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Abstract: Advanced molecular electronic components remain
vital for the next generation of miniaturized integrated circuits.
Thus, much research effort has been devoted to the discovery of
lossless molecular wires, for which the charge transport rate or
conductivity is not attenuated with length in the tunneling
regime. Herein, we report the synthesis and electrochemical
interrogation of DNA-like molecular wires. We determine that
the rate of electron transfer through these constructs is
independent of their length and propose a plausible mechanism
to explain our findings. The reported approach holds relevance
for the development of high-performance molecular electronic
components and the fundamental study of charge transport
phenomena in organic semiconductors.

M olecular electronic devices have the potential to redefine
integrated circuit technologies and revolutionize modern
computing.? Consequently, much effort has focused on the
discovery and study of nearly lossless molecular wires, that is,
molecular chains that efficiently transport charge (notable -
conjugated examples include oligoporphyrins, oligophenyle-
nevinylenes, and DNA).F¥ Typically, such wires or bridges
are electrically interrogated in various configurations, that is,
scanning probe break junctions,”'”) two terminal devices, "'
and self-assembled monolayers,>'¥ with the measurements
yielding information on their ground state charge transport
properties. However, for many of the reported molecular
wires, the charge transport rate or conductivity drops off
precipitously with length in the tunneling regime (typically
<ca. 5nm).” " Furthermore, artificial molecular wires are

often difficult to synthesize, while natural molecular wires can
exhibit poor stability under electrical interrogation.”'s! Con-
sequently, given the continued demand for integrated circuit
miniaturization,"” the development of high-performance
molecular wires remains of paramount importance for next
generation electronics.

Herein, we describe the preparation and characterization
of bioinspired chimeric molecular wires. First, we design and
synthesize a series of electroactive macromolecules from -
conjugated building blocks. Next, we self-assemble these
constructs into monolayers and evaluate their orientations
with X-ray spectroscopic techniques. Subsequently, we inves-
tigate the monolayers’ electrochemical properties, and from
these measurements, we extract the rate of electron transfer
through the macromolecules, which we determine to be
independent of their length. In turn, we use density functional
theory (DFT) calculations to gain insight into the electronic
structure of our constructs. Finally, we propose a plausible
mechanism to explain our findings. The reported approach
holds relevance for the development of high-performance
molecular electronic components and the fundamental study
of charge transport phenomena in organic semiconductors.

We began our experiments by drawing inspiration from
the fields of organic electronics and oligonucleotide chemistry
for the rational design and preparation of the macromolecules
shown in Figure 1 A. First, we selected perylene-3,4,9,10
tetracarboxylic diimide (PTCDI) as the m-conjugated build-
ing block for our constructs because of this molecule’s well-
known electrochemical properties, propensity for adapting
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Figure 1. A) lllustration (top) and chemical structure (bottom) for
macromolecules P1, P2, P3, and P4, which consist of tracts of one to
four PTCDIs arranged on a phospho-alkane backbone and flanked by
thiol-terminated linkers and ferrocene-terminated tethers. B) Illustra-
tion of self-assembled monolayer formation for the macromolecules in
).

stacked columnar arrangements, and excellent stability under
various conditions.”?! Next, we used standard automated
oligonucleotide synthesis techniques, which are compatible
with PTCDI derivatives,**?” to prepare, purify, and charac-
terize thiol- and ferrocene-modified macromolecules featur-
ing one, two, three, or four PTCDIs arranged on a phospho-
alkane backbone (Supporting Information, Figures S1-16).
Notably, our constructs’ negatively-charged backbone and
solubilizing hexaethylene glycol imide substituents facilitated
processing and mitigated intermolecular aggregation. The
final designer systems, which we denoted as P1, P2, P3, and
P4, consisted of variable-length PTCDI tracts as the highly
conductive components, terminal thiolated linkers as handles
for monolayer formation, and pendant ferrocene moieties as
redox probes of charge transport (Figure 1 A).

