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ABSTRACT: Terminal anchor groups play a key role in the stability
and electronic properties of molecular junctions. Single molecule

junctions typically consist of two preinstalled terminal anchors linking S‘T

[l Metrics & More | e Supporting Information

organic molecules to metal electrodes. Here, we show that p-

e

terphenyl derivatives containing only a single terminal anchor show X
conductance features similar to junctions with two preinstalled T ]-5%[
terminal anchors. A set of p-terphenyl derivatives with one terminal 1

anchor was prepared using automated chemical synthesis and <
characterized using single molecule electronics experiments, molec-
ular dynamics (MD) simulations, bulk electrochemistry and spec-
troscopy, and nonequilibrium Green’s function-density functional .
theory (NEGF-DFT) calculations. Our results show that 4-amino-p- ngh conductance
terphenyl (PPP) and related analogs exhibit a well-defined high

conductance state that is diminished or absent in other p-terphenyl derivatives lacking a preinstalled amine terminal anchor or
fluorine or methyl substitutions at the terminal para position. However, a low conductance state is observed in all amino-p-terphenyl
derivatives with one preinstalled anchor due to molecular junctions formed by noncovalent dimeric 7—7 stacking interactions. The
observed high conductance state diminishes upon the addition of reducing agents and is restored upon the addition of an oxidizing
agent. Our results suggest that the high conductance state arises due to Au—C(sp*) bond formation facilitated by a single electron
oxidation event at the electrode surface. A series of control experiments with different anchor groups shows that primary amines play
a key role in forming Au—C bonds for molecular junctions. Overall, these results suggest that Au—C bond formation gives rise to
high conductance pathways in organic molecules containing only one preinstalled terminal anchor. Insights from this work can be
leveraged in the design of molecular electronic devices, particularly in understanding the mechanisms of molecular binding and
junction formation.

Low conductance

B INTRODUCTION

Molecular junctions generally consist of three main compo-

In addition to dative anchor groups, Au—C covalent anchors
have been reported to yield stable and highly conductive
molecular junctions.'' Au—C(sp?) contacts are generally found
to be less conductive than benzyl Au—C(sp®) contacts, likely
due to the misalignment of Au—C(sp?) bonds with the
backbone 7-system. The properties of covalent anchors directly
affect electron transport, highlighting challenges in achieving

nents: a molecular bridge,1 metal electrodes,” and terminal
anchor groups that electronically couple the bridge to the
Terminal anchors®™>

electrodes.”™° play a key role in

controlling the electronic properties of single molecule

junctions via molecular binding, junction stability, and
electronic coupling. One class of robust terminal anchors is
characterized by dative bonding interactions with metal
electrodes, including amine,”” thiol,* pyridine,” and methyl
thiol'® groups. However, molecular junctions generally require
two preinstalled terminal anchor groups to form a closed
circuit, which poses synthetic challenges that tend to restrict
the chemical space for molecular junction design. From this
view, new binding modalities that avoid the requirement of two
preinstalled terminal anchors could expand the scope of the
chemical toolbox available for molecular electronics.
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robust and well-defined electronic pathways in molecular
junctions using covalent contacts.'” Direct formation of Au—C
covalent bonds in molecular junctions typically requires
cleavage or reaction of functional groups such as iodine,"
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alkyne, or diazonium to generate Au—C bonds
through in situ reactions. Recently, oriented external electric
fields' '” have gained increasing attention for their ability to
reorganize the electron distribution of molecules, stabilize
charge-separated resonant forms, and promote chemical
reactions.”’ Prior work suggests that it may be possible to
form new types of anchors in nanoscale junctions under
external electric fields, for example using C—H activation or
electrochemical radical substitution reactions.'* However, the
structural and electronic properties that promote the formation
of Au—C contacts under external electric fields are not yet fully
understood.

Singly anchored molecules lack a second terminal anchor
group to complete a closed electronic circuit. Prior work has
reported that electron transport in singly anchored molecules
occurs by noncovalent interactions such as 7—7 stacking”"**
and Au-7 interactions.”> However, the unanchored terminus is
exposed to a strong electric field in the nanogap between
electrodes, which could give rise to an electrochemically driven
redox event or provide enhanced stabilization of polar or
charged resonance states of the molecule. In this way, the
nanogap environment could promote covalent bond forma-
tion,"”"” giving rise to dual-tethered molecular junctions in
molecular backbones without the need for conventional
preinstalled anchors. In addition, understanding the electron
transport behavior in z-conjugated molecules with one
terminal anchor group could provide additional insights into
noncovalent intermolecular interactions. Intermolecular charge
transport™® in z-stacked aromatic groups is critical to organic
electronics.” The efficiency of electron transport in 7-stacked
systems depends on the electronic coupling and the distance
and orientation between neighboring =-stacked mole-
cules.”™*® Although recent work has examined electron
transport in singly anchored organic molecules,”*”*" we
lack a comprehensive understanding of the behavior of singly
anchored molecules in molecular junctions, particularly
regarding how specific structural or electronic features
influence charge transport properties and pathways.

