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ABSTRACT: Peptoids are structural analogs of peptides in which side chains are  unconstrained
appended to the backbone nitrogen rather than the a-carbon. The sequence-defined ~ conformation
modularity of peptoids enables precise control over structure—function relationships,

|

|

|
enabling applications in energy storage and biomedical materials. Despite recent H :
progress, the role of sequence and conformation on electron transport in peptoid N\A’ | NN%
molecules is not fully understood. Here, we synthesize a library of peptoid oligomers o I o
and characterize their molecular electronic properties using the scanning tunneling i I )

g g : g more-defined less-defined

microscope-break junction (STM-BJ) technique. Our results show well-defined «, conductance | condiictanca
electron transport behavior for peptoid sequences containing aromatic side groups pathway | pathway

lacking hydrogen bonds (H-bonds) and without chemical substitutions at the N—C,

position. This behavior fundamentally differs from electron transport in peptides, where H-bond interactions give rise to higher
conductance states. All-atom molecular dynamics (MD) simulations are used to understand the conformational heterogeneity of
peptoids, and molecular conformations obtained from MD simulations are used in quantum mechanical calculations based on the
nonequilibrium Green’s function—density functional theory (NEGEF-DFT) formalism. In all cases, computational results are in
reasonable qualitative agreement with experiments. Our work demonstrates that the conductance behavior of peptoids depends on
monomer identity, including side-chain aromaticity and substitution at the N—C, position. Overall, this work provides new insights
into the structure—function relationships governing electron transport in peptoid-based materials and establishes design rules for
peptoid-based molecular junctions.

B INTRODUCTION applications due to their diverse chemical space and modular
design properties. Peptoids are structural analogs of peptides
wherein the peptoid side chains are attached to the nitrogen
atom of the backbone rather than the a-carbon.'” This key
difference in chemical structure precludes backbone H-
bonding interactions and enhances backbone flexibility
compared to peptides.””*" Prior work has shown that peptoids
helical structures can have effective intramolecular energy
transfer between side groups that are cofacially aligned.”* From
this perspective, variations in side chains and substitutions at
the N—C,, position are known to influence the structural and
electronic properties of peptoids. Despite recent advances, we
lack a complete understanding of electron transport in
peptoids, particularly how local conformational properties
and side-chain interactions influence transport.

In this work, we designed, synthesized, and characterized the
electronic properties of a library of sequence-defined peptoid
oligomers. Peptoid oligomers were synthesized using a two-
step submonomer synthesis method that iteratively couples

Electron transport in biomolecules is essential for a wide range
of technological applications including molecular sensors,
biomedical devices, and energy storage.l_3 In nature, electron
transport is critical for maintaining fundamental life processes
such as respiration and photosynthesis.” In recent years, a
combination of experiments and theoretical studies have
focused on understanding the electronic properties of complex
biological systems.”~'* Understanding electron transport at the
molecular scale provides a useful framework for elucidating the
sequence—structure—function relationships that govern chemi-
cally complex biomolecules." ~'* Recent work has shown that
the electronic properties of short peptide oligomers critically
depend on the conformational flexibility of the peptide
backbone, with two distinct conductance states arising from
either hydrogen bond (H-bond) mediated secondary structure
or extended peptide conformations.'® Moreover, the molecular
conductance behavior of peptides is not significantly affected
by variation in sequence.'® Extending beyond natural
biomolecules such as peptides, additional investigations are
needed to understand the electron transport properties of
bioinspired molecules such as peptoids.

Peptoids, or N-substituted polyglycine oligomers, are a class
of bioinspired sequence-defined molecules that allow for
precise control over structure—function relationships.”’lg
Peptoids are promising materials for molecular electronic
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haloacetic acids to primary amines, enabling facile incorpo-
ration of non-natural side groups into peptoid backbones.”
Following synthesis and chemical characterization, the
structural and electronic properties of peptoid oligomers
were studied using a combination of molecular electronic
techniques, molecular dynamics (MD) simulations, and
quantum mechanical calculations. A scanning tunneling
microscope break junction (STM-BJ) technique was used to
experimentally characterize the molecular charge transport
properties of sequence-defined peptoid oligomers. Our results
show that peptoid sequences with aromatic side groups and
without substitutions at the N—C, position led to well-defined
molecular conductance features. MD simulations are used to
understand the conformational heterogeneity of peptoid
backbones. Conformers generated from MD simulations are
used in quantum mechanical calculations, and the results are in
reasonable agreement with the experiments. Our results show
well-defined electron transport pathways for peptoids with
aromatic side groups lacking hydrogen bonds (H-bonds) and
without chemical substitutions at the N—C, position. This
behavior contrasts with peptide oligomers, which display two-
state conductance behavior characterized by a high-con-
ductance feature associated with a folded conformation
(stabilized by secondary structure from H-bonding inter-
actions) and a low conductance state corresponding to an
extended conformation. Overall, these results reveal new
insights into the structure—function relationships of electron
transport in peptoid oligomers.

B METHODS

Chemical Synthesis and Chemical Characterization

Peptoid oligomers were synthesized using a two-step submonomer
synthesis method where the iterative coupling of haloacetic acids to
primary amines is used to sequentially grow the chain.”* Our method
deviates from the traditional use of bromoacetic acid in favor of
chloroacetic acid to compatibilize the coupling conditions with the
thio-methyl—containing submonomer amine (2-(methylthio)-
ethylamine) (Scheme S1). Peptoid oligomers were synthesized
manually using a Rink Amide resin (100—200 mesh, 0.78 mmol/g,
Novabiochem) and commercially available submonomers based on
previously reported procedures.”® The acetylation step used chloro-
acetic acid instead of bromoacetic acid because chloroacetic acid was
found to be more compatible with the thio-methyl containing amine
submonomer, 2-(methylthio)ethylamine. All other conditions were
used based on literature standards. Rink Amide resin (100 mg) was
swelled in N,N-dimethylformamide (DMF) for 30 min and
deprotected with piperidine (1 mL, 20% v/v in DMF). An acetylation
reaction was performed by adding chloroacetic acid (1 mL, 0.4 M in
DMF) and N,N-diisopropylcarbodiimide (DIC) (0.2 mL, 2 M in
DMF). The mixture was agitated for S min, drained, and washed with
DMEF. Nucleophilic displacement was performed by adding the
appropriate submonomer amine (1 mL, 2 M in N-methylpyrrolidone
(NMP)) and mixing for 1 h (3 h for 2-(methylthio)ethylamine). The
acetylation and displacement steps were repeated until the peptoid of
desired sequence is achieved. At the end of the synthesis, the resin was
washed and dried with dichloromethane (DCM). Peptoids were
cleaved from the resin using a trifluoroacetic acid (TFA) cleavage
cocktail (95% TFA, 2.5% triisopropylsilane, 2.5% water) for 20 min.
Three mL of cleavage cocktail was used for each 100 mg of resin. The
crude solution was filtered out of the resin and the resin was rinsed
with an additional 2 mL of cleavage cocktail and S mL of DCM. The
crude mixture was dried using nitrogen flow in a Torviq Solvent
Evaporator. The crude material was purified using a preparative
Waters high pressure liquid chromatography (HPLC) system on a
reverse-phase C18 column. The fractions were collected and

lyophilized to yield the final product. The final products were
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analyzed using HR-ESI MS and analytical HPLC (Figures S1—S14).
Following synthesis, high-resolution electrospray ionization mass
spectrometry (HR-ESI MS) and analytical high-performance liquid
chromatography (HPLC) were used to characterize the peptoid
oligomers (Figures S1—S14). HR-ESI spectra were collected on a
Waters Q-TOF Ultima ESI spectrometer. Analytical HPLC spectra
were collected on a Shimadzu Prominence HPLC system with a
reverse-phase C18 column. Circular dichroism (CD) spectroscopy
measurements were collected on a Jasco J-1500 spectrophotometer at
298 K (Figure S15).

