds. This study not only provides an in-depth analysis of
the spectroscopic and potentiometric properties of neutral and
n-doped water-soluble NDI oligomers but also delivers new
insights to parameterize electron spin properties in solvated
nanoscale objects.

2. METHODS
2.1. Synthesis and Characterization. Scheme 1

summarizes the steps required to synthesize the NDI-derived
oligomers and their corresponding monomers. Please refer to
the Supporting Information for detailed procedures and
spectra.

2.2. X-ray Photoelectron Spectroscopy (XPS) Charac-
terization. The XPS measurements were carried out at the
Chapel Hill Analytical and Nanofabrication Laboratory
(CHANL) at the University of North Carolina, Chapel Hill.
The data were recorded on a Kratos Axis Ultra DLD system
with a monochromatic Al Kα source and a base pressure of ca.
6 × 10−9 torr. Survey and high-resolution scans were obtained
at pass energies of 80 and 20 eV, respectively. A charge
neutralizer was used for charge compensation, and all data
were corrected to the C 1s peak at 284.6 eV of binding energy.
The signals arising from different elements were deconvoluted
(peak fitting) using a Voigt function (30% Lorentzian and 70%
Gaussian).

2.3. Gel Permeation Chromatography. The chromato-
grams shown in Figure 1A,B chronicle the retention times of
(NDI-Triazo)5 and (NDI-Am)5 oligomers suspended in
H2O/CH3CN (1:1, v/v) and 0.1 M NaNO3 buffer solutions.
The elution profile was best-fitted using one Gaussian function
with the peak centered at 23.2 min in the case of (NDI-Am)5
and 22.9 min in the case of (NDI-Triazo)5. The stationary
phase Sephacryl S-200 allows the separation of globular
proteins and linear dextran polymers. The gel permeation
chromatography (GPC) column was calibrated using poly-
styrene sulfonate as the standard. The choice of this standard
was solely based on the solvent buffer condition required to
elute the NDI oligomers, namely, (NDI-Triazo)5 and (NDI-
Am)5, on the S-200 stationary phase. Using the calibration
curve developed from the elution of the polystyrene sulfonate

Scheme 1. Synthetic Pathways to Produce the NDI
Oligomers (NDI-Triazo)5 and (NDI-Am)5, and the Control
Monomers NDI-C≡CH and NDI-C2OH
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standard (Figure S4), the weight average molecular weight
(Mw), the number average molecular weight (Mn), and the
polydispersity index have been calculated for the (NDI-Am)5
and (NDI-Triazo)5 oligomers and are tabulated in Figure 1 in
the main text.
2.4. Atomic Force Microscopy. The tapping mode AFM

images were recorded using a Digital Instruments Dimension
3100 microscope (located at the Dr. John T. Macdonald
Foundation BioNIUM Institute in the University of Miami).

The microscope was operated with a “Nanoscope 6” controller.
The AFM images were collected under air at rt using tapping
mode silicon tips (n-type, tip radius < 10 nm, f = 43−81 kHz, k
= 0.6−3.7 N/m) obtained from AppNano (FORTA-10). The
typical scan rate was 0.8 Hz. The data were analyzed using
Gwyddion software (version 2.51). The AFM images were
recorded for the two oligomers, namely, (NDI-Triazo)5 and
(NDI-Am)5, to analyze their solid-state morphologies.
Notably, the sample in each case was prepared by drop-
casting the aqueous solution of the oligomer onto Si surfaces at
room temperature followed by drying under ambient
conditions. The AFM images were recorded on an Agilent
5120 microscope using silicon tips (purchased from
AppNano). The microscopic data were analyzed using
Gwyddion software to obtain the height profiles associated
with the nanoparticles. The representative AFM images
pertinent to height profile data for the NDI oligomers are
shown below.

2.5. Electrochemical Measurements. The electrochem-
ical measurements were carried out via cyclic voltammetry
(CV) using a PARSTAT 3000A potentiostat (Ametek
Scientific Instruments). For solution-state electrochemical
studies, the cyclic voltammograms were recorded for the
aqueous solutions (concentration = 500 μM) of the
monomeric (i.e., NDI-OH and NDI-C≡CH) and oligomeric
NDI-based systems (i.e., (NDI-Triazo)5 and (NDI-Am)5)
using a glassy carbon working electrode (electroactive surface
area = 0.071 cm2), a platinum counter electrode, a Ag/AgCl (3
M NaCl) reference electrode, and sodium chloride (0.025 M)
as the supporting electrolyte under an Ar gas atmosphere at rt.
All potentials are reported against SCE using ferrocenecarbox-
ylic acid as internal references (Fc/Fc+ = 0.45 V vs SCE).

2.6. Reductive Titrations. Please refer to Section 8 of the
Supporting Information for detailed procedures used to
chemically probe the formation of radical π−anions.

2.7. Spectroelectrochemistry Experiments. The spec-
troelectrochemistry experiments were carried out using a
PARSTAT 3000A potentiostat (Ametek Scientific Instru-
ments) and a Cary 5000 UV−vis−NIR spectrophotometer.
In a typical experiment, a solution (concentration = 500 μM)
of the NDI system in D2O was gently degassed in a 1.7 mm
modified quartz cell. Subsequently, the cell was equipped with
a Au honeycomb electrode (that serves as both the working
and counter electrodes) and a reference electrode (Ag/AgCl, 3
M NaCl). An initial absorption spectrum was taken as the
control, followed by the application of a potential at 0.0 V and
the collection of a second absorption spectrum. All potentials
were equilibrated for about 10 min or until the applied current
plateaued to the smallest possible current (for example, usually
lower than −200 μA). All of the experiments were conducted
under a gentle flow of Ar to prevent oxygen and water
contamination. Subsequently, the ground-state electronic
absorption spectrum of the NDI solution was recorded with
a gradual increase (i.e., more negative) at the intervals of 50
mV in the cathodic reduction potentials until achievement of
the end point of the experiment. It should be noted that by
using the ionic nature of the ammonium side chains as part of
the NDI systems as leverage, addition of any supporting
electrolyte was deemed unnecessary to perform these measure-
ments.