In this work, we investigate the electron transport behavior
of p-terphenyl derivatives containing one preinstalled anchor
using a combination of automated chemical synthesis, single
molecule electronics experiments, molecular dynamics (MD)
simulations, bulk electrochemistry and spectroscopy, and
nonequilibrium Green’s function—density functional theory
(NEGF-DFT) calculations. Synthesis of p-terphenyl deriva-
tives was performed using a rapid Suzuki—Miyaura cross
coupling (SMCC) method with reduced reaction time and
temperature.”’ Following chemical synthesis and character-
ization, the electronic properties of these molecules were
characterized using the scanning tunneling microscope—break
junction (STM—BJ) technique.””*” Our results show that 4-
amino-p-terphenyl (PPP) and related analogs have a
surprisingly well-defined high conductance feature despite
the presence of only one preinstalled terminal anchor. Our
results further reveal a low conductance feature for all singly
anchored amino-p-terphenyl derivatives studied in this work,
which arises due to noncovalent intermolecular interactions.
Flicker noise analysis and machine learning methods such as
correlation 2D analysis and Gaussian mixture modeling
(GMM) are used to understand the conductance behavior.
In addition, cyclic voltammetry (CV), bulk electrolysis, and
spectroscopy were used to understand the origin of the high
conductance state, which arises from Au—C bond formation

due to a single electron oxidation event.’* Broadly, our work
shows that Au—C(sp”) contacts in terphenyl junctions provide
more highly conducting pathways than noncovalent inter-
molecular interactions, but generally have similar conductance
values as terminal anchors with dative contacts (Au—NH,).

B METHODS

Chemical Synthesis. All reactions were carried out under
an atmosphere of nitrogen or argon in flame-dried or oven-
dried glassware with magnetic stirring unless otherwise
indicated. Organic solutions were concentrated via rotary
evaporation under reduced pressure with a bath temperature of
50 °C unless otherwise noted. Normal phase flash column
chromatography was performed using Merck silica gel grade
9385 60 A (230—400 mesh) and a Biotage Selekt medium
pressure liquid chromatography (MPLC) instrument. Small
molecule synthesis was performed on an automated modular
small molecule synthesizer (Supporting Information Sections
$2—S4 and Figures $3—S19), as previously reported.””

Chemical Characterization. NMR. '"H NMR and “C
NMR spectra were recorded on Carver B500, or Bruker 600
NEO instruments. 'B-NMR and "°F NMR were recorded on a
Carver BS00 spectrometer. Chemical shifts () are reported in
parts per million (ppm) downfield from tetramethylsilane and
referenced to residual protium in the NMR solvent (CDCly, §
= 7.26; acetone-dg, 6 = 2.0S, center line). Data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, quint = quintet, sept = septet, m =
multiplet, b = broad), coupling constant (J) in Hertz (Hz), and
integration. Chemical shifts (5) for *C NMR are reported in
ppm downfield from tetramethylsilane and referenced to
carbon resonances in the NMR solvent (CDCI3, § = 77.0,
center line; acetone-dg, § = 29.8, center line). Carbons bearing
boron substituents were not observed (quadrupolar relaxa-
tion).

Mass Spectrometry. High resolution ESI mass spectra were
recorded on a Micromass 70-VSE spectrometer, Micromass Q-
TOF Ultima spectrometer, Agilent 6530C QTOF, Autoflex
Speed LRF, and an UltrafleXtreme TOFTOF.

Single-Molecule Conductance Measurements. Single-
molecule conductance measurements were performed using a
custom—built scanning tunneling microscope break junction
(STM—BYJ), as previously reported.””**® Gold substrates were
prepared by evaporating 100 nm of gold onto polished Ted
Pella AFM specimen disks with an e-beam evaporator. STM
tips were prepared with 0.25 mm Au wire (99.998%, Alfa
Aesar). Measurements were performed in 1,2,4-tricholorben-
zene (TCB) and propylene carbonate (PC) solvents. For the
measurements carried out in PC solvent, the STM tips were
coated with Apiezon wax to minimize the exposed area to polar
solvents and to reduce the non-Faradaic current. During
experiments, the STM tip is controlled by a piezoelectric
micropositioner to repeatedly form and break molecular
junctions, and the current was recorded and analyzed during
this process. A variable-gain low noise current amplifier
(DLPCA-200 from Artisan Technology Group) was used to
accurately convert current to voltage for data processing.
Conductance histograms (determined from >5000 individual
molecules per experiment) are generated for all molecules
without data selection.