Single-Molecule Conductance Measurements

Single-molecule conductance measurements were performed using a
custom-built STM-BJ instrument, as previously reported.'®**~** The
STM-BJ setup consists of a gold tip electrode that is repeatedly moved
into and out of contact with a gold substrate electrode in an aqueous
solution containing a small concentration of the peptoids (peptoid
concentration <1 mM), resulting in the continual formation and
breakage of single-molecule junctions. Peptoid concentrations (<1
mM) were selected to yield Poisson statistics in molecular
conductance traces. Gold STM tips were prepared using 0.25 mm
Au wire (99.998%, Alfa Aesar). STM-BJ experiments were carried out
in Corning cell culture grade water (product number 255—055-CV).
Due to the polarity of the solvent, STM tips were coated with an
Apiezon wax to prevent Faradaic currents from masking characteristic
molecular features.”” Gold substrates for the measurements were
prepared by evaporating 120 nm of gold on polished AFM metal discs
(Ted Pella). Single-molecule conductance data were analyzed using
one- and two-dimensional (1D and 2D) conductance histograms
without data selection. In 1D conductance histograms, all recorded
conductance values over the course of the measurement were
compiled. The peak of the 1D conductance histogram corresponds to
the most probable conductance value for a given molecule. 2D
molecular conductance histograms show the distribution of
conductance values together with junction separation distances,
providing insights into the evolution of conductance as the junction is
extended. All STM-BJ measurements on peptoids were performed in
water at room temperature (298 K) at an applied bias of 250 mV with
ensemble sizes of >5000 single molecules.

Cluster Analysis and Gaussian Mixture Modeling

Unsupervised machine learning algorithms (such as k-means + +,
spectral clustering, and Gaussian mixture modeling) have been
previously used to analyze single-molecule charge transport data.*’
Here, we employ silhouette score clustering in combination with
Gaussian mixture modeling (GMM). GMM offers advantages over
alternative methods such as k-means due to its ability to identify
subpopulations with unequal covariance. This combined approach is
commonly used to study bimodal conductance distributions or to
identify the presence of multiple anchoring groups that give rise to
distinct transport pathways in molecular-scale break junction
experiments.'>'****" Silhouette scores are calculated for obtaining
the number of clusters across an ensemble of ~ 5000 single molecule
pulling traces.” Silhouette scores indicate how similar a feature is to
its own cluster as compared to another cluster. From each individual
trace, a 30-by-30 two-dimensional histogram and a 100-bin one-
dimensional histogram are determined which are then combined to
form a 1000-dimensional feature space (30 X 30 + 100) over which
GMM operates. The classification operates on the conductance range
of 0 to —=5.5 log(G/G,), and displacement range of —0.1 to 1 nm (0
nm corresponds to the point where the junction is broken, the —0.1 to
0 nm regime indicates metal—metal contact. All traces are aligned at
0.5 G, as the starting point of displacement).

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed to generate
conformational ensembles for the peptoid molecular junctions at
three anchor displacements (referred to as stages 6 A, 9 A, and 12 A).
For each peptoid, 16 initial structures were prepared using the STEPs
peptoid force field.** Terminal caps were added, using NH for the N-
terminus and NH, for the C-terminus. The backbone dihedrals of
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each of the structures were randomized using tleap module in
AMBER.** Phi and psi backbone dihedral angles were randomized
between —180 and 180 deg, whereas omega backbone dihedral angles
were randomly set to either 0 or 180 deg. After backbone dihedral
randomization, ring piercings were identified and mitigated using a
novel approach involving removing nonbonded interactions between
the atoms of the piercing bond and three atoms from the pierced ring
(Figure S21). Peptoid structures were then solvated in a cubic box of
TIP3P*® water of side length 40 A using the tlea()p."’4 The solvated
systems were simulated using OpenMM 7.7.0.°° Dynamics were
integrated using the LangevinMiddleIntegrator’” with friction
coefficient of 1 ps_l, temperature of 300 K, and a time step of 2 fs.
Bonds involving hydrogen atoms, and all bonds and angles involving
water were constrained. Nonbonded interactions were computed with
a cutoff of 12 A with smooth switching starting at 10 A. Electrostatic
interactions were evaluated using particle mesh Ewald (PME)
summation®® with error tolerance of 0.0005. Each replicate was
simulated for 100 ns for each of three holding stages, for a total
aggregate simulation time of 19.2 us (4 peptoids X 3 stages X 16
replicates X 100 ns). Holding stages were enforced using a series of
custom external potentials, applied using OpenMM’s custom
potentials, described below. The last 90 ns of each simulation was
used for subsequent analysis. Analysis and visualization were
performed using MDAnalysis* and VMD,*" respectively.

A series of custom potentials was implemented to implicitly
represent interactions between the peptoid and gold particles as
described in our prior work.'® Three potentials were defined: (1) a
potential to restrain the distance between the anchors of the
molecular junction along the pulling axis to 6 A, 9 A, or 12 A
(representing the restraints imposed by connections to the gold
electrodes); (2) a per-atom charge-dependent potential along the
pulling axis accounting for electric field forces arising from a voltage-
biased junction; and, (3) a potential that orients N-methionine’s
thioether moiety such that the average position of each anchoring
sulfur’s lone pairs are oriented toward the (implicitly represented)
gold electrodes along the pulling axis. For each peptoid, the
conformation was selected from their 6 A holding-stage simulations
from the central distribution of S—S xy versus S—S z distance plots for
electron transport calculations. All free energy plots (Supplementary
Figures $22—23) were prepared using PYEMMA 2.5.11."

Principal Component Analysis (PCA) of MD Trajectories

The resulting MD trajectory data were subjected to dimensionality
reduction by means of principal components analysis (PCA) (Figure
$32, $33). For Nphe, and Nspe,, the Cartesian coordinates of the 17
peptide backbone heavy atoms were extracted. The Euclidean
distance matrix upper triangle was computed for these 17 shared
backbone atoms, resulting in a 136-dimensional vector representation
for each trajectory frame. These vector representations, concatenated
across all sequences and holding stages and each interatomic distance,
were standardized with Z-score normalization. Finally, the first two
principal components were calculated with PCA-whitening using the
scikit-learn python package.*” PCA of Nphe; and Nspe; was
performed in a similar manner with the exception that the shared
molecular subgraph of these were composed of 21 backbone heavy
atoms.

Nonequilibrium Green’s Function-Density Functional
Theory (NEGF-DFT)

Representative molecular conformations generated of the most
probable conformations by MD were used in quantum mechanics
(QM) calculations to enable direct comparison between theory and
experimental results. Nonequilibrium Green’s function-density func-
tional theory (NEGF-DFT) calculations for Nphe,, Nspe,, Nphe;,
and Nspe; were performed with double-¢ (DZ) basis sets for gold
atoms and double-{ polarized (DZP) basis sets for carbon, hydrogen,
oxygen, sulfur, and nitrogen. NEGF-DFT calculations were performed
with a DFT-based nonequilibrium Green’s function (NEGF)
approach using the TranSiesta and Tbtrans package.**~* Electrode
configurations contain 8 layers of 16 gold atoms along with a pyramid
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of 9 Au atoms. Sulfur atoms in the peptoids were made to interact
with the gold atoms using a trimer binding motif, as previously
described.”’ Geometry relaxation of the sequences were performed
using generalized gradient approximation-Perdew—Burke—Ernzerhof
(GGA-PBE) functional*® using the TranSiesta package.*’ DZ basis
sets were used for all the gold atoms. DZP basis sets were used for
carbon, hydrogen, oxygen, sulfur, and nitrogen. Electrode calculations
were carried out with a 4 X 4 X 50 k-mesh. The geometry relaxation
was carried out using a 4 X 4 X 1 k-mesh, which was performed until
all forces were <0.05 eV/A. After the junction was relaxed, the
transport calculations were carried out using the TranSiesta package
with the same functionals, basis sets, pseudopotential, and k-mesh as
the geometry relaxation.***> Convergence was assessed prior to
transmission calculations, using a real axis integration internal from
—40 eV to infinity;** this includes a crossing in the imaginary axis at
2.5 eV, and the y value is =10k T. The circle grid consists of 102 G-
Legendre points, and 15 G-Fermi points for the tail portion. Tbtrans
was used to carry out the NEGF calculations and to obtain electron
transmission as a function of energy (relative to the Fermi energy
level).* NEGF calculations were carried out from —3 to 3 eV with
0.0S eV energy increments.

B RESULTS AND DISCUSSION

A library of peptoid oligomers (n = 4, S) with different side
chains was prepared for molecular electronics experiments
(Figure la). Peptoids were designed to contain thiomethyl
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Figure 1. Overview of single-molecule electronic characterization of
peptoids. (a) Chemical structures of peptoid oligomers classified by
aromaticity and helicity. (b) Schematic of a molecular junction
containing peptoid oligomer Nphe,. (c) Characteristic single-
molecule conductance traces for Nphe, and Nphe; from STM-BJ
experiments.