2.8. Electron Paramagnetic Resonance Spectroscopy.
All measurements were carried out in D2O, with the addition
of reducing agents under an atmosphere of Ar(g) using

Figure 1. (A, B) Gel permeation chromatograms recorded for the
(NDI-Am)5 (A) and (NDI-Triazo)5 (B) oligomers. The weight
average molecular weight (Mw) and the number average molecular
weight (Mn) have been calculated using the calibration curve shown
in Section 4 of the Supporting Information. Polydispersity index
(PDI) = Mw/Mn. (C, D) Scanning electron microscopy images
acquired for the (NDI-Am)5 (C) and (NDI-Triazo)5 (D) oligomers
drop-cast on the silicon substrate. Scale bars = 1 μm. (E, F)
Topographic intermittent contact mode atomic force microscopy
(AFM) images of the (NDI-Am)5 (E) and (NDI-Triazo)5 (F)
oligomers and the associated height profile measurements (1−4).
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previously degassed aqueous (D2O) solutions. Samples were
transferred to torch-sealed quartz capillaries and were
subsequently inserted in quartz electron paramagnetic
resonance (EPR) tubes (purchased from Wilmad-Labglass).
Please note that minimal to no H/D exchange is expected as
indicated by 1H NMR. Unless otherwise specified, experiments
were performed at room temperature. The magnetic field was
centered at 3430 G with a sweep width of 40 G and a sweep
time of 2.62 s. The power attenuation was set to 15 dB, with a
modulation amplitude of 0.2 G. The data shown in Figures 7
and S17 are the result of 30 scans. Procedures regarding the
simulated EPR spectra are detailed in Section 10 of the
Supporting Information.
2.9. Density Functional Theory (DFT) and Time-

Dependent (TD)-DFT Calculation. Structure optimizations
and time-dependent (TD) calculations were performed using
density functional theory (DFT) in the Gaussian 09.D01
software package. All calculations were conducted using the
truncated molecular structure shown in Figure S18, where the
pendant ammonium side chains have been replaced by a
methyl substituent. The energy minimization of the monomer
building block, dimer, and trimer stack models has been
performed using the optimized long-range corrected hybrid
density functional ωB97X-D to account for noncovalent
interactions between the building blocks. All calculations
were conducted using Dunning’s correlation consistent double
zeta basis set (cc-pvdz). For calculation of the vertical
excitation energies in water solvent, a polarized continuum
solvation model (SCRF = IEF PCM) with water as the solvent
was used.

3. RESULTS AND DISCUSSION
Quaternization of the NDI precursor NDI-DMA shown in
Scheme 1 provides synthetic access to the (NDI-Triazo)5 and
(NDI-Am)5 oligomers. While “click” chemistry between the
precursor NDI-C≡CH and the N3(EO)2N3 side chains
delivers (NDI-Triazo)5, direct functionalization of NDI-
DMA with the Br(EO)2Br linker promotes the formation of
(NDI-Am)5. As shown in Figure 1A,B, gel permeation
chromatography characterization performed using a
CH3CN:H2O solvent mixture unambiguously confirms the
formation of oligomer chains characterized by an average of
five repeating units for the (NDI-Triazo)5 and (NDI-Am)5
constructs. While we acknowledge that the polydispersity index
(PDI) calculated for (NDI-Triazo)5 and (NDI-Triazo)5
indicates the existence of a heterogeneous distribution of
oligomer lengths, the representative number of repeating units,
n=5, has been estimated using the number average molecular
weight (Mn). X-ray photoelectron spectroscopy was exploited
to gain insight into the atomic compositions of the oligomers.
The corresponding spectra are shown in Figures S1−S3 and
are discussed in Section 3 of the Supporting Information.
To evaluate how the chemical linkages tethering the NDI

units impact the solid-state morphologies of the two water-
soluble oligomers, scanning electron microscopy (SEM)
images were recorded for the (NDI-Am)5 and (NDI-Triazo)5
oligomers and are shown in Figure 1C,D, respectively.
Additional images are shown in Figures S7 and S8. These
images highlight the formation of hierarchical microscale
objects, which differ from their solid-state morphologies. As
observed in Figure 1D, the (NDI-Triazo)5 oligomer engenders
the formation of fiberlike objects whose sizes span tens of
micrometers. In sharp contrast, the (NDI-Am)5 oligomer

evolves, in the solid state, toward discrete, one-dimensional
microscale structures with an associated length of 1 μM or
smaller. It is important to note that the solid-state
morphologies recorded for these samples originate from a
drop-cast solution where a concentration effect is likely to
favor the formation of the reported microscale objects. To
gather more structural information, atomic force microscopy
(AFM) images were collected for the (NDI-Am)5 and (NDI-
Triazo)5 oligomers and are shown in Figure 1E,F, respectively.
Additional images are shown in Figures S5 and S6. Dispersed
nanoparticles are easily detected for both oligomers where
height profile analyses indicate that the thicknesses of these
nanostructures vary between 4 and 5 nm. While the resolution
offered by AFM does not allow precise determination of
structural information for the oligomers, the observed
nanoscale objects may be representative of the precursor
units that further morph into the hierarchical materials
observed by SEM.
Ground-state electronic absorption spectroscopy experi-

ments performed on the NDI-derived oligomers suggest
negligible interaction between oligomer chains but indicate
electronic coupling between the NDI units embedded in a
single oligomer strand. Figure 2A,B compares the electronic