Temperature-dependent STM-B] measurements were per-
formed by heating the substrate with a thermistor. The heating
unit was electronically shielded to avoid electromagnetic
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interference generated by local instrument electronic noise.
The substrate temperature was modulated by a TC-720
temperature controller. Before each measurement, the STM-BJ
setup was set at the desired temperature for sufficient time
such that the temperature variation during the measurement
was maintained to within 0.1 °C. To minimize the effect of
solvent evaporation during measurements, STM-B] experi-
ments were performed in an airtight chamber such that a
saturated chamber atmosphere effectively limited the solvent
evaporation rate. The approximate chamber volume is 3.4 L. It
should also be noted that the boiling point of 1,2,4-
trichlorobenzene (TCB) is 213.5 °C, which is significantly
higher than the temperature at which the experiment was
conducted.

Correlation Analysis and Machine Learning. Correla-
tion 2D Analysis. Correlation 2D analysis’” is used to
understand the statistical relations between distinct junction
features. This analysis technique is often used to obtain
information about junction conformations with different
conductance values. This statistical analysis method is based
on two-dimensional cross-correlation histogram (2DCH). A
2D covariance histogram is constructed, correlations are used
to determine if the two-conductance states are occurring
independently (negatively correlated, depicted in magenta) or
sequentially (positively correlated, depicted in green) in a
single molecule conductance trace.

Gaussian Mixture Modeling. Unsupervised learning algo-
rithms (such as K-means++® and spectral clustering
analysis®”) were used to analyze single molecule conductance
data. To understand the bimodal conductance distribution
observed for the class of 4-amino-p-terphenyl molecules, we
employ a classification algorithm for data clustering based on
Gaussian mixture modeling (GMM). GMM offers advantages
over alternative methods such as K-means due to its ability to
detect subpopulations of unequal covariance. Clustering is
carried out using 1D and 2D conductance histograms. From
each individual trace, a 30-by-30 two-dimensional histogram
and a 100-bin one-dimensional histogram are determined.
These are 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 gets 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).

Flicker Noise Analysis. Flicker noise analysis was
performed to differentiate between through-bond and
through-space electron transport modes. To perform this
analysis, the conductance fluctuations were experimentally
determined while holding molecular junctions at a fixed tip-to-
substrate separation for 150 ms. The transient conductance
response is then analyzed using discrete Fourier transform to
obtain the noise power spectral density (PSD). Flicker noise
power is determined by numerically integrating the PSD
between frequencies of 100 to 1000 Hz. 2D flicker noise
histograms are then determined based on the flicker noise
power and their corresponding average conductance. The
relationship between the noise power and the average
conductance can be described based on a scaling factor n. By
fitting the 2D flicker noise histogram with a 2D Gaussian, the
scaling factor n is determined when the correlation between
the noise power/G" and the average conductance is minimized.
A scaling factor of n = 1 indicates through-bond conductance,

whereas a scaling factor of n & 2 indicates through-space
conductance.

Bulk Electrochemical Experiments. We performed bulk
electrochemical experiments* to gain an understanding of the
redox behavior of 4-amino-p-terphenyl (PPP). Bulk electro-
chemical experiments were carried out using a CHI760E
bipotentiostat. Cyclic voltammetry (CV) was performed using
a 3 mm diameter gold disk as working electrode, a carbon rod
as a counter electrode, and an Ag/AgCl (3.0 M KCl) reference
electrode with a salt bridge. CV was performed on a 1 mM
solution of PPP in a supporting electrolyte solution of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF;) in pro-
pylene carbonate. CVs were performed at a range of scan rates
from 25 mV/s up to 1 V/s, scanning from 0.0 V vs Ag/AgCl to
either 0.8 or 1.0 V vs Ag/AgCl. All cyclic voltammetry data is
reported in IUPAC convention and performed without
applying iR compensation.