Displacement (nm)

(-SCH;) monomers at the termini to readily bind to gold,
thereby providing electrical contacts to metal electrodes in
STM-BJ (Figure 1b)."” Aside from terminal thiomethyl
anchors, peptoids are chemically complex molecules containing
a C-terminal amide and tertiary and secondary amines. C-
terminal amides feature a lone pair of electrons on the nitrogen
atom that are delocalized through resonance with the carbonyl
group, significantly reducing their ability to serve as anchors.
Peptoids also contain sterically constrained tertiary amides
which are unlikely to interact with gold electrodes and an
internal secondary amine. Secondary amines have been
previously shown to serve as weak anchor groups in molecular
break-junction experiments,***’ but such contacts typically
give rise to continuously decaying molecular conductance
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Figure 2. Single-molecule electronic measurements of peptoid oligomers at 250 mV applied bias in water. (a) 1D conductance histograms of Nphe,
(blue) and Nspe, (green). (b) 1D conductance histograms of Nphe; (blue) and Nspe; (green). (c) 2D conductance histogram of Nphe,. (d) 2D
conductance histogram of Nphe;. (e) 2D conductance histogram of Nspe,. (f) 2D conductance histogram of Nspe;. The 2D conductance
histograms are color-coded by trace density, with darker blue colors indicating higher counts (higher probability of occurrence) and lighter colors
indicating lower counts. All data were obtained using 0.1 mM concentrations of peptoids in water at 250 mV applied bias across ensembles of at

least 5000 single molecules.

features*®*” rather than the quasi-plateau-like conductance

features observed for peptoids in this work (Figure 1c). To
further assess the possibility of multiple anchoring motifs due
to the secondary amine, we performed unsupervised machine-
learning using silhouette-score clustering and Gaussian mixture
modeling (Supporting Information Section S3). In all cases,
results from cluster analysis are consistent with the absence of
multiple anchoring motifs for these molecules.

Peptoids were designed with chemically diverse monomers,
including both aromatic and nonaromatic side chains, to
understand the role of delocalized m-electrons in the side
chains on conductance. We also selected monomers known to
promote different degrees of backbone conformational
constraints to understand how local backbone organization
influences electron transport. The introduction of a methyl
group at the N—C, position on the monomer side chain
induces steric constraints that bias the backbone toward locally
ordered conformations compatible with a helical fold (Figure
1a).”° The Nspe monomer is a well-known, helix-inducing
peptoid monomer for longer peptoid backbones, whereas
Nphe lacks an N—C, methyl group but is otherwise
structurally identical to Nspe. In this way, precise molecular
design and selection of peptoid monomers allow for
investigation of how backbone conformation affects molecular
electron transport. CD measurements show that Nspe, and
Nspe; exhibit weak spectral features at approximately 190, 202,
and 220 nm in water, whereas Nphe, and Nphe; do not show
comparable spectral signatures (Figure S15). These features
are interpreted as qualitative indicators of increased local
conformational constraints, rather than evidence of a fully
developed helical secondary structure, particularly given the
relatively short oligomer chain lengths studied in this work.>"**
We further selected peptoid monomers Nslnpe and Nsltbe
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which are known to promote backbone conformational

constraints resulting in helical structures in longer peptoid
: 53,54 o .

oligomers. Finally, we included the monomer Nleu as a

control that is neither aromatic nor associated with significant

conformational constraints.

Single-Molecule Conductance Measurements (STM-BJ)

We began by characterizing peptoids with aromatic monomers
(Nphe, and Nphe;) containing a benzyl group as the side
chain but lacking substitution at the N—Ca position. Results
from STM-BJ experiments reveal the presence of a well-defined
conductance population, as observed by the plateau features in
characteristic single-molecule conductance traces (Figure Ic).
1D and 2D molecular conductance histograms (Figures 2a-d)
determined across large molecular ensembles indicate the
presence of a conductance population around ~107*° G/G,
for Nphe, and Nphe;, where G, is the quantum unit of
conductance. Based on these results, we posited that peptoid
sequences lacking substitution at the N—C, position (such as
Nphe, and Nphe;) give rise to a well-defined conductance
population, characterized by a clearly defined mean and
relatively low variance across a large ensemble of approx-
imately 5,000—10,000 molecular traces.

To understand how substitutions at the N—C, position
affect electron transport, we performed STM-BJ experiments
on peptoid oligomers Nspe, and Nspe; containing a methyl
group at the N—C,, position. Our results show that Nspe, and
Nspe; exhibit a conductance population at ~107** G/G,
(Figures 2e,f). However, it should be noted that the
conductance populations for Nspe, and Nspe; are broader
and generally occur over a shorter junction distance range
compared to Nphe, and Nphe;. We further characterized the
electron transport behavior for control molecules Nsltbe, and
Nslnpe,, which contain a methyl group at the N—C, position
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Figure 3. All-atom molecular dynamics (MD) simulations for peptoid oligomers. (a) Schematic representation of angles and atoms used for
dihedral angle analysis for Nphe,, Nspe,, Nphes, and Nspe;. Distribution of potential hydrogen bonding distances between N1 and O2 for (b)
Nphe, and Nspe, at 6 A, 9 A, and 12 A holding distances and (c) Nphe; and Nspe; at 6 A, 9 A, and 12 A holding distances. (d) Distribution of
dihedral angles y, and y, around the nitrogen and N—C, bonds for Nphe, and Nspe, at 6 A, 9 A, and 12 A holding distances. (e) Distribution of
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for Nphe, at 6 A holding distance. (g) PCA analysis for Nspe, at 6A holding distance.

but differ in the side group compared to Nspe, and Nspe;.
Whereas Nspe, and Nspe; contain a benzyl group in the side
chain, Nsltbe, and Nslnpe, contain a t-butyl group and a
naphthyl group in their side chains, respectively, in addition to
the methyl group at the N—C, position. Our results show that
control molecules Ns1tbe, and Nslnpe, similarly lack the well-
defined conductance feature observed in Nphe, and Nphe;
(Figures S18, S19). Overall, these experiments suggest that the
introduction of a methyl group at the N—C, position for
several different side group chemistries disrupts the low
conductance feature observed for Nphe, and Nphe; in 1D
conductance histograms.

To further understand the role of side group chemistry on
electron transport in peptoids, we performed STM-BJ
experiments on the peptoid oligomer Nleu,. Similar to
Nphe, and Nphe;, Nleu, contains a hydrogen atom at the
N-C, position but lacks an aromatic ring on the side group.
Our results show that the well-defined conductance feature is
absent in Nleu, (Figures S18, $S20). The mean conductance
value of Nleu, (~107*®* G/G,) is smaller than the mean
conductance values of Nphe, and Nphe; (Table S1), which
suggests that the lack of an aromatic group in the side chains
results in a slightly decreased conductance due to the lack of
delocalized 7-electronics in the side chains. Although all
peptoids studied in this work exhibit a discernible conductance
population in the one-dimensional (1D) conductance histo-
grams (Figures 2, Figures S18—520), clear differences are
observed in the breadth of these distributions. To quantify
these differences, we determined the full width at half-
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maximum (fwhm) of the 1D conductance histograms. Notably,
Nphe, and Nphe; show narrower distributions with fwhm
values of approximately 1.4, whereas all other peptoids exhibit
broader distributions with fwhm values of approximately 1.8.
These results indicate that Nphe, and Nphe; exhibit well-
defined conductance populations characterized by a clearly
defined mean and relatively low dispersion across a large
molecular ensemble.

We further sought to understand the molecular origins of
the differences in conductance behavior for Nphe, and Nphe;
compared to related oligomers. The absence of the N—-C,
methyl group (in Nphe, and Nphe;) reduces conformational
constraints and increases the likelihood of the development of
a trans conformation that promotes electron transport across
the junction.’>" It is well established that substitution at the
N—Ca position favors cis peptoid conformations over trans
conformations, thereby introducing increased steric constraints
in the backbone.””*" Although methyl substitution at the N—
C, position is known to increase local conformational
constraints and influence cis—trans amide preferences, our
results indicate that these constraints lead to increased
heterogeneity in accessible junction conformations under
STM-B] conditions, resulting in broader conductance dis-
tributions rather than a narrower, converged conductance
population. Overall, our results indicate that peptoid sequences
with aromatic side groups and without chemical substitutions
at the N—C, position give rise to defined low conductance
features.
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Figure 4. Nonequilibrium Green’s function-density functional theory (NEGF-DFT) calculations. (a) Junction schematics for Nphe, and Nspe,.