absorption spectra (EAS) of the (NDI-Triazo)5 and (NDI-
Am)5 oligomers to those collected for the NDI monomer
controls NDI-C≡CH and NDI-C2OH, respectively. Across the
concentration range probed (5−100 μM), these two
monomers solvated in aqueous medium evidence the
spectroscopic hallmarks of individualized units as confirmed
by the identical ratio (∼1.20) of the 0−0 and 0−1 vibronic
transitions centered at 381 and 360 nm, respectively. This
finding indicates a lack of electronic interaction between the
NDI precursor units. In contrast to this result, the EAS
collected for the (NDI-Triazo)5 and (NDI-Am)5 oligomers
highlight a change of the 0−0 and 0−1 vibronic transition
intensities centered at 379 and 362 nm, respectively, that
indicate non-negligible degrees of NDI unit interactions. These

Figure 2. Ground-state electronic absorption spectra recorded in
water for the (NDI-Triazo)5 (A) and (NDI-Am)5 (B) oligomers. The
blue dotted spectra correspond to the control monomers NDI-C≡CH
and NDI-C2OH. Please note that extinction coefficients for the
oligomers are reported per NDI unit considering five repeating units
per oligomer chain. (C) Excitonic coupling calculated for the (NDI-
Triazo)5 (orange bullets) and (NDI-Am)5 (green squares) oligomers,
in water, as a function of the oligomer concentration.
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well-documented spectroscopic attributes accompany the
formation of H-like aggregates.59

To quantify the degree of electronic interaction between
NDI units, the excitonic coupling J12 was calculated by
exploiting the model developed by Spano and used by us, and
others, on rylene-derived aggregates.20,23,62−64 Figure 2C
reports the J12 values calculated for the (NDI-Triazo)5 and
(NDI-Am)5 oligomers as a function of the oligomer
concentration. While the excitonic coupling among NDI
units in (NDI-Triazo)5 is modestly higher than that calculated
for the (NDI-Am)5 oligomers, it is interesting to note that the
J12 values for both oligomers vary only marginally across the
concentration range probed (5−100 μM). The fact that the
excitonic coupling does not appear to be sensitive to oligomer
concentration signals negligible structural perturbation of the
oligomer chains. It is well known that the excitonic properties
of π-conjugated aggregates are regulated by the conformation
of the building blocks where Ångstrom-level displacements
regulate the photophysical properties at the assembly level.22,23

If the photophysical properties of NDI-derived oligomers were
originating from interactions between NDI units featured on
different oligomer chains (interchain interactions), a more
pronounced perturbation of the excitonic coupling would be
expected as a function of oligomer concentration. To this end,
we posit that the excitonic coupling reported for the NDI-
derived oligomers originates from interactions of NDI units
within a single oligomer chain (intrachain interactions). Even
at a low concentration of oligomers (5 μM), the close spatial
proximity of NDI units embedded in a single oligomer chain
may promote non-negligible electronic interactions.
Electrochemical experiments unveil the extent to which the

chemical structure of the flexible chain units regulates the
potentiometric properties of the NDI-derived oligomers.
Figure 3 compares the cyclic voltammograms recorded for
the (NDI-Am)5 and (NDI-Triazo)5 oligomers with those of
the control NDI monomers NDI-C2OH and NDI-C≡CH,
respectively. As shown in Figure 3A,C, the two NDI monomers
share similar potentiometric properties by evidencing two
reversible redox waves at E‑/0 = −0.352 V and E2‑/‑ = −0.698 V
for the solvated NDI-C2OH units and E‑/0 = −0.346 V and
E2‑/‑ = −0.673 V for the solvated NDI-C≡CH units. The
associated anodic and cathodic peaks are shown in Figures S9
and S10 in the Supporting Information, respectively. These
waves diagnose the first and second reduction potentials of
individualized NDI cores. As expected, the alcohol side chain
and ethynyl fragments functionalizing the ammonium groups
on NDI-C2OH and NDI-C≡CH, respectively, do not perturb
the electronic properties of the redox-active cores. In sharp
contrast, the cyclic voltammograms recorded for the (NDI-
Am)5 and (NDI-Triazo)5 oligomers, in an aqueous medium,
differ from those acquired for the parent NDI monomers,
suggesting that the oligomers are equipped with a more
complex electronic structure. As shown in Figure 3D, a number
of redox waves are observed when swiping toward cathodic
potentials for the (NDI-Triazo)5 oligomers, whereby compli-
cating the potentiometric analysis. To gain a more meaningful
insight, we calculated the inflection point characterizing the
first cathodic transition (E(i)) using the method recently
reported by Vullev.65 This approach allows us to reliably
estimate the first reduction potential of the oligomers and
compare them to those calculated for the monomers. The
(NDI-Triazo)5 oligomer demonstrates a first reduction
potential centered at −0.250 V vs SCE that is anodically

shifted with respect to that assessed for the corresponding NDI
monomer (E(i) = −0.327 V vs SCE). A succession of undefined
redox waves is observed during the excursion toward a final
cathodic potential (−1.20 V vs SCE), indicating that the
oligomer possesses a more complex electronic structure than
the monomer. However, the fact that electron injection is
facilitated by 77 mV for the (NDI-Triazo)5 oligomer may stem
from the close spatial proximity of the NDI units within the
oligomer chains that screen the injected negative charge
carriers.