Bulk electrolysis experiments were carried out in either H-
cells or W-cells for preparative or quantitative bulk electrolysis
experiments, respectively. The H-cell consisted of two
compartments separated by a glass-frit, with one compartment
for the working and reference electrode and the other
compartment for the counter electrode. The W-cell consisted
of three compartments separated by glass frits, with the center
compartment containing the working electrode, and the two
neighboring compartments containing the reference or counter
electrode. Electrolysis in the H-cell and W-cell used,
respectively, 20 and S mL of 1 mM 4-ATP in TBAPF,/PC
electrolyte system. Reticulated vitreous carbon foam was used
as the working electrode and counter electrode, and Ag/AgCl
electrode with a salt bridge was used as a reference electrode.
All electrolysis experiments were carried out at a constant
potential of 0.8 V vs Ag/AgCl and the potential was applied
until the current reached 1% of the initial electrolysis current.
Bulk electrolysis was carried out while bubbling argon into
solution. Integrated charge values recorded by the potentiostat
were used to determine the number of electrons transferred.

Preparative electrolysis was performed using an H-cell to
obtain electrolysis product for further workup and analysis.
Electrolysis products were removed from the H-cell and used
for further analysis. An extraction was performed to remove
solvent and electrolyte from the bulk electrolysis products.*'
Twenty mL of the electrolyzed PPP in TBAPF/PC electrolyte
was added to a separatory funnel, along with 20 mL of diethyl
ether. The mixture was first washed with 20 mL of brine,
followed by washing twice with 20 mL of water. The organic
layer was dried over magnesium sulfate and filtered into a
round-bottom flask. The organic extraction products were
placed on a rotary evaporator for 3 h with a bath temperature
of 70 °C and a vacuum pressure of 30 mbar. The final volume
after evaporation was approximately 5 mL.

Electron Spin Resonance Spectroscopy Experiments.
ESR measurements were performed by aliquoting the electro-
lyzed or control solution into a quartz capillary within a 4 mm
thin-walled precision quartz EPR tube (Wilmad). The solvent
was propylene carbonate (PC). Spectra were acquired at room
temperature (298 K) with a Bruker EMXPlus X-band
instrument. Measurement conditions were 3600 G center
field, 8 scans, 20 mW microwave power, 2.0 X 10° gain, 1 G
modulation amplitude, 100 kHz modulation frequency, and a
microwave frequency of ~9.7775 GHz.

In Situ Surface Enhanced Raman Spectroscopy. A
He/Ne 632.8 nm laser was used as the excitation source for

https://doi.org/10.1021/acs.jpcc.5c06124
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Figure 1. Molecular library and electron transport mechanisms for singly anchored terphenyl derivatives. (a) Structures of singly anchored organic
molecules studied in this work. (b) Characteristic single molecule conductance traces observed in STM-B] experiments for PPP. HC denotes the
high conductance state, whereas LC denotes the low conductance state. (c) Molecular junction schematic with noncovalent dimeric interactions for

PPP. (d) Molecular junction schematic featuring an Au—C bond for PPP.

SERS experiments. Spectra were accumulated from 30
individual acquisitions for 1 s each. For the potential sweep
experiments, spectra were collected over a 30 s potential step
while performing staircase voltammetry. Voltammetry per-
formed during the SERS measurements was performed using a
CHI760E potentiostat and a custom glass/Kel-F spectroelec-
trochemical cell.** The working electrode was a polycrystalline
gold disk that was electrochemically roughened prior to the
experiment.

Molecular Dynamics Simulations. For each terphenyl
derivative, a pair of molecules was simulated in trichlor-
obenzene (TCB) and propylene carbonate (PC) solvent
mediums, and their separation distance between the center-
of-mass (COM) was systematically varied to provide molecular
insights from both energetic and conformational perspectives.
Energetically, the potential mean force (PMF) as a function of
the separating distance between the COM of terphenyl pairs in
the solution state was assessed using umbrella sampling and
the Weighted Histogram Analysis Method (WHAM).* The
error bars of the PMFs were obtained by Monte Carlo
bootstrap error analysis. The force field parameters for the four
terphenyl compounds and the two solvent species were
specified using the optimized potentials for liquid simulations
(OPLS)-AA force field,"* and CM1A atomic partial charge,"
obtained via the LigParGen web server.** In each terphenyl
system, a pair of terphenyl molecules was placed at the center
of the box, with their COM separated along the 7—x stacking
director at a distance of 3.3 A. Subsequently, 1600 solvent
molecules were randomly added using PACKMOL.*” Each
initial MD configuration, with the dimer coordinates fixed,
underwent equilibration for 100 ns at 300 K and 1 bar using
the NPT ensemble, with a coupling constant of 0.1 ps for both
the thermostat and barostat. The equations of motion were
integrated using the velocity Verlet algorithm with a time step
of 1 fs, and periodic boundary conditions were applied in all

17461

three dimensions. Long-range electrostatic interactions were
computed using the particle—particle particle-mesh Ewald
technique with a precision of 0.0001, and a real space cutoff of
1S A was set. The same cutoff distance was employed to
truncate Lennard-Jones interactions, and geometric mixing
rules were applied for different atom pairs. The MD
simulations were performed using LAMMPS.**