(b) Transmission plots for Nphe, and Nspe,.

Prior work has demonstrated that peptides of similar length
as studied in this work show a conformation-dependent
electron transport behavior due to intramolecular H-bonding
that results in a bimodal conductance distribution,'® which is
markedly different from the unimodal conductance popula-
tions observed for peptoids. Furthermore, alkane chains of
similar contour length (1,16-hexanedithiol) compared to the
peptoid oligomers in the work do not exhibit a well-defined
molecular conductance feature.'®>™>® From this view, the
single-molecule conductance measurements suggest that
peptoids containing aromatic side groups without substitution
at the N—C,, position exhibit a defined conductance feature,
which is markedly different than the conductance behavior in
analogous molecules with nonconjugated backbones such as
peptides and alkanes. Moreover, our single-molecule electronic
measurements of peptoids reveal a slightly larger mean
conductance value for Nphe; compared to Nphe, or Nspe,
(Table S1). These results suggest that factors such as
molecular conformation can influence electron tunneling
pathways, such that molecular junction displacement is not
the sole determining factor for electron tunneling currents.*”*’

Molecular Dynamics (MD) Simulations

We performed all-atom MD simulations for peptoid oligomers
to understand the role of molecular conformation on electron
transport (Figure 3a), following the methodology established
in prior work'® (Figures S21—23). Our results show that
peptoids primarily adopt orthogonal binding conformations,
such that the vector between S atoms on terminal anchor
groups is highly aligned with the molecular pulling direction
(Figures S22—S23), denoted by the presence of a single
dominant free energy basin. The peptoid oligomers studied in
this work are chemically complex with several potential H-
bonding sites. We began by assessing the role (if any) of
putative intramolecular H-bonding along peptoid backbones.
Nphe, and Nspe, contain two potential H-bond donors and
four potential H-bond acceptors, whereas Nphe; and Nspe,
potentially contain two H-bond donors and five acceptors
(Figure 3a). Hydrogen bonding analysis was performed from
MD simulations based on all possible donor—acceptor
combinations between backbone nitrogen atoms and backbone
carbonyl oxygen atoms at various interanchor displacement
potentials of 6 A, 9 A, and 12 A holding stages (Figure 3a—c,
and Figures S24, S25) and our results indicate the lack of
prominent hydrogen bonding interactions. We further
examined CH—O interactions between backbone methylene
groups and carbonyl oxygens and did not observe prominent
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H-bonding interactions (Figures S26—S29). This analysis
reveals that there are no significant intramolecular H-bonds
for any of the peptoids studied in this work. The results differ
significantly from peptide backbones where a distinct bimodal
population is observed in the conformational space in MD
simulations and in conductance populations from STM-BJ
experiments.'® Overall, these results indicate that H-bonding
does not significantly influence electron transport pathways for
peptoids.

To compare the electron transport behavior between
different peptoid backbones, we analyzed the dihedral angle
X; around the nitrogen and N—C, bond to understand how
steric interactions influence electron transport (Figure 3a).
Nphe, and Nphe; show two dominant populations at large
dihedral angles of + 100° whereas Nspe, and Nspe; show
three populations, with a smaller population at + 100°, and
most of their population lying between 0° and 80° (Figure
3d,e). We emphasize that these results do not necessarily imply
increased equilibrium conformational diversity upon N—C,
substitution. Rather, consistent with prior work,” ! N-C,
substitution introduces steric constraints and biases the
backbone toward cis-like conformations. We posit that the
lack of conformational flexibility upon N—C, substitution
inhibits a molecule’s ability to adopt conformations or
associations with the electrode for enhanced transport. In the
present work, short peptoids are examined under non-
equilibrium STM-BJ conditions, where a moderate applied
bias (250 mV) across an approximately 1 nm electrode gap
generates a strong local electric field (~10° V/m), which is
explicitly incorporated into the MD sampling strategy. Results
from backbone dihedral analysis, Ramachandran plots (Figures
S30, S31), principal component analysis (Figure 3fg and
Figures S32, S33), and circular dichroism measurements
(Figure S15) indicate that Nspe, and Nspe; possess more
rigid backbones than Nphe, and Nphe;. From this view, we
attribute the well-defined conductance features observed in
Nphe, and Nphe; to the increased backbone flexibility of these
peptoid oligomers, together with a higher probability of
adopting trans conformations in sequences containing Nphe
monomers compared to those containing Nspe monomers.
The absence of the N—C, methyl group in Nphe, and Nphe;
reduces conformational constraints and increases the like-
lihood of an extended backbone conformation that promotes
electron transport across the junction. These results are
consistent with recent work on the molecular electronics of
amide-containing organic foldamers, where steric effects cause
the foldamers to adopt distinct 3D conformations.’’ In these
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Figure 5. Comprehending differences in molecular-scale electronic fingerprints between peptides and peptoids. (a) Chemical structure of peptide
MAAM, indicating the possibility of forming intermolecular hydrogen bonds. (b) Two-dimensional conductance histograms obtained from
molecular-scale break junction experiments, showing a bimodal conductance distribution where the high-conductance state corresponds to a
secondary-structure-mediated electron transport pathway. (c) All-atom molecular dynamics (MD) simulations illustrating the potential formation
of hydrogen bonds in peptides, which can give rise to f-turn or 3,y-helix conformations. (d) Chemical structure of peptoid Nphe,, indicating the
absence of backbone hydrogen bonding. (e) Two-dimensional conductance histograms from molecular-scale break junction experiments showing a
unimodal conductance distribution and the absence of a high-conductance state observed in peptides due to hydrogen bonding. (f) Results from
all-atom MD simulations consistent with a lack of hydrogen-bond-mediated electron transport. 2D conductance histograms are color-coded by
trace density, with darker blue colors indicating higher counts (higher probability of occurrence) and lighter colors indicating lower counts. All data
were obtained using 0.1 mM concentrations of peptoids in water at 250 mV applied bias across ensembles of at least 5000 molecules.

systems, larger conductance is observed when the amide bonds
) . ] .6l
are in a trans conformation rather than a cis conformation.

NEGF-DFT and Quantum Calculations

Representative molecular representations of the most probable
conformations generated by MD were used in quantum
mechanics (QM) calculations to enable direct comparison
between theory and experimental results. Nonequilibrium
Green’s function-density functional theory (NEGF-DFT)
calculations for Nphe, Nspe,, Nphe;, and Nspe; were
performed with double-{ (DZ) basis sets for gold atoms and
double-{ polarized (DZP) basis sets for carbon, hydrogen,
oxygen, sulfur, and nitrogen (Figure 4a). Results from
transmission calculations show similar average electron trans-
mission for Nphe, and Nspe, (Figure 4b), consistent with
single-molecule experimental results. The dominant mecha-
nism for nanoscale charge transport in small organic molecules
has been reported as nonresonant coherent tunneling,5’62_69 in
which conductance decays exponentially with molecular
length. Whereas distance is a key factor in electron tunneling
due to its exponential decay with length,” additional factors
such as molecular composition’” and molecular conforma-
tion'® significantly influence electron tunneling currents.
Results from NEGF-DFT calculations are consistent with
results from STM-BJ in showing slightly similar electron
transmission for Nphe; compared to Nphe, and for Nspe;
compared to Nspe, (Figure S34 and Table S2). Our single-
molecule experimental results (Table S1) indicate comparable
molecular conductance values for Nphe; compared to Nphe,
and for Nspe; compared to Nspe,, which is consistent with the
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notion that molecular junction distance is not the sole
determinant of electron tunneling. Results from NEGF-DFT
calculations (Table S2) further corroborate this claim as we
observe similar electron transmission values for longer
peptoids as compared to shorter peptoids.

Comparison between Peptides and Peptoids

To further understand the role of H-bonds on electron
transport, we compared the molecular conductance behavior of
peptoids to peptides. Molecular-scale experiments and
modeling reveal distinct electron transport fingerprints for
peptides and peptoids. Peptides exhibit dominant backbone H-
bonding (Figure Sa), which gives rise to a bimodal
conductance distribution (Figure 5b).'® This observation is
supported by molecular dynamics (MD) simulations that
identify a population below the H-bonding threshold, strongly
suggesting that electron transport in peptides can occur
through H-bond—mediated pathways (Figure Sc). On the
contrary, peptoids lack backbone H-bonding interactions
(Figure Sd), resulting in a unimodal conductance distribution
that closely aligns with the low-conductance state observed for
peptides (Figure Se). The absence of H-bonded mediated
electron transport pathways in peptoids is supported by all-
atom molecular dynamics simulations (Figure Sf).