Figure 3. (A−D) Solution-phase cyclic voltammograms of the control
monomers NDI-C2OH (A) and NDI-C≡CH (C) are compared to
those recorded for the NDI oligomers (NDI-Am)5 (B) and (NDI-
Triazo)5 (D). (E−H) Cyclic voltammetry measurements performed
on drop-cast control monomers NDI-C2OH (E) and NDI-C≡CH
(G) and the NDI oligomers (NDI-Am)5 (F) and (NDI-Triazo)5
(H). Experimental conditions: scan rate = 50 mV s−1, glassy carbon
working electrode, and Ag/AgCl reference electrode. Potentials have
been converted to SCE using Fc/Fc+ as the internal standard. Please
see Section 7 in the Supporting Information for more details
regarding the estimation of the first reduction inflection point E(i) and
the solvent conditions.
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Similar to the observation made for the (NDI-Triazo)5
oligomer, the cyclic voltammogram recorded for the (NDI-
Am)5 derivative differs significantly from that collected for the
parent monomer NDI-C2OH and highlights more complex
reduction and back-oxidation processes spanning the cathodic
potential window (0 to −1.2 V). This finding is likely to
originate from a screening effect caused by the initially reduced
NDI units that render further electron injection into the
oligomer chain less favorable. A similar observation has been
made for NDI-derived rotaxanes.66 The first reduction
potential recorded for the (NDI-Am)5 oligomer shown in
Figure 3B is centered at −0.025 V vs SCE, indicating a
significant stabilization of the lowest unoccupied molecular
orbitals (LUMOs) as compared to the parent monomer (E‑/0 =
−0.331 V vs SCE). A potential explanation for this observation
is that intermolecular charge-transfer states engendered by the
close proximity of NDI units in the oligomer scaffold may
stabilize the initially injected negative charge carriers to a larger
extent. Furthermore, the fact that the first reduction potential
of the (NDI-Am)5 (E‑/0 = −0.025 V vs SCE) and (NDI-
Triazo)8 oligomers (E‑/0 = −0.250 V vs SCE) is so markedly
different highlights the non-negligible role played by the side
chains that link the NDI units in regulating the redox
properties of these oligomers. The electron-rich triazole
linkage in the (NDI-Triazo)5 oligomer may interact with the
more electron-deficient NDI core, thus destabilizing the first
reduction potential of the redox-active chromophore. In
contrast, the linkage topology exploited to construct the
(NDI-Am)5 oligomer facilitates the reduction of the NDI cores
enabling the engineering of redox-active nanoscale objects that
possess low-lying electronic states.
The potentiometric properties reported for the NDI

oligomers in the solid state differ markedly from those in
solution. Figure 3E−H chronicles the cyclic voltammograms
recorded using modified glassy carbon electrodes, on which a
solution of the NDI oligomers (Figure 3F,H) and control NDI
monomers (Figure 3E,G) has been drop-cast. Similar to
solution phase, the solid-state control NDI monomers share
similar first reduction potentials as attested by the evaluation of
the first inflection potentials shown in Figure 3E,G for the
NDI-C2OH (E(i) = −0.321 V vs SCE) and NDI-C≡CH (E(i) =
−0.327 V vs SCE) constructs. However, when compared to
the solvated analytes in H2O (Figure 3A,C), a general
destabilization of the first reduction potentials is witnessed
and is a consequence of the change of the dielectric constant
between the aqueous medium (∼80) and the solid-sate organic
matter compositions (∼4). It is interesting to underscore that
the (NDI-Am)5 and (NDI-Triazo)5 oligomers featuring
virtually identical first inflection potentials (centered at
−0.550 and −0.533 V, respectively) are modestly destabilized
as compared to those measured for the control monomers in
the solid state. This observation is in sharp contrast to the
potentiometric properties shown in Figure 3A−D for the
solvated oligomers and their corresponding monomers. We
hypothesize that the stabilization of the first inflection points
observed for both solvated oligomers originates from a
screening of the n-doped states by neighboring, neutral NDI
units. In solution, the degree of freedom of the flexible
ethylene oxide chains allows for structural reorganization of the
NDI units, enabling the stabilization of the radical π−anions.
The reductive titrations along with the spectroelectrochemical
and the electron paramagnetic resonance measurements
presented below further support this assumption.

Because the (NDI-Am)5 and (NDI-Triazo)5 oligomers are
equipped with low-lying first reduction potentials, sodium
ascorbate (NaAsc) can be exploited to probe the spectroscopic
signatures of the n-doped oligomers in an aqueous solvent.
This vitamin C derivative is characterized by a reduction
potential of −0.290 V vs SCE, therefore representing an ideal
titrant to partially reduce the NDI oligomers. The EAS
associated with the reductive titration experiments are shown
in Figure 4 and reveal absorptive features, in the NIR spectral

window, diagnostic of NDI π−anion interactions. For both the
(NDI-Am)5 and (NDI-Triazo)5 oligomers shown in Figure
4A,B, respectively, the addition of NaAsc is accompanied by a
decrease in the oscillator strength associated with the exciton
spectral features at 360 and 381 nm and a concomitant
increase of new transitions centered at 449, 548, and 626 nm.
Furthermore, broad absorption bands are unambiguously