For each terphenyl dimer solution, utilizing equilibrated
configurations, we conducted a series of 30 MD simulations
with an external harmonic constraint applied between the
COM of the dimer. The constrained COM distance ranged
from 3.3 A to 9.1 A, with intervals of 0.2 A, and a harmonic
force constant of 100 kcal/mol was used to restrain the dimer
at the correct constrained COM distance. Each simulation
window underwent 1 ns of equilibration under the NPT
ensemble at 300 K and 1 bar, followed by an additional 4 ns of
simulation to capture pair conformations at a frequency of 1
ps. The pair conformations collected from the 30 MD windows
were used to estimate the PMF through the WHAM.

Nonequilibrium Green'’s Function-Density Functional
Theory. NEGF-DFT calculations are performed with a DFT-
based nonequilibrium Green’s function (NEGF) approach
using the TranSiesta and Tbtrans package.””~>" The electrodes
contain 8 layers of 16 gold atoms along with a pyramid of 10
Au atoms. The amines on the singly anchored amino-p-
terphenyl derivatives were made to interact with the gold
atoms in an antiparallel configuration. The high conductance
state of PPP was represented using an amine and carbon atom
as two anchoring sites. Geometry relaxation of the sequences
was performed using generalized gradient approximation—
Perdew—Burke—Ernzerhof (GGA—PBE) functional®® using
the TranSiesta package.’® SZP or DZ basis sets were used
for all the gold atoms. DZP basis sets were used for carbon,
hydrogen, and nitrogen. Electrode calculations were carried
out with a 4 X 4 X 50 k-mesh. The geometry relaxation was

https://doi.org/10.1021/acs.jpcc.5c06124
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carried out using a 4 X 4 X 1 k-mesh, which was performed
until the 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 tested prior to transmission calculations,
using a real axis integration internal from —40 €V to infinity;"
this includes a crossing in the imaginary axis at 2.5 eV, and the
y value is —10 kgT. 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 0.01 eV energy increments.

B RESULTS AND DISCUSSION

Chemical Synthesis and Characterization. Synthesis of
several organic molecules was carried out using Suzuki—
Miyaura cross coupling (SMCC) by leveraging recent advances
in iterative automated synthesis.”’ Prior SMCC conditions for
automated synthesis require more than 12 h to prepare one
molecule,”” and manual synthesis requires even longer time
scales to synthesize a library of small molecules.”>>*>> In this
work, we used automated iterative coupling’>® based on a
new rapid SMCC method (Supporting Information Sections
S3 and $4) that significantly decreases the reaction time to 10
min with high yield.”"

An automated small molecule synthesizer (Figure S3a)
capable of parallel runs of deprotections, couplings, and
purifications was used, as previously reported.”> The building
blocks and protecting groups used in the reaction are shown in
Figure S3b. The synthesis of 4”-methyl-[1,1":4",1"-terphenyl]-
4-amine (MPP), 3-fluoro-[1,1:4’,1”-terphenyl]-4-amine
(PPF), N-methyl-[1,1":4’,1"-terphenyl]-4-amine (PPS), 4"-
fluoro-[1,1:4’,1”-terphenyl]-4-amine (FPP), 4”-bromo-
[1,1:4/,1"-terphenyl]-4-amine (BPP), and 4-([1,1’-biphenyl]-
4-yl) pyridine (PPN) was carried out using one step slow
release SMCC chemistry (Figure S3c). 2’-methyl-[1,1:4/,1"-
terphenyl]-4-amine (PMP) and 3-methyl-[1,1:4,1”-terphen-
yl]-4-amine (PPM) were synthesized using a two-step
synthesis process: rapid SMCC followed by slow release
SMCC (Figure S3d). [1,1’-biphenyl]-4-amine (PP),
[1,1:4',1”-terphenyl]-4-amine (PPP), [1,1':4',1”-terphenyl]-
4,4"-diamine (ADP), and 1,1’,4’,1”-terphenyl-4-thiol (PPT)
were purchased from commercial sources. Mass spectrometry
and '"H and "C nuclear magnetic resonance (NMR)
spectrometry were used to characterize molecules prior to
electronics experiments (Supporting Information Section S1—
S4, Figures S1, S2 and S4-S19).