We proceeded to self-assemble and spectroscopically
characterize monolayers from P1, P2, P3, and P4. As
illustrated in Figure 1B, we incubated clean gold substrates
in solutions of each of our thiol-modified constructs, allowing
for the formation of specific covalent S—Au bonds, and then
treated the modified substrates with mercaptohexanol to
enforce upright macromolecular orientations and displace
non-specifically physisorbed species.'*1*?230 We subse-
quently confirmed the average orientations of the four
monolayers’ constituent macromolecules with near edge X-
ray absorption fine structure spectroscopy (NEXAFS), which
is a surface-sensitive technique that can elucidate the
electronic characteristics and orientations of surface-confined
molecules. Thus, we collected and analyzed partial electron
yield spectra with the incident electric fields parallel and
perpendicular to the surfaces of our substrates (Supporting
Information, Figures S17-20).5Y Based on literature prece-
dent for PTCDIs, we assigned the spectra’s characteristic
inequivalent doublets at energies between 284 and 286 eV to
carbon ls—x* transitions that are associated with these
molecules’ LUMO (left doublet) and LUMO+1 (right

doublet) (Supporting Information, Figures S18-21).F% In
turn, by evaluating the dependence of the LUMO + 1 signals’
intensities on the polarization of the electric fields, we
calculated average substrate-relative tilt angles of 61 +2°,
61+£2° 60£2° and 60+2° for the constituent PTCDIs of
monolayers from P1, P2, P3, and P4, respectively. Overall, the
NEXAFS experiments indicated that our four macromole-
cules adopted nearly identical upright average orientations, in
analogy to duplexes in backfilled DNA monolayers.-2%23

We initially investigated the electrochemical properties of
backfilled monolayers from PO, which is an analogue of our
macromolecules but lacks any PTCDIs (Supporting Informa-
tion, Figures S21 and S22A). For these monolayers, we
observed a redox couple at a potential of 0.46+0.02V
versus Ag/AgCl, which we attributed to the pendant ferro-
cenes (Supporting Information, Figure S22B).[1314333] The
couple featured an anodic to cathodic peak current ratio of
1.07 £0.04, indicating a quasi-reversible redox reaction, and
a linear dependence of the anodic peak current on the scan
rate, indicating a surface-bound species (Supporting Infor-
mation, Figure S22 C).'*! From the anodic wave, we calcu-
lated a surface coverage of 22.244.3 pmolcm 2 which was
smaller than the estimated maximum coverages of circa 300
and circa 450 pmolcm? for ferrocene-terminated DNA and
alkanethiol monolayers, respectively,”** as well as a full
width at half maximum (FWHM) of 0.14 +0.01 V, which was
greater than the ideal value of approximately 0.091 V.[1436
These metrics suggested relatively dilute monolayers, likely
owing to the repulsive electrostatic interactions between our
constructs’ negatively-charged backbones.'*** Altogether,
the measurements demonstrated that monolayers from PO
generally resembled analogous monolayers from ferrocene-
terminated alkanethiols,!1433-%]

We next evaluated the rate of electron transfer between
the pendant ferrocene redox probes and the gold surfaces for
backfilled monolayers from P0 (as mediated by the interven-
ing phospho-alkane bridges). By analyzing the cyclic voltam-
mograms obtained at different scan rates, we extracted the
electron transfer rate constant k, according to the Laviron
approach (Supporting Information, Figure $22D).*¥ The
calculated rate constant for PO was k,=9.74+1x10%s™"
(corresponding to a probe-surface through-bond distance of
229 nm). This value was in good agreement with rate
constants of 6.0 x 10°, 1.2x 10°, and 1.0 x 10*s™! reported for
analogous ferrocene-terminated alkanethiol monolayers with
probe-surface through-bond distances of 1.84, 2.00, and
2.47 nm, respectively (Table 1).7**! Our observations and
analysis suggested that non-resonant tunneling was the likely
mechanism governing electron transfer for P0.