We further compared the molecular-scale electronic finger-
prints of peptides and peptoids with 1,16-hexadecanedithiol to
contrast conductance decay between biomolecules and organic
molecules of similar length.m 1,16-Hexadecanedithiol contains
a flexible alkane chain backbone and no possibility of
intramolecular H-bonding. Our results show two conductance
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populations for peptides (around 107** G/G, and 10™** G/
G,), one conductance population for peptoids (at ~107*° G/
Go), but no significant conductance peaks are observed for the
flexible alkane backbones, though a faint population is
observed between ~107'—107> G/G, arising due to the use
of different anchors and strong coupling between the -SH
terminal anchor groups and the gold electrode.”

To further investigate the role of H-bonding on electron
transport, we used a bond counting methodology based on the
tunneling pathway model.”"”* Generally, conductance decay is
associated with through-bond, through-space, and through-H-
bond electron transport with through-bond electron tunneling
being the most efficient because of a lower potential
barrier.®”’® Additionally, it can be assumed that the
conductance decay through an H-bond is twice as large as
the decay through a covalent bond. Figure S35 indicates that if
transport were to occur entirely through-bond (in peptides or
peptoids), then the transport pathway would be approximately
three bonds longer with an order of magnitude smaller
conductance compared to the case of combined through-bond
and H-bond transport.”” Results from the bond counting
methodology align closely with the experimental observed
results for peptoids and with the differences observed for
peptides and peptoids.

B CONCLUSIONS

In this work, the electronic properties of sequence-defined
peptoids were characterized using a combination of chemical
synthesis, single-molecule electronic experiments, all-atom MD
simulations, and quantum mechanical calculations. Our results
show that peptoid sequences with aromatic side groups and
without substitutions at the N—C, position (e.g, Nphe, and
Nphe;) give rise to a well-defined low conductance feature.
Interestingly, the low-conductance features observed for Nphe,
and Nphe; are absent in peptoid analogs containing a methyl
group at the N—C, position (Nspe,, Nspe;, Nsltbe,, and
Nslnpe,) or in peptoids lacking aromatic side chains (Nleu,).
To rationalize these results, all-atom MD simulations are used
to understand the conformational heterogeneity of peptoid
backbones. Representative conformational states generated by
MD simulations are used in quantum mechanical calculations,
and the results are in reasonable qualitative agreement with the
experiments. Our results show that the molecular-scale
electronic fingerprint of peptoids is markedly different from
that of peptides of similar length. At the single-molecule level,
peptoids with aromatic side groups lacking H-bonds and
without chemical substitutions at the N—C, position exhibit
well-defined conductance states. This behavior is fundamen-
tally different than the single-molecule electronic properties of
peptides, which are known to exhibit a high-conductance state
due to H-bonding interactions. These findings highlight the
role of H-bond mediated electron transport in biomolecules
such as peptides. This work provides a foundation for rational
design of peptoid-based electronic materials and motivates
investigation of electron transport in peptoid oligomers at

larger length scales.
H ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c07788.

3061

Additional details for experimental and computational
methods, including synthetic procedures, character-
ization data such as mass spectrometry and HPLC
analysis, additional single-molecule conductance meas-
urements, molecular dynamics simulations, and quantum
mechanical and transmission function calculations.
(PDF)

B AUTHOR INFORMATION
Corresponding Author

Charles M. Schroeder — Department of Chemistry, Beckman
Institute for Advanced Science and Technology, Department
of Chemical and Biomolecular Engineering, Center for
Biophysics and Quantitative Biology, and Department of
Materials Science and Engineering, University of Illinois
Urbana— Champaign, Urbana, Illinois 61801, United
States; Present Address: Department of Chemical and
Biological Engineering, Princeton University, 35 Ivy Lane,
Princeton, NJ 08540; ® orcid.org/0000-0001-6023-2274;
Email: cschroeder@princeton.edu

Authors

Brittany Prempin — Department of Chemistry and Beckman
Institute for Advanced Science and Technology, University of
Illinois Urbana— Champaign, Urbana, Illinois 61801,
United States

Rajarshi Samajdar — Beckman Institute for Advanced Science
and Technology and Department of Chemical and
Biomolecular Engineering, University of Illinois Urbana—
Champaign, Urbana, Illinois 61801, United States

Hemani Chhabra — Beckman Institute for Advanced Science
and Technology, University of Illinois Urbana— Champaign,
Urbana, Illinois 61801, United States; ©® orcid.org/0009-
0008-3211-5693

Moeen Meigooni — Beckman Institute for Advanced Science
and Technology and Center for Biophysics and Quantitative
Biology, University of Illinois Urbana— Champaign, Urbana,
Illinois 61801, United States

Aleksei Aksimentiev — Beckman Institute for Advanced
Science and Technology, Center for Biophysics and
Quantitative Biology, and Department of Physics, University
of Illinois Urbana— Champaign, Urbana, Illinois 61801,
United States; ® orcid.org/0000-0002-6042-8442

Emad Tajkhorshid — Department of Chemistry, Beckman
Institute for Advanced Science and Technology, Center for
Biophysics and Quantitative Biology, Department of
Biochemistry, and Department of Bioengineering, University
of Illinois Urbana— Champaign, Urbana, Illinois 61801,
United States; ® orcid.org/0000-0001-8434-1010

Jeffrey S. Moore — Department of Chemistry, Beckman
Institute for Advanced Science and Technology, and
Department of Materials Science and Engineering, University
of Illinois Urbana— Champaign, Urbana, Illinois 61801,
United States; ® orcid.org/0000-0001-5841-6269

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.5c07788

Author Contributions

"B.P. and R.S. contributed equally, cofirst author. B.P.
synthesized the peptoid library and performed chemical
characterization. R.S. performed the single molecule electronic
experiments and data analysis. Molecular dynamics simulations

https://doi.org/10.1021/acs.jpcb.5c07788
J. Phys. Chem. B 2026, 130, 3054—3064


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c07788/suppl_file/jp5c07788_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c07788?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.5c07788/suppl_file/jp5c07788_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charles+M.+Schroeder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6023-2274
mailto:cschroeder@princeton.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brittany+Prempin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajarshi+Samajdar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hemani+Chhabra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0008-3211-5693
https://orcid.org/0009-0008-3211-5693
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moeen+Meigooni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksei+Aksimentiev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6042-8442
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emad+Tajkhorshid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8434-1010
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+S.+Moore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5841-6269
https://pubs.acs.org/doi/10.1021/acs.jpcb.5c07788?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

were carried out by M.M., and analysis was performed by H.C.
R.S. performed the NEGF-DFT calculations. The manuscript
was written by B.P., R.S., H.C., and C.M.S. with contribution
from all the authors.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences under Award No. DE-
S$C0022035 for M.M,, J.S.M,, E.T., and C.M.S. This work was
supported by the Army Research Office under Cooperative
Agreement Number W911NF-22-2-0246 for R.S. and C.M.S.
The views and conclusions contained in this document are
those of the authors and should not be interpreted as
representing the official policies, either expressed or implied,
of the Army Research Office or the U.S. Government. The U.S.
Government is authorized to reproduce and distribute reprints
for Government purposes notwithstanding any copyright
notation. B.P. acknowledges support from the National Science
Foundation through their Graduate Research Fellowship
program. H.C. acknowledges support from the Beckman
Fellowship from the Beckman Institute for Advanced Science
and Technology.

B REFERENCES

(1) Ardofa, H. A. M.; Tovar, J. D. Peptide 7-Electron Conjugates:
Organic Electronics for Biology? Bioconjugate Chem. 2015, 26 (12),
2290-2302.

(2) Yu, J; Horsley, J. R; Abell, A. D. Peptides as Bio-Inspired
Electronic Materials: An Electrochemical and First-Principles
Perspective. Acc. Chem. Res. 2018, S1 (9), 2237—2246.

(3) Tian, Y.; Li, J.; Wang, A,; Li, Q; Jian, H.; Bai, S. Peptide-Based
Optical/Electronic Materials: Assembly and Recent Applications in
Biomedicine, Sensing, and Energy Storage. Macromol. Biosci. 2023, 23
(12), No. 2300171, (acccessed 2025/04/28).