In this work, the chemical space focuses on p-terphenyl
derivatives for molecular electronics due to their rigidity and
extended z-conjugation, which results in low tunneling
barriers.” >’ We designed a series of p-terphenyl molecules
with one preinstalled anchor (Figure 1a) based on the parent
molecule PPP by including additional substituents on the three
benzene rings. PPM, PMP, and MPP each contain a methyl
group on one of the aromatic rings, which changes preferred
resonance structures, alters ring torsional angles, or introduces
steric hindrance during the formation of molecular junctions.
Molecule PPF was incorporated to investigate the effect of
electron withdrawing groups in contrast to the electron
donating nature of the methyl substituted terphenyls.
Furthermore, BPP and FPP were synthesized as additional

control molecules for understanding the electron transport
mechanism in terphenyl derivatives. Three additional control
molecules, PPN, PPS, and PPT, are characterized to
understand the role of anchor groups.

Single Molecule Conductance Measurements. The
electronic properties of p-terphenyl derivatives were charac-
terized at the single molecule level using the scannin
tunneling microscope-break junction (STM-BJ) technique.’>*"
The STM-B] setup consists of a gold tip electrode that is
repeatedly moved into and out of contact with a gold substrate
electrode in a solution containing molecules, resulting in the
continual formation and breakage of single molecule junctions.
The STM-BJ instrument is automated, and experiments are
repeated over an ensemble of >5000 molecules for each
experiment. Single molecule conductance data are then
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 are compiled. The peak
of the histogram represents 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.
The time scale of a single STM- BJ pulling trajectory is in the
order of milliseconds,”’ which allows for sampling a range of
molecular conformations®' during a conductance measure-
ment.

We began by characterizing the electron transport behavior
of PPP ([1,17:4',1"-terphenyl]-4-amine) and ADP ([1,1":4/,1"-
terphenyl]-4,4”-diamine). Our results show that PPP has a
high conductance state at ~107*® G, and a low conductance
state at ~10™*"® G, (Figure 1b), whereas ADP has a high
conductance state at ~107>*! G, and low conductance state at
~107*%¢ G, (Figures S20 and 21). A comparison of the full
width at half maxima (fwhm) for PPP and ADP (Figure S22)
suggests the possibility of forming a robust electronic pathway
for molecules with a single preinstalled terminal anchor (PPP)
compared to those with two preinstalled anchors (ADP).

Characteristic single molecule conductance traces for PPP
show high and low conductance features in separate and
distinct molecular subpopulations (Figure 1b). Singly anch-
ored molecules are generally thought to form junctions
through intermolecular stacking interactions,”"**> where two
different molecules, each anchored to a different electrode,
form noncovalent dimeric interactions to complete the circuit.
We hypothesized that the low-conductance feature in singly
anchored p-terphenyl derivatives arises due to intermolecular
stacked junctions (Figure Ic). In contrast, the high-
conductance feature observed for PPP is a robust and well-
defined electronic pathway that cannot arise due to non-
covalent intermolecular interactions. In the STM-B] setup, the
applied bias between the two electrodes results in relatively
high electric field gradients (~0.1—0.5 V/nm) in the nanoscale
junction. We posited that the electric field could promote the
formation of a new covalent anchor in molecular junctions
(Figure 1d). We aimed to understand if such a mechanism
could give rise to a new terminal anchor and well-defined®
conductance pathways in molecules with only one preinstalled
terminal anchor.

We characterized the electron transport properties of several
amino-p-terphenyl derivatives in nonpolar solvents (1,2,4-
trichlorobenzene, TCB) using the STM-BJ method (Figure 2).
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Figure 2. Scanning tunneling microscope-break junction (STM—BJ) measurements of amino-p-terphenyl derivatives in 1,2,4-trichlorobenzene
(TCB) at 250 mV applied bias. (a) 1D conductance histograms for PPP, PPM, PMP, and MPP. (b) 2D conductance histogram for PPP. (c,d)
Gaussian mixture modeling and 2D correlation analysis on PPP revealing anticorrelated high and low conductance states. (e) Flicker noise analysis
of molecular subpopulations corresponding to the high and low conductance feature for PPP, which suggests through-bond and through-space
characteristics for the high and low conductance features (scaling exponents of n ~ 1.3 and n & 2, respectively).

Our results show that all amino-p-terphenyl derivatives with a
single preinstalled anchor exhibit a characteristic low
conductance feature (Figures 2a and S23). PPP shows an
additional high conductance feature occurring in a significant
molecular subpopulation over a large ensemble of molecules
(Figure 2b). Moreover, this high conductance feature is also
present in several amino-p-terphenyl analogs such as PPF
(Figures 2a and S23a), though diminished in comparison to
PPP.