Figure 4. (A, B) Reductive titration spectra recorded for the (NDI-
Am)5 and (NDI-Triazo)5 oligomers using NaAsc as the sacrificial
electron donor. (C, D) Zoom-in of the NIR spectral window of panels
(A) and (B). Experimental conditions: (NDI)oligomer = 100 μM, t = 20
°C; argon atmosphere; optical pathlength = 2 mm; and solvent =
D2O. Please note that extinction coefficients for the oligomers are
reported per NDI unit considering five repeating units per oligomer
chain.
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detected in the 900 to 2500 nm spectral window whose
intensities appear to evolve as a function of NaAsc equivalency
(0.25−50 equiv). While the addition of a low equivalency of
sacrificial electron donor (0.25−0.5 equiv) promotes the
formation of an absorptive feature at 1140 nm in both the
(NDI-Triazo)5 and (NDI-Am)5 oligomers, as seen in Figure
4C,D, it is interesting to note the increase of a new
spectroscopic feature appearing as a low-energy shoulder at
∼1360 nm that is more prominent upon reduction of the
(NDI-Am)5 oligomers (Figure 4C) than it is for the (NDI-
Triazo)5 oligomers (Figure 4D). This observation indicates
that the structures of the (NDI-Am)5 oligomers enable the
formation of n-doped states that are less favored in the (NDI-
Triazo)5 oligomers, under identical reductive titrant concen-
trations. Closely related spectroscopic signals have been
reported for n-doped π-stacks built from water-soluble NDI
monomers and for covalently linked NDI dimers.59−61,67 In
these molecular systems, the spatial proximity of NDI cores
enforces intermolecular charge-transfer interactions as well as
radical π−anion interactions that lead to nascent electronic
states at the origin of the absorption bands observed in the
NIR spectral windows. Furthermore, it is interesting to note
that reductive titrations of the control monomers using NaAsc
do not engender the formation of the spectroscopic features
observed for the oligomer analogues as this sacrificial electron
donor does not possess the required thermodynamic driving
force to n-dope the molecular NDI units. Please refer to
Section 8 and Figure S13 in the Supporting Information.
The n-doping of the (NDI-Am)5 and (NDI-Triazo)5

oligomers via a sacrificial electron donor that possesses a
more negative reduction potential than NaAsc allows a more
detailed analysis of the NIR spectral windows and enables us to
scrutinize the heterogeneity of molecular interactions of the
reduced NDI units as a function of oligomer chains. As
chronicled in Figure 5A, the addition of up to 0.5 equiv of
sodium hydrosulfide (NaSH, E‑/0 ∼ − 0.55 V vs SCE) to the
(NDI-Triazo)5 oligomers engenders spectral modifications
mimicking those reported upon the addition of 50 equiv of
NaAsc as the sacrificial electron donor. No drastic spectral
changes are detected after the addition of 3 equiv of NaSH,
signaling saturation of the oligomer chain doping under these
experimental conditions. As shown in Figure 5C, the spectral
decomposition of the NIR transition (0.5 equiv of NaSH)
using two Gaussian functions unveils two distinct bands
centered at 1142 nm (1.085 eV) and 1399 nm (0.886 eV).
Interestingly, increasing the number of equivalents of NaSH (3
equiv, saturation conditions) is associated with noticeable
perturbation of the NIR transitions, as seen in Figure 5D. Most
notably, an increase in intensity of the low-energy band initially
centered at 1399 nm (0.5 equiv of NaSH) along with its
bathochromic shift to 1481 nm (3 equiv of NaSH) is observed.
Figure 5B highlights the EAS collected during the reductive

titration of the (NDI-Am)5 oligomers and electronic spectral
properties that differ, to some extent, from those reported for
the (NDI-Triazo)5 oligomers. At a low equivalency of
reductant (0.25 equiv of NaSH), broad absorptive features
spanning the 825 to 2500 nm spectral window are detected.
This is in marked contrast to the more resolved band observed
during the titration of the (NDI-Triazo)5 oligomers at
identical NaSH equivalency (please refer to Figure 5A).
Increasing the sacrificial electron donor to 0.5 equiv promotes
the increase of a distinct absorptive band centered at 1476 nm,
which is associated with a blue shoulder at 1170 nm. The

deconvoluted spectra are chronicled in Figure 5E. Further
addition of up to 3 equiv of NaSH is accompanied by the
increase of absorptivity of the NIR absorption band initially
centered at 1476 nm and an apparent red shift to 1570 nm (Δλ
= 94 nm, ΔE = 46 meV). No substantial spectroscopic
perturbations are witnessed when increasing the concentration
of the sacrificial electron donor to 5 equiv, thus confirming

Figure 5. (A, B) Reductive titration spectra recorded for the (NDI-
Am)5 and (NDI-Triazo)5 oligomers when using NaSH as the
sacrificial electron donor. (C−F) Deconvolution of the NIR spectral
window as a function of NaSH equivalency. Experimental conditions:
(NDI)oligomer = 100 μM, t = 20 °C; argon atmosphere; optical
pathlength = 2 mm; and solvent = D2O. Please note that extinction
coefficients for the oligomers are reported per NDI unit considering
five repeating units per oligomer chain.
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saturation of the NDI oligomer. Under identical experimental
conditions, it is interesting to note that the energy of the low-
energy NIR transition associated with the n-doped (NDI-Am)5
oligomers (λabs = 1570 nm, Eabs = 0.790 eV) is stabilized by 46
meV when compared to that evidenced during the titration of
(NDI-Triazo)5 oligomers (λabs = 1481 nm, Eabs = 0.836 eV).
This observation suggests that the linkage topology in (NDI-
Am)5 oligomers may enforce a higher degree of reduced NDI
interactions when compared to that supported by the (NDI-
Triazo)5 oligomer. This hypothesis is based on the seminal
work by Miller et al. who have reported similar NIR red shifts
for n-doped π-stacks built from NDI units flanked with various
side-chain functionalities.67

The reductive titration experiments conducted on the
control monomers NDI-C2OH and NDI-C≡CH using
NaSH as the sacrificial electron donor are shown in Figure
S14. In contrast to the oligomer analogues, the addition of
NaSH (up to 10 equiv) to a solution of the NDI monomers
does not promote the formation of the broad NIR band where
only perturbation of the visible part of the spectral window is
observed. These experimental conditions do not enable the
formation of NDI radical π−anion interactions that are unique
to the oligomer constructs. This finding further highlights the
advantage of embedding NDI redox units in an oligomer
scaffold to engineer redox-responsive nanoscale objects.
To glean more insights into the origin of the NIR transitions

observed during the reductive titrations of the (NDI-Am)5 and
(NDI-Triazo)5 oligomers, time-dependent density functional
theory (TD-DFT) calculations were performed on singly
reduced NDI dimer ([NDI]2

•‑) and trimer ([NDI]3
•‑) models.