(4) Bertini, L. Biological Inorganic Chemistry: Structure and Reactivity;
University Science Books: 2007.

(5) Amdursky, N.; Marchak, D.; Sepunaru, L.; Pecht, L; Sheves, M.;
Cahen, D. Electronic Transport via Proteins. Adv. Mater. 2014, 26
(42), 7142-7161.

(6) Winkler, J. R;; Gray, H. B. Long-Range Electron Tunneling. J.
Am. Chem. Soc. 2014, 136 (8), 2930—2939.

(7) Shipps, C.; Kelly, H. R;; Dahl, P. J.; Yi, S. M; Vu, D.; Boyer, D.;
Glynn, C.; Sawaya, M. R,; Eisenberg, D.; Batista, V. S.; Malvankar, N.
S. Intrinsic electronic conductivity of individual atomically resolved
amyloid crystals reveals micrometer-long hole hopping via tyrosines.
Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (2), No. e2014139118.

(8) Zalis, S.; Heyda, J.; Sebesta, F.; Winkler, J. R;; Gray, H. B.; VIcek,
A. Photoinduced hole hopping through tryptophans in proteins. Proc.
Natl. Acad. Sci. U. S. A. 2021, 118 (11), No. 2024627118.

(9) Dahl, P. J; Yi, S. M.; Gu, Y.; Acharya, A; Shipps, C.; Neu, J;
O’Brien, J. P.; Morzan, U. N.; Chaudhuri, S.; Guberman-Pfeffer, M. J.;
Vu, D.; Yalcin, S. E.; Batista, V. S.; Malvankar, N. S. A 300-fold
conductivity increase in microbial cytochrome nanowires due to
temperature-induced restructuring of hydrogen bonding networks.
Science Advances 2022, 8 (19), No. eabm7193.

(10) Ru, X; Zhang, P.; Beratan, D. N. Assessing Possible
Mechanisms of Micrometer-Scale Electron Transfer in Heme-Free
Geobacter sulfurreducens Pili. J. Phys. Chem. B 2019, 123 (24),
5035—-5047.

(11) Brisendine, J. M.; Refaely-Abramson, S.; Liu, Z. F.; Cui, J.; Ng,
F.; Neaton, J. B,; Koder, R. L,; Venkataraman, L. Probing Charge
Transport through Peptide Bonds. J. Phys. Chem. Lett. 2018, 9 (4),
763—767.

3062

(12) Stefani, D.; Guo, C.; Ornago, L.; Cabosart, D.; El Abbassi, M.;
Sheves, M.; Cahen, D.; Van Der Zant, H. S. J. Conformation-
dependent charge transport through short peptides. Nanoscale 2021,
13 (5), 3002—3000.

(13) Ju, H; Cheng, L; Li, M;; Mei, K; He, S; Jia, C; Guo, X.
Single-Molecule Electrical Profiling of Peptides and Proteins.
Advanced Science 2024, 11 (28), No. 2401877.

(14) Mo, W.; Horsley, J. R;; Li, X; Sheng, S.; Jong, B.; Abell, A. D.;
Hong, W,; Yu, J. Single-molecule Conductance and Electrochemical
Measurements of Electron Transfer in f-strand Peptides. ChemElec-
troChem. 2024, 11 (1), No. €202300511.

(15) Xiao; Xu; Tao. Conductance Titration of Single-Peptide
Molecules. J. Am. Chem. Soc. 2004, 126 (17), 5370—5371.

(16) Samajdar, R.; Meigooni, M.; Yang, H.; Li, J.; Liu, X;; Jackson,
N. E.; Mosquera, M. A,; Tajkhorshid, E.; Schroeder, C. M. Secondary
structure determines electron transport in peptides. Proc. Natl. Acad.
Sci. U. S. A. 2024, 121 (32), No. e2403324121.

(17) Fowler, S. A.; Blackwell, H. E. Structure—function relationships
in peptoids: Recent advances toward deciphering the structural
requirements for biological function. Organic & Biomolecular
Chemistry 2009, 7 (8), 1508—1524.

(18) Montz, B. J; Emrick, T. Building structured, functional
materials inspired by nature: Using peptides, peptoids, and polymer-
izations. J. Polym. Sci. 2024, 62 (16), 3597—3628.

(19) Sun, J; Zuckermann, R. N. Peptoid Polymers: A Highly
Designable Bioinspired Material. ACS Nano 2013, 7 (6), 4715—4732.

(20) Armand, P.; Kirshenbaum, K.; Goldsmith, R. A.; Farr-Jones, S.;
Barron, A. E,; Truong, K. T. V,; Dill, K. A;; Mierke, D. F.; Cohen, F.
E.; Zuckermann, R. N.; Bradley, E. K. NMR determination of the
major solution conformation of a peptoid pentamer with chiral side
chains. Proc. Natl. Acad. Sci. U. S. A. 1998, 95 (8), 4309—4314
(acccessed 2023/07/17).

(21) Chan, B. A;; Xuan, S.; Li, A,; Simpson, J. M.; Sternhagen, G. L.;
Yu, T.; Darvish, O. A;; Jiang, N.; Zhang, D. Polypeptoid polymers:
Synthesis, characterization, and properties. Biopolymers 2018, 109 (1),
No. €23070.

(22) Yang, W,; Jo, J.; Oh, H,; Lee, H.; Chung, W.-].; Seo, J. Peptoid
Helix Displaying Flavone and Porphyrin: Synthesis and Intra-
molecular Energy Transfer. Journal of Organic Chemistry 2020, 85
(3), 1392—1400.

(23) Connolly, M. D.; Xuan, S.; Molchanova, N.; Zuckermann, R. N.
Chapter Eight - Submonomer synthesis of sequence defined peptoids
with diverse side-chains. In Methods in Enzymology, Petersson, E. J.,
Ed.; Academic Press: 2021; Vol. 656, pp 241—270.

(24) Li, S;; Yu, H,; Schwieter, K.; Chen, K; Li, B.; Liu, Y.; Moore, J.
S.; Schroeder, C. M. Charge Transport and Quantum Interference
Effects in Oxazole-Terminated Conjugated Oligomers. J. Am. Chem.
Soc. 2019, 141 (40), 16079—16084.

(25) Li, B; Yu, H,; Montoto, E. C; Liu, Y.; Li, S.; Schwieter, K;
Rodriguez-Lopez, J.; Moore, J. S.; Schroeder, C. M. Intrachain Charge
Transport through Conjugated Donor—Acceptor Oligomers. ACS
Applied Electronic Materials 2019, 1 (1), 7—12.

(26) Venkataraman, L.; Klare, J. E; Tam, I. W.; Nuckolls, C.;
Hybertsen, M. S.; Steigerwald, M. L. Single-Molecule Circuits with
Well-Defined Molecular Conductance. Nano Lett. 2006, 6 (3), 458—
462.

(27) Liu, X,; Yang, H.; Harb, H.; Samajdar, R.; Woods, T. J.; Lin, O.;
Chen, Q;; Romo, A. I. B.; Rodriguez-Lépez, J.; Assary, R. S.; Moore, J.
S.; Schroeder, C. M. Shape-persistent ladder molecules exhibit
nanogap-independent conductance in single-molecule junctions.
Nat. Chem. 2024, 16 (11), 1772—1780.