Unsupervised machine learning, 2D correlation analysis, and
Gaussian mixture modeling (GMM), were used to interpret
the two-state conductance behavior observed for PPP. Bimodal
conductance distributions can arise due to conformationally
distinct molecular subpopulations that do not interchange
during molecular pulling events (static heterogeneity) or due
to conformation-dependent conductance states that occur
during molecular pulling events (dynamic heterogeneity).®!
Gaussian mixture model (GMM) clustering was performed for
PPP to identify and separate the two conductance features.
Results from cluster analysis were then plotted and analyzed
(Figure 2c), revealing that two distinct clusters correspond to
the high- and low-conductance features, which is consistent
with static heterogeneity or conformationally distinct molec-
ular junctions. 2D correlation analysis and GMM indicate that
the two conductance states of PPP are negatively correlated
and therefore occur independently in distinct trajectories
during the STM-BJ experiments (Figure 2d). Compared to
PPP, GMM clustering for ADP did not reveal any distinct
patterns, suggesting differences in electron transport behavior
between PPP and ADP (Figure S24).

Flicker noise analysis® was performed to differentiate
between through-bond and through-space electron transport
for the high and the low conductance states. Prior work has
shown that the conductance fluctuations (conductance noise
power) exhibit a power law dependence on the mean
conductance G values depending on through-space and
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through-bond transport characteristics.”** Conductance noise
is quantified by numerically integrating the conductance noise
power spectral density (PSD) between frequencies of 100 and
1000 Hz.*** The correlation is quantified by the scaling
exponent n of the normalized noise power (noise power/G")
versus the average normalized conductance G/Gy, where G is
the conductance quantum. A scaling exponent n &~ 2 suggests
through-space transmission whereas an exponent n ~ 1
corresponds to through-bond transport. These results show
that the low conductance state in PPP occurs by through-space
electron transport, whereas the high conductance state shows
dominant through-bond electron transport characteristics
(Figure 2e). Flicker noise analysis for MPP (Figure S25) is
also consistent with through-space electron transport for the
low conductance state. Based on these results, the low
conductance state observed for all amino-p-terphenyl deriva-
tives likely arises due to noncovalent dimeric interactions. We
posit that the high conductance state in PPP arises due to the
formation of a new covalent anchor binding to the metal
electrode, which is consistent with through-bond transport for
the high conductance state. Based on the structure of PPP and
results from bulk spectroscopy and electrochemistry character-
ization (vide infra), we hypothesize that the second anchor
involves the formation of an Au—C bond (Figure 1d) via an
electrochemical radical substitution reaction.

2D conductance histograms for amino-p-terphenyl deriva-
tives indicate stark differences in electron transport pathways
for different molecular compositions. Notably, the high
conductance state observed in PPP is diminished in PPF,
PPM, and PMP, suggesting that molecular substituents inhibit
the high conductance pathway in these terphenyl backbones
(Figures 2a and S$23). The high conductance feature is
completely absent in MPP, implying that the presence of a
methyl group at the para position on the aromatic ring
abolishes the high conductance pathway. We also characterized
the electron transport behavior of BPP and FPP which contain
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Figure 3. Effect of temperature, concentration, applied bias, oxidizing and reducing agents on the molecular conductance of PPP. (a) Temperature-
dependent conductance measurements are consistent with noncovalent dimeric interactions for low conductance state, whereas the high
conductance state is robust to temperature variations. (b) Concentration-dependent measurements for PPP. (c) Bias-dependent STM—B]
experiments indicating that the high conductance state is observed at low bias, whereas the low conductance state has bias dependence. (d)
Reducing agent (DEHA) diminishes the high conductance state for PPP, and oxidizing agent (silver oxide) restores the high conductance state.

bromine and fluorine groups, respectively, at the para position
on the phenyl ring farthest from the terminal amine anchor
(Figures 2a and $26). These results show that the high
conductance state is completely abolished in FPP and nearly
absent in BPP.

Based on these results, we hypothesized that the carbon
atom at the terminal para position in amino-p-terphenyl
derivatives such as PPP, PPM, and PMP forms an Au—C
covalent bond due to an oxidation event at the metal electrode,
leading to the formation of a terminal covalent anchor that
completes the circuit and gives rise to the high conductance
state (Figure 1d). The absence of the high conductance feature
in MPP and FPP is consistent with the hypothesis that a
methyl or fluorine group at the terminal para position inhibits
the interaction between the molecule and the gold electrode,
preventing the formation of the Au—C linkage. However, the
para position remains available for binding in the amino-p-
terphenyl derivatives PPM and PMP. PMP contains a methyl
substituent on the central ring, which alters the torsional angles
and could inhibit the stability of resonance structures during
electrochemical oxidation, resulting in a weak high con-
ductance feature compared to PPP.

