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Supramolecular interactions have been used to fabricate
conductive nanomaterials, offering enhanced performance
through 1D confined electronic properties and the ease
of solution processing. We functionalized a pentapeptide
motif with an asymmetric arylated methyl-viologen (AVI3D2)
and utilized B-sheet self-assembly in aqueous media to
drive the formation of conductive nanofibers. Through
altering the concentration and pH of the solution, we
demonstrated facile control over nanofiber fabrication.
Using a combination of spectroscopic techniques and
conductive atomic force microscopy, we investigated the
molecular conformation of the resultant AVI3D2 fibers and
how their conductivity is affected by 3-sheet self-assembly.
These conductive nanofibers have potential for future ex-
ploration as molecular wires in optoelectronic applications.

The fabrication of molecular wires and electronic circuitry is
currently of great interest in nanoscience.! Typical approaches to
generate these molecular constructs have involved the develop-
ment of polymers, which can transfer charge along their extended
molecular structure.' More recently, supramolecular interactions
such as 7-7 stacking and the oligopeptide self-assembly of aro-
matic species have been used to fabricate conductive nanoma-
terials.2™ These types of constructs with nanoscale architectures
have enhanced performance, taking advantage of the 1D confined
electronic properties and the ease of solution processing. %

Oligopeptide B-sheet self-assembly mechanisms can generate
a variety of nanostructures in aqueous solutions.”"Z In a few
examples, sequences have been able to form nanospheres,® fi-
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brous and plate-like assemblies,? and micelles and nanotubes.2
Through further functionalization with aromatic and hydropho-
bic synthetic groups,®1L' additional z-7 stacking and hydropho-
bic interactions can be introduced to promote self-assembly.Z In
light of this, oligopeptides have also been combined with aro-
matic semiconductive subunits such as perylene imide moieties
in an attempt to control the assembly and enhance the semicon-
ductivity of these subunits." 213 Furthermore, B-sheet assemblies
formed from aromatic phenylalanine-phenylalanine dipeptide se-
quences have been shown to generate quantum confined struc-
tures with underlying semiconductive properties. 414

Viologens (N,N’-disubstituted 4,4-bipyridinium salts) have
been of great interest in both electrochemistry and photochem-
istry. 15717 They can be reduced from the dication (V2*) to the
radical cation (V**) state and further to a neutral species (V) in
two single-electron-transfer steps.1217 This has led to their ap-
plication as redox mediators and as electron acceptors in charge-
transfer complexes for electrical and ionic conductors. 1217 Addi-
tionally, electrodes modified with viologen based polymer species
have been of increasing interest due to their electric, optical
and magnetic performance.1Z18 The electrochemical and spectral
properties of viologen have been found to be influenced through
R-group substitution at the pyridinium nitrogen atoms, 115116
Where a symmetrical aryl R-group substitution coupled with
additional electron donating groups has been shown to gener-
ate the largest single molecule conductance for viologen com-
pounds.1012 This is thought to maximize intramolecular electron
transfer across the structure, enhancing conductivity, 1612

We hypothesized that by functionalizing a pentapeptide mo-
tif (I3D2) with an asymmetric arylated methyl-viologen (AV),
we could utilize -sheet self-assembly in aqueous media to drive
the formation of conductive nanofibers. Recently, we reported
pentapeptide motifs that contain three aliphatic isoleucine (Ile)
residues, an amino acid with a high propensity to form S-sheets,
coupled with two aspartic acid (Asp) residues at the C-terminus
which promote solubility (Figure ).20 Upon protonation of the
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Fig. 1 Chemical structure of a) I3D2 peptide and b) AV. c) Schematic de-
picting the chemical structure of the AVI3D2 conjugate and the proposed
supramolecular stacking arrangement of the self-assembled conductive
nanofibers.

Asps, charge recognition/hydrogen bonding drives -sheet self-
assembly and in turn, the formation of nanofibers. Through sim-
ple amide coupling, we conjugated a synthesized AV molecule
(Figure[Ip) to the I3D2 peptide to yield an AV labelled pentapep-
tide sequence (AVI3D2). In this paper, we demonstrate the facile
formation of conductive nanofibers in aqueous media through
controlling the pH and concentration of AVI3D2 in solution (Fig-
ure[l}). Additionally, we utilize spectroscopic techniques to probe
the secondary structure and molecular conformation of the resul-
tant AVI3D2 conductive fibers to investigate how their conductiv-
ity is affected by -sheet self-assembly.