We in turn investigated the electrochemical properties of
backfilled monolayers from P1, P2, P3, and P4 at positive
potentials (Figure 2). These monolayers featured reversible
redox couples at potentials from approximately 0.47 to
approximately 0.52 V versus Ag/AgCl, anodic to cathodic
peak current ratios of ca. 1.02 to ca. 1.16, anodic FWHMs of
approximately 0.13 'V, average surface coverages of ca.
20 pmolcm ™ to ca. 25 pmolem 2, and linear plots of peak
current as a function of scan rate (Supporting Information,
Figure S23 and Table S1). Altogether, our measurements



Table 1: Various ferrocene-terminated species, with the corresponding
electron transfer rate constants k, and through-bond electron transfer
distances.

Ferrocene Species ko [s7] Distance [nm]® Reference
FcCONH(CH,),SH 6.6x10* 1.53 34
FCCONH (CH,)sSH 1.5%10* 1.69 34
FcCONH(CH,),SH 6.0x10° 1.84 34
FcCONH (CH,),,SH 1.2x10° 2.00 34
FcCO,(CH,);SH 1.0x10% 2.47 33
Fc(CH,);6SH 2.8x10' 2.65 35
FcCONH(CH,),sSH 7.0x10° 2.77 34

PO 9.74+1x10? 2.29 This work

P1 8.2+1x10° 3.05 This work

P2 8.3+1x10° 3.81 This work

P3 8.8+1x10° 457 This work

P4 8.2+1x10° 5.33 This work

[a] Electron transfer distance is defined as the sum of all the bond
lengths between the pendant ferrocene and the terminal gold-bound
sulfur atom.
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Figure 2. Cyclic voltammograms at positive potentials for backfilled
monolayers from A) P1, B) P2, C) P3, and D) P4. The insets show
schematics of the monolayers.

indicated that monolayers from P1, P2, P3, and P4 were
relatively dilute and that their electrochemical characteristics
closely resembled not only those of P0 but also each other.

We further explored the electrochemical properties of
backfilled monolayers from P1, P2, P3, and P4 at negative
potentials (Supporting Information, Figure S24). We found
one to three quasi-reversible redox couples for P1, P2, P3,
and P4, with a midpoint potential of approximately —0.4 V
versus Ag/AgCl for the initial (least negative) couple in each
instance. Based on literature precedent for PTCDIs,***%] we
attributed these redox signatures to the macromolecules’
LUMOs (and energetically higher orbitals); and by using the
pendant ferrocenes as internal standards,’® we calculated
reliable LUMO energies of —4.11+0.01, —4.154+0.01,
—4.194+0.01, and —4.22+0.01 eV for P1, P2, P3, and P4,
respectively. The lowering of the LUMO energies and
appearance of multiple energetically similar states for the

longer macromolecules indicated the likely presence of strong
n—7 stacking interactions between the constituent PTCDIs.
Overall, the electrochemical measurements suggested that
the macromolecules’ PTCDI-based substructures essentially
behaved as single electroactive units.

We next evaluated the rate of electron transfer through
backfilled monolayers from P1, P2, P3, and P4. The PTCDI-
based substructures, along with their terminal linkers and
tethers, served as extended bridges that mediated electron
transfer between the pendant ferrocene redox probes and the
gold surfaces. By analyzing the cyclic voltammograms
obtained at different scan rates for monolayers from P1, P2,
P3, and P4, we extracted these macromolecules’ respective
electron transfer rate constants k,."**! Surprisingly, for P1,
we found only a slight decrease in the electron transfer rate
constant to k,=82+1x10?s™! (relative to P0), despite P1’s
larger probe-electrode through-bond distance of 3.05 nm
(Table 1). The measured value was in stark contrast to the
smaller rate constants of 2.8 x 10" and 7.0 x 10" s™' found for
ferrocene-terminated alkanethiols with  probe-surface
through-bond distances of 2.65 and 2.77 nm, respectively
(Table 1).”**) Furthermore, we discovered that the rate
constants remained almost unchanged for the longer macro-
molecules, with values of k,=83+1x10*s™! for P2, k,=
8.8+1x10°s™" for P3, and k,=82+1x10’s™"! for P4,
despite the substantially increased probe-surface through-
bond distances of 3.81 nm for P2, 4.57 nm for P3, and 5.33 nm
for P4, respectively (Table 1). Together, the measurements
indicated that the rate of electron transfer through our
molecular wires was effectively not attenuated with length.