(28) Samajdar, R.; Yang, H; Yi, S; Wang, C.-I; Putnam, S. T,;
Pence, M. A,; Lindsay, G. S.; Meigooni, M.; Liu, X.; Ren, J.; Moore, J.
S.; Tajkhorshid, E.; Gewirth, A. A.; Rodriguez-Lépez, J.; Jackson, N.
E.; Schroeder, C. M. Electrochemically Mediated Au—C(sp2)
Anchors for Molecular Electronics. J. Phys. Chem. C 2028,
DOI: 10.1021/acs.jpcc.5c06124.

https://doi.org/10.1021/acs.jpcb.5c07788
J. Phys. Chem. B 2026, 130, 3054—3064


https://doi.org/10.1021/acs.bioconjchem.5b00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.5b00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.202300171
https://doi.org/10.1002/mabi.202300171
https://doi.org/10.1002/mabi.202300171
https://doi.org/10.1002/adma.201402304
https://doi.org/10.1021/ja500215j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2014139118
https://doi.org/10.1073/pnas.2014139118
https://doi.org/10.1073/pnas.2024627118
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1126/sciadv.abm7193
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.9b01086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0NR08556A
https://doi.org/10.1039/D0NR08556A
https://doi.org/10.1002/advs.202401877
https://doi.org/10.1002/celc.202300511
https://doi.org/10.1002/celc.202300511
https://doi.org/10.1021/ja049469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2403324121
https://doi.org/10.1073/pnas.2403324121
https://doi.org/10.1039/b817980h
https://doi.org/10.1039/b817980h
https://doi.org/10.1039/b817980h
https://doi.org/10.1002/pol.20230651
https://doi.org/10.1002/pol.20230651
https://doi.org/10.1002/pol.20230651
https://doi.org/10.1021/nn4015714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4015714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.95.8.4309
https://doi.org/10.1073/pnas.95.8.4309
https://doi.org/10.1073/pnas.95.8.4309
https://doi.org/10.1002/bip.23070
https://doi.org/10.1002/bip.23070
https://doi.org/10.1021/acs.joc.9b02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b08427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.8b00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaelm.8b00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl052373+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl052373+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-024-01619-5
https://doi.org/10.1038/s41557-024-01619-5
https://doi.org/10.1021/acs.jpcc.5c06124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5c06124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5c06124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(29) Nagahara, L. A.; Thundat, T.; Lindsay, S. M. Preparation and
characterization of STM tips for electrochemical studies. Rev. Sci.
Instrum. 1989, 60 (10), 3128—3130.

(30) Lin, L.; Tang, C.; Dong, G.; Chen, Z,; Pan, Z; Liu, J.; Yang, Y.;
Shi, J; Ji, R;; Hong, W. Spectral Clustering to Analyze the Hidden
Events in Single-Molecule Break Junctions. J. Phys. Chem. C 2021, 125§
(6), 3623—3630.

(31) Yang, H; Liu, X.; Meigooni, M.; Zhang, L.; Ren, J.; Chen, Q;
Losego, M.; Tajkhorshid, E.; Moore, J. S.; Schroeder, C. M. Amino
Acid Sequence Controls Enhanced Electron Transport in Heme-
Binding Peptide Monolayers. ACS Central Science 2025, 11 (4), 612—
621.

(32) Rousseeuw, P. J. Silhouettes: A graphical aid to the
interpretation and validation of cluster analysis. Journal of Computa-
tional and Applied Mathematics 1987, 20, 53—65.

(33) Harris, B. S.; Bejagam, K. K; Baer, M. D. Development of a
Systematic and Extensible Force Field for Peptoids (STEPs). J. Phys.
Chem. B 2023, 127 (29), 6573—6584.

(34) Case, D. A; Aktulga, H. M; Belfon, K.; Cerutti, D. S.; Cisneros,
G. A;; Cruzeiro, V. W. D,; Forouzesh, N.; Giese, T. J.; Gotz, A. W,;
Gohlke, H.; Izadi, S.; Kasavajhala, K; Kaymak, M. C,; King, E;
Kurtzman, T.; Lee, T.-S; Li, P,; Liu, J; Luchko, T.,; Luo, R;
Manathunga, M.; Machado, M. R;; Nguyen, H. M,; O'Hearn, K. A;;
Onufriev, A. V,; Pan, F.; Pantano, S.; Qi, R.; Rahnamoun, A.; Risheh,
A.; Schott-Verdugo, S.; Shajan, A.; Swails, J.; Wang, J.; Wei, H.; Wu,
X.; Wu, Y,; Zhang, S.; Zhao, S.; Zhu, Q.; Cheatham, T. E., III; Roe, D.
R.; Roitberg, A.; Simmerling, C.; York, D. M.; Nagan, M. C.; Merz, K.
M., Jr. AmberTools. J. Chem. Inf. Model. 2023, 63 (20), 6183—6191.

(35) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.,; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79 (2), 926—935.

(36) Eastman, P.; Galvelis, R.; Peliez, R. P.; Abreu, C. R. A; Farr, S.
E.; Gallicchio, E.; Gorenko, A.; Henry, M. M,; Hu, F.; Huang, J;
Kramer, A.; Michel, J.; Mitchell, J. A.; Pande, V. S.; Rodrigues, J. P.;
Rodriguez-Guerra, J.; Simmonett, A. C.; Singh, S.; Swails, J.; Turner,
P.; Wang, Y.,; Zhang, I; Chodera, J. D.; De Fabritiis, G.; Markland, T.
E. OpenMM 8: Molecular Dynamics Simulation with Machine
Learning Potentials. J. Phys. Chem. B 2024, 128 (1), 109—116.

(37) Zhang, Z; Liu, X.; Yan, K; Tuckerman, M. E,; Liu, J. Unified
Efficient Thermostat Scheme for the Canonical Ensemble with
Holonomic or Isokinetic Constraints via Molecular Dynamics. J. Phys.
Chem. A 2019, 123 (28), 6056—6079.

(38) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-
log(N) method for Ewald sums in large systems. J. Chem. Phys. 1993,
98 (12), 10089—10092.

(39) Gowers, R. J.; Linke, M.; Barnoud, J.; Reddy, T. J. E.; Melo, M.
N.; Seyler, S. L.; Domanski, J.; Dotson, D. L.; Buchoux, S.; Kenney, L.
M.; Beckstein, O. MDAnalysis: A Python Package for the Rapid Analysis
of Molecular Dynamics Simulations. United States, 11, 2019; Research
Org.: Los Alamos National Laboratory (LANL): Los Alamos, NM
(United States), Sponsor Org.: USDOE Laboratory Directed
Research and Development (LDRD) Program. DOIL 10.25080/
Majora-629e541a-00e.

(40) Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph 1996, 14 (1), 33—38.

(41) Shirts, M.; Pande, V. S. COMPUTING: Screen Savers of the
World Unite! Science 2000, 290 (5498), 1903—1904.

(42) Pedregosa, F.; Varoquaux, G; Gramfort, A,; Michel, V,;
Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R;
Dubourg, V.; Vanderplas, J.; Passos, A.; Cournapeau, D.; Brucher, M.;
Perrot, M.; Duchesnay, E. Scikit-learn: Machine Learning in Python. J.
Mach. Learn. Res. 2011, 12, 2825—2830.

(43) Soler, J. M; Artacho, E.; Gale, J. D; Garcia, A; Junquera, J;
Ordejon, P.; Sanchez-Portal, D. The SIESTA method for ab initio
order-N materials simulation. J. Phys.: Condens. Matter 2002, 14 (11),
274S.

(44) Brandbyge, M.; Mozos, J.-L.; Ordejon, P.; Taylor, J.; Stokbro,
K. Density-functional method for nonequilibrium electron transport.
Phys. Rev. B 2002, 65 (16), No. 165401.

(45) Papior, N.; Lorente, N.; Frederiksen, T.; Garcia, A.; Brandbyge,
M. Improvements on non-equilibrium and transport Green function
techniques: The next-generation transiesta. Comput. Phys. Commun.
2017, 212, 8—24.

(46) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77 (18), 3865—
3868.

(47) Batra, A.; Darancet, P.; Chen, Q.; Meisner, J. S.; Widawsky, J.
R.; Neaton, J. B.; Nuckolls, C.; Venkataraman, L. Tuning Rectification
in Single-Molecular Diodes. Nano Lett. 2013, 13 (12), 6233—6237.

(48) Guo, W.; Quainoo, T.; Liu, Z.-F; Li, H. Robust binding
between secondary amines and Au electrodes. Chem. Commun. 2024,
60 (25), 3393—3396.

(49) Cheng, Y.; Wang, J.; Shen, Y.; Li, H. Protonation-Independent
Charge Transport Across Diphenylamine Single-Molecule Junctions.
J. Phys. Chem. Lett. 2025, 16 (S), 1247—1252.

(50) Kalita, D.; Sahariah, B.; Pravo Mookerjee, S.; Kanta Sarma, B.
Strategies to Control the Cis-Trans Isomerization of Peptoid Amide
Bonds. Chemistry — An Asian Journal 2022, 17 (11), No. e202200149.

(51) Wu, C. W,; Sanborn, T. J.; Huang, K;; Zuckermann, R. N,;
Barron, A. E. Peptoid Oligomers with a-Chiral, Aromatic Side Chains:
Sequence Requirements for the Formation of Stable Peptoid Helices.
J. Am. Chem. Soc. 2001, 123 (28), 6778—6784.