To investigate the self-assembly of AVI3D2, stock solutions
were prepared at both high (8 mM) and low (1 mM) concen-
trations in basic media. Small volumes of HCl were then added
to achieve a final solution of pH 4, triggering the protonation of
the Asp residues and consequently, the self-assembly of the pep-
tide. Interestingly, we observed that in solution both AVI3D2 and
AV have a photoluminescence (PL) with a maxima between 500-
510 nm and a Stokes shift of 180-190 nm (Figures [2h, S15 and
S$16). The PL peak intensity and wavelength for these molecules
was found to be dependent on pH. At the concentrations of 1 and
8 mM the AV molecule displayed an increase in PL in acidic con-
ditions (Figures S15a and S15b). This phenomenon could be a
product of counter ion exchange (I~ replacing Cl™), solvation ef-
fects or through charge transfer between the carboxylic acid and
aromatic part of molecule, driven by protonation induced planari-
sation.?1'22l At the lower concentration of 1 mM, AVI3D2 has very
little change in PL at different pH with only a slight decrease in
intensity observed in acidic conditions (Figure S16a). In contrast,
the PL intensity of AVI3D2 (8 mM) is quenched by 40% and has
a blue shift of 10 nm at pH 4 (Figure ). The PL of fluorescent
molecules is known to be influenced by intermolecular stacking
arrangements.23 Photoinduced Electron Transfer (PET) can gen-
erate a quenching effect when donor and acceptor are in contact
(on the sub-nanometer length scale) through hydrophobic and z-
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7 stacking interactions.?3' Similarly, PET on account of the charge
recombination of mixed valence viologens has been previously
reported for viologen-based cyclophanes.2#2> The interactions
between the AV moeities in AVI3D2 were investigated through
NOESY 2D-NMR studies, which verified the presence of inter-
molecular interactions (Figures S7-8, S12-13 and supplementary
discussion). Therefore, both the NOESY and fluorescence spec-
tra of AVI3D2 suggest that pH can be used to trigger the f-sheet
assembly of the peptide and in turn bring the AV units into close
proximity via hydrophobic/z-7 stacking (Figure[If).
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Fig. 2 a) Normalized steady-state photoluminescence spectra of AVI3D2
(8 mM) at different pH following excitation at 320 nm. Dotted lines repre-
sent absorbance of AVI3D2 (0.1 mM) at the corresponding pH. b) Circular
dichroism spectra of AVI3D2 at different pH and concentrations.

To probe the supramolecular structure of the AVI3D2 molecule
in its assembled state, spectroscopic techniques were utilized.
In line with fluorescence spectra, CD experiments confirmed the
concentration and pH dependence of the self-assembly of AVI3D2
and the I3D2 peptide (Figures[2p, S17 and S18). At a concentra-
tion of 8 mM, both AVI3D2 and the I3D2 peptide have spectra that
resembles a f3-sheet in acidic conditions, with a minima present
at 216-220 nm (Figures [2b and $11b).2027 At 1 mM, both the
AVI3D2 and I3D2 peptide have a CD signature of a typical ran-
dom coil (Figures and S11a).27 This random coil to B-sheet
transition can also be witnessed at the higher concentration of 8
mM through changes in pH. By simply altering the pH from 8 to
4, the CD spectra of both AVI3D2 and the I3D2 display a clear
switch to a B-sheet signature (Figures[2b and S17b). This high-
lights that the protonation of the Asp residues acts as the driving
force in the B-sheet formation.2Y

The CD spectra of -sheets have a greater variability than other
peptide secondary structures.28 B-sheets have both significant in-
termolecular and intrastrand hydrogen bonding, and can form an-
tiparallel, parallel, or mixed B-sheets.2Z28 [nterestingly, AVI3D2
and I3D2 have distinctly different -sheet CD signals, with I3D2
having a 4 nm red-shift in minima (220 nm) when compared to
AVI3D2 (216 nm) (Figure S18b). Previous studies have suggested
that a red-shift in the CD spectra of f3-sheets is representative of
more twisted and distorted arrangements. 222628l 1y Jight of this,
we can suggest that the conjugation of the AV moiety at the N-
terminus of the I3D2 peptide influences the 3-sheet conformation
and generates less twisted stacking arrangements, likely through
additional hydrophobic/z-7 interactions.