To facilitate the interpretation of our experimental
observations, we performed DFT calculations. We first
adapted literature protocols””” and used molecular dynamics
(MD) simulations to obtain the lowest free energy (most
thermodynamically stable) atomistic conformations for the
PTCDI-based substructures of P1, P2, P3, and P4 (Support-
ing Information, Figures S25 and S26). The simulations
revealed that the constituent PTCDIs of P2, P3, and P4
were offset with respect to one another but still featured
strong m—m stacking interactions, in agreement with the
characteristic changes observed for the constructs’ UV/Vis
spectra (Supporting Information, Figures S14-16). Next, we
employed the simulated equilibrium geometries and the long-
range-corrected CAM-B3LYP functional®’ to generate the
shapes and energies of our four macromolecules’ HOMOs
and LUMOs. The isosurface plots revealed that the electron
density was delocalized over either the entirety or majority of
the substructures’ aromatic cores, demonstrating that their
constituent PTCDI moieties were not electronically inde-
pendent of each other (Supporting Information, Figure S27).
Moreover, the theoretically-predicted LUMO energies were
lowered for the longer macromolecules, with values of —2.66,
—-3.01, —-3.36, and —-3.36eV for P1, P2, P3, and P4,
respectively, in agreement with the trend found for the
electrochemical measurements (note that the theoretical and
experimental values did not perfectly match owing to the
limited accuracy of the functional and the exclusion of solvent
and/or substrate effects). Overall, the calculations gave
insight into the electronic structures of our constructs and



provided a rationale for their electrochemical behavior as
single electroactive units.

Our experimental findings warrant a discussion of the
mechanisms governing charge transport for P1, P2, P3, and
P4. We note that our constructs consist of the following
distinct components: m-conjugated PTCDI-based substruc-
tures, primarily saturated tethers bound to the gold surfaces,
and primarily saturated linkers connected to the pendant
ferrocene probes (Figure 1 A). Based on previous findings for
ferrocene-terminated alkanethiols™!**= (as well as our
experimental observations for monolayers from PO0), elec-
trons are likely transported through the macromolecules’
tethers and linkers by a rate-limiting and lossy non-resonant
tunneling mechanism.”"*'® Furthermore, based on reports of
rapid electron hopping rates of > 10" s™'*! and femtosecond
charge transfer times™! in analogous PTCDI-based ensem-
bles (as well as our computational observations for P1, P2, P3,
and P4), electrons are likely transported through the macro-
molecules’ PTCDI-based substructures by a rapid and nearly
lossless resonant tunneling mechanism.?*"'®l The combina-
tion of these two mechanisms accounts for the observation of
essentially length-independent charge transport for our con-
structs.

In summary, we have synthesized a series of bioinspired
chimeric molecular wires and electrochemically characterized
their charge transport properties. Our study holds significance
for several reasons. First, the reported synthetic methodology
employs straightforward, readily accessible bioconjugate
chemistry techniques to prepare well-defined PTCDI-based
macromolecules. In principle, this approach possesses few
limitations and could be used to prepare a variety of modular,
sequence-variable constructs from arbitrary organic semi-
conductor building blocks. Second, our electrochemical
strategy makes it possible to simultaneously measure electron
transfer rates and monitor changes in electronic structure.
Such experimental flexibility underscores the value of our
methodology for the study of nanoscale charge transport
phenomena. Finally, the measurements reveal that charge
transport through our molecular wires is essentially inde-
pendent of length. The reported constructs may thus prove
valuable as archetypes for the construction of novel high-
performance electronic components. Altogether, our findings
hold broad relevance within the context of molecular,
organic, and biological electronics and may afford new
opportunities for the development of advanced miniaturized
circuits.
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