(52) Wu, C. W,; Sanborn, T. J.; Zuckermann, R. N.; Barron, A. E.
Peptoid Oligomers with a-Chiral, Aromatic Side Chains: Effects of
Chain Length on Secondary Structure. J. Am. Chem. Soc. 2001, 123
(13), 2958—2963.

(53) Stringer, J. R; Crapster, J. A; Guzei, L. A; Blackwell, H. E.
Extraordinarily Robust Polyproline Type I Peptoid Helices Generated
via the Incorporation of a-Chiral Aromatic N-1-Naphthylethyl Side
Chains. J. Am. Chem. Soc. 2011, 133 (39), 15559—15567.

(54) Roy, O.; Dumonteil, G.; Faure, S.; Jouffret, L.; Kriznik, A.;
Taillefumier, C. Homogeneous and Robust Polyproline Type I
Helices from Peptoids with Nonaromatic a-Chiral Side Chains. J. Am.
Chem. Soc. 2017, 139 (38), 13533—13540.

(55) Inkpen, M. S.; Liu, Z. F; Li, H,; Campos, L. M.; Neaton, J. B.;
Venkataraman, L. Non-chemisorbed gold—sulfur binding prevails in
self-assembled monolayers. Nat. Chem. 2019, 11 (4), 351—358.

(56) Ju, H,; Wang, J.; Liu, W.; Hao, J.; Li, M.; Xu, Y.; Wang, B.; He,
S.; Mei, K; Sue, A. C.-H.; Chen, K; Jia, C,; Guo, X. Single-Molecule
Characterization of van der Waals Contact Between Alkane and Gold.
CCS Chemistry 2024, 6 (11), 2704—2712.

(57) Pimentel, A. E,; Pham, L. D,; Carta, V,; Su, T. A. Single-
Molecule Conductance of Staffanes. Angew. Chem., Int. Ed. 2025, 64
(4), No. e202415978.

(58) Peng, L.-L.; Huang, B,; Zou, Q; Hong, Z.-W.; Zheng, J.-F.;
Shao, Y.; Niu, Z.-J.; Zhou, X.-S.; Xie, H.-J.; Chen, W. Low Tunneling
Decay of Iodine-Terminated Alkane Single-Molecule Junctions.
Nanoscale Res. Lett. 2018, 13 (1), 121.

(59) Lin, J; Beratan, D. N. Tunneling while Pulling: The
Dependence of Tunneling Current on End-to-End Distance in a
Flexible Molecule. J. Phys. Chem. A 2004, 108 (26), 5655—5661.

(60) Onuchic, J. N.; Beratan, D. N. A predictive theoretical model
for electron tunneling pathways in proteins. J. Chem. Phys. 1990, 92
(1), 722—733 (acccessed 4/28/2025).

(61) Samajdar, R; Liu, X.;; Kuyama, K.; Kidokoro, Y.; Takeda, F.;
Okamoto, I.; Kawahata, M.; Katagiri, K.; Moore, J. S.; Tanatani, A.;
Schroeder, C. M. Aromatic Amide Foldamers Show Conformation-
Dependent Electronic Properties. ChemPhysChem 202§, 26,
No. €202500672.

(62) Cordes, M.; Giese, B. Electron transfer in peptides and
proteins. Chem. Soc. Rev. 2009, 38 (4), 892—901 (10.1039/
B805743P).

(63) Juhaniewicz, J.; Pawlowski, J.; Sek, S. Electron Transport
Mediated by Peptides Immobilized on Surfaces. Isr. J. Chem. 2018, 5§
(6—7), 645—660.

(64) Scullion, L.; Doneux, T.; Bouffier, L.; Fernig, D. G.; Higgins, S.
J.; Bethell, D.; Nichols, R. J. Large Conductance Changes in Peptide

https://doi.org/10.1021/acs.jpcb.5c07788
J. Phys. Chem. B 2026, 130, 3054—3064


https://doi.org/10.1063/1.1140590
https://doi.org/10.1063/1.1140590
https://doi.org/10.1021/acs.jpcc.0c11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.4c01849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1021/acs.jpcb.3c01424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c01424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.3c01153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/acs.jpcb.3c06662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c06662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b02771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.25080/Majora-629e541a-00e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.25080/Majora-629e541a-00e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1126/science.290.5498.1903
https://doi.org/10.1126/science.290.5498.1903
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1088/0953-8984/14/11/302
https://doi.org/10.1103/PhysRevB.65.165401
https://doi.org/10.1016/j.cpc.2016.09.022
https://doi.org/10.1016/j.cpc.2016.09.022
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/nl403698m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl403698m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CC04284G
https://doi.org/10.1039/D3CC04284G
https://doi.org/10.1021/acs.jpclett.4c03299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.202200149
https://doi.org/10.1002/asia.202200149
https://doi.org/10.1021/ja003154n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003154n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003153v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja003153v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204755p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204755p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204755p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-019-0216-y
https://doi.org/10.1038/s41557-019-0216-y
https://doi.org/10.31635/ccschem.024.202403861
https://doi.org/10.31635/ccschem.024.202403861
https://doi.org/10.1002/anie.202415978
https://doi.org/10.1002/anie.202415978
https://doi.org/10.1186/s11671-018-2528-z
https://doi.org/10.1186/s11671-018-2528-z
https://doi.org/10.1021/jp0379502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0379502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0379502?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.458426
https://doi.org/10.1063/1.458426
https://doi.org/10.1002/cphc.202500672
https://doi.org/10.1002/cphc.202500672
https://doi.org/10.1039/b805743p
https://doi.org/10.1039/b805743p
https://doi.org/10.1002/ijch.201400165
https://doi.org/10.1002/ijch.201400165
https://doi.org/10.1021/jp201222b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Single Molecule Junctions Controlled by pH. J. Phys. Chem. C 2011,
115 (16), 8361—8368.

(65) Baghbanzadeh, M.; Bowers, C. M.; Rappoport, D.; Zaba, T.;
Gonidec, M.; Al-Sayah, M. H,; Cyganik, P.; Aspuru-Guzik, A;
Whitesides, G. M. Charge Tunneling along Short Oligoglycine
Chains. Angew. Chem., Int. Ed. 2015, 54 (49), 14743—14747.

(66) Juhaniewicz, J.; Sek, S. Peptide molecular junctions: Distance
dependent electron transmission through oligoprolines. Bioelectro-
chemistry 2012, 87, 21-27.

(67) Gray, H. B.; Winkler, J. R. Electron tunneling through proteins.
Q. Rev. Biophys. 2003, 36 (3), 341—372.

(68) Guo, C.; Yu, X.; Refaely-Abramson, S.; Sepunaru, L.; Bendikov,
T.; Pecht, I; Kronik, L.; Vilan, A.; Sheves, M.; Cahen, D. Tuning
electronic transport via hepta-alanine peptides junction by tryptophan
doping. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (39), 10785—10790.

(69) Xiao, X; Xu, B; Tao, N. Conductance titration of single-
peptide molecules. J. Am. Chem. Soc. 2004, 126 (17), 5370—5371.

(70) Beratan, D. N.; Onuchic, J. N.; Winkler, J. R.;; Gray, H. B.
Electron-tunneling pathways in proteins. Science 1992, 258 (5089),
1740—1741.

(71) Beratan, D. N,; Onuchic, J. N.; Hopfield, J. J. Electron
tunneling through covalent and noncovalent pathways in proteins. J.
Chem. Phys. 1987, 86 (8), 4488—4498.

(72) Wauttke, D. S.; Bjerrum, M. J.; Winkler, J. R;; Gray, H. B.
Electron-Tunneling Pathways in Cytochrome c. Science 1992, 256
(5059), 1007—1009.

3064

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acs.jpcb.5c07788
J. Phys. Chem. B 2026, 130, 3054—3064


https://doi.org/10.1021/jp201222b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201507271
https://doi.org/10.1002/anie.201507271
https://doi.org/10.1016/j.bioelechem.2011.11.013
https://doi.org/10.1016/j.bioelechem.2011.11.013
https://doi.org/10.1017/S0033583503003913
https://doi.org/10.1073/pnas.1606779113
https://doi.org/10.1073/pnas.1606779113
https://doi.org/10.1073/pnas.1606779113
https://doi.org/10.1021/ja049469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja049469a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1334572
https://doi.org/10.1063/1.452723
https://doi.org/10.1063/1.452723
https://doi.org/10.1126/science.256.5059.1007
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.5c07788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