Please refer to Section 11 in the Supporting Information for
more details. As shown in Table 1, the n-doped dimer and

trimer models are characterized by vertical, low-energy NIR
transitions centered at 1658 nm (0.7478 eV) and 1374 nm
(0.9021 eV), respectively. These calculated vertical transitions
are dominated by HOMOα → LUMOα for [NDI]2

•‑, and
HOMOα → LUMOα and HOMOα → LUMOα+1 for
[NDI]3

•‑; the relevant molecular orbitals are depicted in Figure
6. These data indicate that the low-energy transitions observed
for the dimer and trimer models have significant intermolecular
charge-transfer characters as indicated by the redistribution of
the electronic density from one NDI unit to another. The fact
that the low-energy transition computed for the trimer stack
shifts toward higher energy, as compared with that calculated
for the dimer, may originate from the close proximity of two
neighboring π-conjugated NDIs. In addition, it is interesting to
note that the lowest-energy transition computed for the
monomer NDI radical π−anion is centered at 624 nm (1.9867
eV), in contrast to the NIR vertical wavelengths computed for
the dimer and trimer NDI stack models.

The TD-DFT calculations provide supporting evidence that
the experimental NIR transitions observed during the titrations
of the oligomers are diagnostic of noncovalent interactions
involving NDI π−anions. However, some limitations of our
current model have to be acknowledged. More complex
electronic processes are likely to arise in the n-doped NDI
oligomers due to the number of repeating units (∼5) in
addition to the structural degrees of freedoms that our current
model fails to capture. Furthermore, the TD-DFT calculations
have been performed on singly reduced dimer and trimer NDI
models. Higher levels of n-doping of the oligomer chains
enable the formation of new spectroscopic states as diagnosed
during the reductive titration experiments that exploit NaSH as
the sacrificial electron donor.
Together, the electrochemical experiments, the reductive

titrations performed on the (NDI-Triazo)5 and (NDI-Am)5
oligomers, and the TD-DFT calculations of the model dimer
and trimer NDI stacks indicate the existence of complex n-
doped states whose formations are contingent not only on
NDI interactions but also on the concentration of electrons per
oligomer chain. At low equivalencies of NaAsc (0.25 equiv),
the NDI oligomer chains are partially reduced. Consequently,
the spectroscopic features centered at 1140 nm may originate
from intermolecular charge-transfer interactions between a
reduced NDI unit and a neutral NDI unit. This hypothesis is
supported by TD-DFT. It is interesting to note that this
spectroscopic feature is also observed, for both oligomers,
during the reductive titrations that exploit a low equivalency of
NaSH (0.5 equiv) (please refer to Figure 5). Increasing the
concentration of NaAsc enforces a higher level of n-doping of
the oligomer chain, a process characterized by the increase of
the NIR absorption band centered at 1360 nm, which is more
prominent in the (NDI-Am)5 oligomers (Figure 4). Because
the redox potential of NaAsc does not provide sufficient
driving force to further reduce the oligomer chain, exploitation
of the stronger reductant NaSH provides a means to enforce a
higher level of n-doping. As the concentration of NaSH
increases from 0.5 to 3.0 equiv, the concomitant increase and
red shift of the NIR band initially centered at 1399 and 1476
nm for the (NDI-Triazo)5 and (NDI-Am)5 oligomers,
respectively, diagnose the emergence of spectroscopic states
not accessible using NaAsc as a reductant.

Table 1. Vertical Wavelength (λabs), Oscillator Strengths ( f),
and Dominant Orbital Characters for the Low-Energy
Transition Computed Using TD-DFT Methods for the
Singly Reduced NDI Monomer NDI ([NDI]•‑), Dimer
([NDI]2

•‑), and Trimer ([NDI]3
•‑) Models

λabs (nm/eV) f dominant orbital characters

[NDI]•‑ 624/1.987 0.0615 Hα → Lα (96 %)
[NDI]2

•‑ 1658/0.748 0.0659 Hα → Lα (98 %)
[NDI]3

•‑ 1374/0.902 0.0654 Hα → Lα (45 %)
Hα → L + 1α (53 %)

Figure 6. Frontier molecular orbitals of the singly reduced NDI dimer
([NDI]2

•‑) and NDI trimer ([NDI]3
•‑) stack models calculated using

DFT at the ωB97X-D level of theory. Basis set = cc-pvdz, solvent =
water. Please refer to Section 11 in the Supporting Information for
more details.
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To confirm the absorptive features characterizing the n-
doped NDI oligomers and further investigate the electro-
chemical potentials required to generate these spectroscopic
signatures, spectroelectrochemistry experiments were per-
formed on the (NDI-Triazo)5 and (NDI-Am)5 derivatives;
the respective spectra are shown in Figure 7. For the (NDI-