This observation was further supported by the FTIR spectra of
the amide I region (Figure S19), where AVI3D2 and I3D2 at 8 mM
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display a prominent peak at ~1630 cm~' indicating a B-sheet
conformation.2? Recently, it has been reported that Asp position-
ing can influence the stacking orientation of tripeptide B-sheet
structures, where Asp at the C-terminus was shown to generate
a parallel B-sheet conformation.®9 Whilst it cannot be explicitly
defined whether the AVI3D2 and I3D2 assemblies are in an an-
tiparallel or a parallel orientation, the FTIR spectra for these se-
quences have no obvious antiparallel behavior, which is usually
depicted by an amide I splitting between 1680-1690 cm~!22
Therefore, from the combination of fluorescence, NOESY and
spectroscopic studies we can suggest that both sequences form
parallel B-sheets, where the planar AV region of the AVI3D2 se-
quence is stacked in close contact (Figure ).

The morphology and conductive properties of the self-
assembled AVI3D2 structures were characterized using conduc-
tive atomic force microscopy (c-AFM) operating in contact mode
coupled with an ORCA™ cantilever. At the higher concentration
(8 mM), where spectroscopic studies indicated 3-sheet formation,
both AVI3D2 and the I3D2 peptide formed nanofibers (Figures[3h
and [3p). However at 1 mM, the I3D2 peptide and AVI3D2 conju-
gate formed amorphous aggregates, likely driven by drying effects
(Figures S20a and S21a). Using the ORCA™ module we probed
the conductivity of the different materials, this technique allows
for IV curve measurements to be taken at specific locations on the
substrate. The AVI3D2 materials displayed a non-linear IV curve,
typical for that of an organic semi-conductor, whereas the 13D2
fibers and aggregates had no apparent conductivity (Figures 3k,
and S21c). Interestingly, the IV curves indicated an enhanced
conductivity in the AVI3D2 nanofibers (8 mM) when compared
to the AVI3D2 amorphous aggregates (1 mM), where at -10 V
the current increases from around -50 pA (Figure S20c, P1) to
-4.0 nA (Figure [3[d, P2). This is further supported by the short-
circuit current map of the AVI3D2 nanofibers (Figure ii) and
the points corresponding to where the IV curves were taken (Fig-
ures [3k and [3|d). Thicker fibers/denser regions appear to be of
a darker contrast, suggesting an increased conductivity, and this
also correlates with the IV curves taken at points 1 and 2. There-
fore, demonstrating that the -sheet and supramolecular stacking
present in the nanofibers offer an improved conductivity over the
amorphous structures for the AVI3D2 materials.

The AVI3D2 nanofibers are fabricated by solution self-assembly,
where the secondary structure is thought to be driven by a
complimentary parallel -sheet conformation of the peptide and
hydrophobic/z-m stacking of the planar AV groups (Figure ).
Viologens in their neutral or radical cation state are considered to
have a higher conductivity than their dication form.I33I How-
ever, as a dication, charge transfer is permitted with a donor
species (neutral or anionic) and consequently, conductivity is im-
proved.” The viologen’s aryl-group functionalization is known to
improve intramolecular electron transfer. It acts as an electron
donor (D) with the electron-poor viologen as an acceptor (A),
generating an enhancement in single molecule conductivity.
With the application of charge or excitation, the dication violo-
gen species will be reduced to either a radical cation or a neutral
species through electron donation from the D-A pair.