Triazo)5 oligomer shown in Figure 7A,B, increasing the
cathodic potentials from 0 to −0.30 V vs SCE is associated
with the increase of a broad NIR band. The deconvoluted
spectra shown in Figure S15 reveal two distinct bands centered
at 1130 nm (1.09 eV) and 1411 nm (0.87 eV). These NIR
absorptive features mimic those generated using NaAsc (5
equiv) or a low equivalency of NaSH (0.25 equiv). Further
excursion from −0.30 to −0.60 V vs SCE is associated with the
increase in intensity of the lowest-energy transitions centered
at 1411 nm. Increasing the cathodic potential to −0.9 V results
in the loss of the spectroscopic signals in the NIR spectral
window and the emergence of transitions centered at 581, 540,
and 500 nm. These absorptive features signal the formation of

the NDI dianion derivative. As compared to the reductive
titrations that exploit the sacrificial electron donor NaSH, it is
interesting to note that no apparent red shift of the low-energy
NIR transitions centered at 1411 nm is observed. Because the
NDI oligomers are polyelectrolytes, no supporting electrolyte
is used during the spectroelectrochemistry experiments,
allowing us to monitor the spectroscopic signatures of the
negative charge carriers in the absence of additional salts. In
this regard, the apparent red shift of the NIR transitions
exclusively observed during the reductive titration experiments
may be attributed to the stabilization of the negative charge
carriers by countercations. In addition, as the concentration of
the ionic titrant increases, so does the ionic strength of the
solution, which may induce conformational changes of the
oligomer chains.
In Figure 7C,D, the spectroelectrochemical measurements

performed on the (NDI-Am)5 oligomer highlight spectro-
scopic features that share some resemblance to those
elucidated during the reductive titrations. Specifically, a
cathodic potential of −0.20 V vs SCE enforces the formation
of a broad NIR transition mimicking that generated using 0.25
equiv of NaAsc. As the cathodic potential is increased from
−0.15 to −0.55 V vs SCE, a continuous increase of the NIR
spectroscopic features initially centered at 1080 nm (1.147 eV)
and 1461 nm (0.848 eV) is witnessed. The deconvoluted
spectra are shown in Figure S16. This analysis reveals a modest
red shift of the low-energy NIR band initially centered at 0.848
eV (Δλ = 46 nm, ΔE = 26 meV) as compared to that observed
during the reductive titration of the (NDI-Am)5 oligomers
when adding up to 3 equiv of NaSH (Δλ = 94 nm, ΔE = 50
meV). Similar to the observation made for the (NDI-Triazo)5
derivative, this finding may be attributed to the decrease in
screening of the injected negative charges by sodium cations
during the spectroelectrochemical experiments where the
supporting electrolyte is absent. To conclude the spectroelec-
trochemical experiments, the cathodic potential is increased to
−0.9 V vs SCE. As shown in Figure 7D, the spectroscopic
signatures of the doubly reduced NDI units are unambiguously
detected at this potential, as observed by the increase of new
absorptive features centered at 579, 535, and 496 nm.
The reductive titrations and spectroelectrochemical experi-

ments confirm the formation of two distinguishable n-doped
spectroscopic states. While the high-energy NIR absorptive
feature observed at ∼1140 nm is characteristic of a low doping
level of the NDI oligomer chains, the emergence of the low-
energy transition observed in the presence of increasing
potentials or higher concentrations of sacrificial electron
donors is diagnostic of a higher level of n-doping. It is
interesting to note that even at elevated concentrations of
sacrificial electron donor, the high-energy NIR absorptive
feature (∼1140 nm) is present for both oligomers, albeit the
low-energy NIR transition is the most intense under this
condition.
To gain further insight into the electron spin properties of

the n-doped states generated in the presence of NaAsc and
NaSH as sacrificial electron donors, we employed electron
paramagnetic resonance (EPR) spectroscopy. The room-
temperature X-band EPR spectrum of the parent monomer
NDI-C2OH in the presence of 50 equiv of NaAsc is shown in
Figure 8A (black curve). The lack of EPR-active species
confirms that, even at 50 equiv, NaAsc lacks the necessary
driving force to reduce the molecularly dissolved monomers. In
contrast, the EPR signal recorded for the NDI monomer in the

Figure 7. Electrochemically generated spectra in deuterated water
solvents that chronicle the change of spectroscopic properties
recorded for the (NDI-Triazo)5 (A,B) and (NDI-Am)5 (C,D)
oligomers. Experimental conditions: (NDI)oligomer = 100 μM; argon
atmosphere; optical pathlength = 1 mm; gold-mesh working
electrode; room temperature (20 °C); and platinum counter
electrode. All potentials are reported against SCE. Please note that
extinction coefficients for the oligomers are reported per NDI unit
considering five repeating units per oligomer chain.
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presence of NaSH as a sacrificial electron donor (Figure 8A,
solid blue line) reveals a characteristic S = 1/2 signal with
discernible hyperfine features. The experimental spectrum was
simulated using the EasySpin68 open source MatLab program
and an S = 1/2 spin Hamiltonian (Figure 8A, red dashed line)
that included nuclear hyperfine coupling terms for 14 nuclei:
two I = 1 14N nuclei and three sets of four equivalent I = 1/2
1H nuclei: (14N) = 1.05(5), A(1H) = 1.35(7), A(1H) =
1.63(5), A(1H) = 2.08(7) MHz. All simulations were
calculated using an isotropic g-value of 2.0038(2). In contrast,
however, EPR data recorded for the (NDI-Am)5 oligomers in
the presence of 50 equiv of NaAsc revealed the presence of
sharp hyperfine features spread across the isotropic curve. The
simulated spectrum shown in Figure 8B (green dashed curve)
was generated using a spin Hamiltonian with hyperfine
coupling between the unpaired electron and 14N/1H nuclei
of the NDI unit. Importantly, this result is consistent with the
depiction of (NDI-Am)5 in the presence of NaAsc, where the
unpaired electron spin is principally located on a single NDI
unit. The isotropic hyperfine coupling constants for the NDI
nuclei of the NDI unit, in units of MHz, are A(14N) = 1.40(5),
A(1H) = 1.78(5), and A(1H) = 2.60(10). Notably, the EPR
spectrum of the (NDI-Am)5 oligomers n-doped with 5 equiv
of NaSH is characterized by an apparent lack of discernible
hyperfine coupling. This observation is most consistent with a
description where the unpaired spin density is delocalized over
two NDI repeating units in the (NDI-Am)5 oligomer chain.
Simulation of the experimental spectrum is successfully
achieved by including twice the number of nuclei with
hyperfine coupling constants of A(14N) = 0.50(10), A(1H) =
0.72(10), A(1H) = 1.05(20), and A(1H) = 1.09(20) MHz.

The fact that the electron spin properties of the n-doped
(NDI-Am)5 oligomer are dependent upon the nature of the
sacrificial electron donors confirms the existence of disparate
electronic states also observed by ground-state electronic
absorption spectroscopy. In particular, the addition of 50 equiv
of NaAsc results in the unpaired electron density being
localized on one NDI unit and corresponds to the lowest-
energy states accessible in the partially n-doped (NDI-Am)5
oligomer. In contrast, the stronger reducing titrant, NaSH,
enables the injection of electrons into higher-lying electronic
states not accessible by NaAsc, whereby delocalizing the
electron wave function over two NDI repeating units. One can
rationalize this observation by assuming that the NDI units
must lie in close spatial proximity to one another.
Since it is unlikely that all of the NDI units comprised in an

(NDI-Am)5 oligomer chain share identical solvation environ-
ments, our current hypothesis relies on the fact that the low-
lying n-doped states formed using NaAsc as the sacrificial
electron donor may correspond to reduced NDI units having a
higher degree of solvent interactions. Under this condition,
weaker NDI π−anion interactions may limit the unpaired
electron spin delocalization. Although this hypothesis remains
to be tested, variability in solvation spheres may explain the
observed differences in both the EAS and EPR measurements,
which are likely attributed to the position of the NDI units in
the oligomer chains.
To probe if the n-doped oligomer states created when using

NaAsc as the sacrificial electron donor evolve as a function of
time, a solution of the (NDI-Am)5 oligomer under saturated
conditions (50 equiv of NaAsc) was left to age over 20 days
under an argon atmosphere. The corresponding EPR spectrum
is shown in Figure S17. Comparison of the EPR signal of the
freshly n-doped (t = 0 days) (NDI-Am)5 oligomer with that of
the aged (t = 20 days) sample reveals a loss of discernible
hyperfine features. It is interesting to note that the simulation
of the experimental spectrum of the aged (t = 20 days) (NDI-
Am)5 sample can be achieved using a Hamiltonian containing
twice the total number of nuclei, with hyperfine coupling
values that are approximately half of those used in the t = 0
simulation. This finding suggests that, over time, the electron
spin becomes delocalized over two NDI repeating units. This is
in contrast to the localized electron spin properties highlighted
previously for the freshly n-doped sample (t = 0 days) and
instead is more reminiscent of the electron spin properties of
the (NDI-Am)5 oligomer in the presence of NaSH. The
evolution of the electron spin properties as a function of time
may originate from two phenomena. First, slow structural
reorganization of the NDI oligomer chain can engender the
formation of electronic states that promote electron spin
delocalization. Second, considering the low reduction potential
of NaAsc (E‑/0 = −0.290 V), the electron transfer to vacant
states characterized by more negative reduction potentials is
thermodynamically unfavorable and may be characterized by a
low electron transfer rate constant.

4. CONCLUSIONS
In conclusion, we report the synthesis and structural and
electronic characterization of two water-soluble naphthalene
diimide oligomers that feature different chemical linkages.
Using ground-state electronic absorption spectroscopy, we
show that the flexible chains of the oligomer enforce electronic
coupling between NDI units evidencing the spectroscopic
properties of H-like aggregates. Cyclic voltammetry experi-

Figure 8. Room-temperature, X-band EPR spectra of NDI-C2OH and
(NDI-Am)5 in the presence of either NaAsc or NaSH as the sacrificial
reductant. (A) Overlay of NDI-C2OH in the presence of NaAsc,
experimental spectrum (black, solid) with NDI-C2OH in the presence
of NaSH, experimental (blue, solid), and simulation (red, dashed).
(B) Experimental (black, solid) and simulated (green, dashed) spectra
of (NDI-Am)5 in the presence of 50 equiv of NaAsc. (C)
Experimental (blue, solid) and simulated (red, dashed) spectra of
(NDI-Am)5 in the presence of 5 equiv of NaSH. All experimental
spectra were recorded under nonsaturating conditions: 9.63 GHz
microwave frequency, 15 dB power attenuation, and 0.2 G
modulation amplitude.
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ments reveal the role of chemical linkages in dictating the
potentiometric properties of the oligomers, where the (NDI-
Am)5 derivative demonstrates a first reduction potential (E(i) =
−0.025 V vs SCE) stabilized by more than 200 meV as
compared to that of its (NDI-Triazo)5 analogue (E(i) =
−0.250 V vs SCE). The low-lying reduction potentials enabled
the use of sodium ascorbate and sodium hydrosulfide as
sacrificial electron donors to probe the spectroscopic proper-
ties of the n-doped states. The detection of absorptive features
reminiscent of those observed in covalent NDI dimers
indicates the formation of n-doped states characterized by a
non-negligible degree of NDI π−anion interactions. TD-DFT
calculations further corroborate this hypothesis.
To further elucidate the electron spin properties of the n-

doped state, EPR spectroscopy experiments were performed
on the (NDI-Am)5 oligomer. These measurements and their
analyses highlight the existence of localized and delocalized
unpaired electron spin densities that can be controlled by the
oxidation potential of the sacrificial electron donors used to n-
dope the oligomer chain. Overall, this study highlights the
existence of energetically disparate n-doped states governed by
the chemical linkages that tether the redox-active NDI units in
the oligomer chain. The development and characterization of
water-soluble oligomers, whose structure−function relation-
ships can be tuned using chemical stimuli, pave the way to
engineer hydrophilic materials relevant to photonic, chemical
sensing, and transducing applications.
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