To investigate our hypothesis of radical cation formation, AV
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Fig. 3 c-AFM measurements of AVI3D2 and I3D2 at a concentration of
8 mM. a) Topography map (i) and short-circuit current map of AVI3D2
nanofibers (ii). b) Topography map (i) and short-circuit current map of
I3D2 nanofibers (ii). Conductivity curves for AVI3D2 at point 1 (c) and
point 2 (d), demonstrating conductive nature of the AVI3D2 nanofibers.
Scale bar on all images is 5 um.

and AVI3D2 were studied in solution at 8 mM (pH 4 and pH 8)
through Electron Spin Resonance (ESR) Spectroscopy coupled
with UV excitation. At pH 8, a characteristic viologen radi-
cal cation signature (g = 2.0033 +0.0002) was evident after ~1
hour of excitation, which was found to be stable in air and sat-
urate over time (Figures Ea, S22 and 824).IEI However, at pH 4
AV demonstrated diamagnetic behavior (Figure S23), which has
been witnessed previously for methyl-viologen derivatives on ac-
count of radical cation induced dimerization and the opposing
electron spin states in the diradical 32 Therefore, a similar con-
figuration for AV can be suggested, as the diradical cation forms,
it will likely be stabilized by intermolecular interactions between
the viologen units observed in the NOESY studies. AVI3D2 has
a weak radical signal at pH 4, where it is known to be in a f3-
sheet conformation and has intermolecular interactions between
the aryl-viologen units (Figures E} and S25). Unlike a diradi-
cal configuration where the radicals are paired, the f3-sheet con-
formation of AVI3D2 is an extended stack, which may generate
a confined electronic environment with a slight twist and/or it
may contain an odd number of unpaired radicals. Importantly,
these ESR studies demonstrate that the aryl-viologen units can be
easily reduced through electron donation from the D-A pair and
provides further evidence of a confined electronic environment
induced by the -sheet self-assembly of AVI3D2.

When considering this in the context of the conductive
nanofibers, a constant stream of electrons, coupled with the D-A
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Fig. 4 a) X-band (~ 9.43 GHz) first derivative ESR spectra of AVI3D2 (8
mM) at pH4 and pH8 following UV irradiation. b) Magnification of AVI3D2
(8 mM) at pH4 coupled with a rescaled overlay of AVI3D2 at pH8 (dashed
blue line). The signal at g = 2.0033 +0.0002 originates from the viologen
radical cation.

pair, will promote the reduction of the dication to either a rad-
ical cation or a neutral species. This will produce a mixed va-
lency/redox distribution throughout the assembly. In a solid state,
mixed-valency viologen systems are known to have high conduc-
tivity due to an electron hopping mechanism from viologen to vi-
ologen in different redox states.1233 Our spectroscopic and ESR
studies suggest that the directionality of the -sheet interactions
drive the AV moieties into close proximity. Therefore, we can
hypothesize a mechanism based on a confined electronic environ-
ment, where electron transfer (hopping) from viologen to violo-
gen is enhanced along the nanofiber’s supramolecular stack. Sim-
ilarly, previous studies of nanofibrillar structures demonstrated
that m-7 stacking of conductive molecules can facilitate charge
separation and allow for electron and hole transport through in-
termolecular 7-electron delocalization.%"3

The directional organization present in the assembled AVI3D2
nanofibers is likely to produce a variation in charge carrier mo-
bility along the different axes of the nanofibers. As previously
mentioned, the thicker fibers/denser regions appear to have an
increased conductivity, for example at -10 V point 2 is seven times
larger than point 1 (Figures[3k and [3[d). This could be a product
of fiber orientation and charge carrier mobility, although this is
difficult to determine from the AFM topography maps. It is also
difficult to deduce the quality and orientation of contact between
the fibers and substrate. With c-AFM being a contact-based mea-
surement, differences in contact are likely to generate variations
in the conductivity curve measurements.

We report an AV labelled pentapeptide sequence, which can
form conductive nanofibers through pH triggered 3-sheet assem-
bly. To explore the relationship between the secondary structure
and the conductive properties of the nanofibers, we utilized spec-
troscopic techniques, which verified the -sheet structure. PL
quenching through PET, NOESY 2D-NMR and different degrees
of red-shift in the CD spectra suggested that the AV portion of
the molecules are in close contact, generating a less twisted par-
allel B-sheet. c-AFM identified the semi-conductive behavior of
the nanofibers, which had an enhanced conductivity when com-
pared to amorphous aggregates. We propose that the high con-
ductivity of these nanofibers is a product of a mechanism involv-
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ing the reduction of the viologen portion of the molecule, fol-
lowed by electron transport (hopping) between viologens along
the supramolecular stack. These conductive nanofibers, with
facile and controllable assembly in aqueous environments have
potential for future exploration in optoelectronic applications.
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