Prior work has focused on 4”-iodo-[1,1:4’,1”-terphenyl]-4-
yl) (methyl)sulfane (IPS),"* which contains thiomethyl and
aryl iodide at the terminal positions of a terphenyl molecule.
PPP exhibits different electron transport characteristics
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compared to IPS due to differences in anchor—gold binding
(amine versus thiomethyl anchors) and the functional group at
the other end of the molecule (—H versus —I). To understand
the role of terminal anchors, we characterized the electronic
properties of PPN, PPT, and PPS that contain thiol, pyridine,
and N-methylamino as terminal anchor groups, respectively
(Figure S27). Our results show that the high-conductance state
is absent in PPN, PPT, and PPS. PPN exhibits a low
conductance state that is absent or significantly diminished in
PPT and PPS and likely arises due to noncovalent dimeric
interactions. These results show that the amine anchor is
critical for the formation of Au—C linkage in terphenyl
junctions.

We also characterized the electron transport behavior of
[1,1’-biphenyl]-4-amine (PP) (Figure S28). Our results show a
bimodal conductance distribution for PP, with a weak high-
conductance feature consistent with Au—C bond formation.
Taken together, these results suggest that the presence of an
amine anchor on a p-phenyl backbone is crucial for the
formation of Au—C linkages.

Temperature-dependent STM-B] measurements were per-
formed at three different temperatures: 20 °C, 30 and 40 °C.
Increased temperature leads to enhanced molecular vibrations,
reducing the likelihood of forming intermolecular junctions
during the STM—B]J experiments.”> Our results indicate that as
the temperature is increased, the low conductance state is

https://doi.org/10.1021/acs.jpcc.5c06124
J. Phys. Chem. C 2025, 129, 1745817471


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c06124/suppl_file/jp5c06124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c06124/suppl_file/jp5c06124_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c06124/suppl_file/jp5c06124_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06124?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06124?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a —_
124 — 1000 mVis T 3000
—— 750 mV/s €
109 — s00mvis TU 2500 A
— i 250 mV/s
<8 100 mVis Z 2000
= 6 50 mV/s 2
@ — 25mV/s / > 1500 -
E 4- / )
3 4 S 1000
21 4 1)
ﬁ S 500
0 —— ‘:“
T T T o 0 T T - :
000 025 050 075 = 300 400 500 600 700 800
Potential vs. Ag/AgCI (V) Wavelength (nm)
b
4 —— Mean —— No Electrolysis
10 0.31 ——— Post Electrolysis
- Preconcentrated
—~ 3 . —
< >
g 21 i
5 5
© 4. € 0.1 !
01, : : : 0.0 — —
0 20 0 70 3400 3600 3800
ime (s) Field (G)

Figure 4. Bulk electrochemistry and spectroscopy experiments on PPP. (a) Cyclic voltammetry of 1 mM PPP in an electrolyte solution of 0.1 M
TBAPF; in PC. The potential was swept from 0 V vs Ag/AgCl to 0.8 V vs Ag/AgCl in forward and reverse scans at rates ranging from 25 mV/s up
to 1 V/s. (b) Bulk electrolysis of 1 mM PPP in an electrolyte solution of 0.1 M TBAPF6 in PC, at an applied potential of 0.8 V, taken in triplicate
(N = 3). The black trace indicates the mean, and the red error bar represents 1 standard deviation from the mean. The average number of electrons
transferred was 1.1 + 0.1. (c) UV—vis spectra for oxidized PPP (post electrolysis) with increasing concentration. (d) Electron spin resonance
(ESR) spectra of the 1 mM PPP with no electrolysis, directly after electrolysis, and after electrolysis with a preconcentration step.

significantly diminished (Figure 3a). These results are
consistent with our hypothesis that the low conductance
state arises due to noncovalent dimeric interactions. On the
other hand, the high conductance state is largely unaffected by
the 20 °C increase in temperature, which differs from the
temperature-dependent electron transport behavior of ADP
(Figure S29), suggesting the high conductance state arises due
to stronger anchor binding for PPP compared to ADP.
Concentration-dependent STM—BJ experiments were also
performed for PPP in the range on 0.1—10 mM (Figure 3b).
These results indicate that the low conductance state of PPP
exhibits strong concentration dependence, whereas the high
conductance state is concentration independent. These results
further support our hypothesis that the low conductance state
arises due to noncovalent dimeric interactions whereas the
high conductance state arises due to through-bond transport.

Bias dependent STM—BJ experiments (Figure 3c) reveal
that at low applied bias (50—150 mV), only the high
conductance state is observed. As the applied bias is increased,
the low conductance state emerges, consistent with prior work
reporting that increased bias regulates dimeric interactions in
molecular junctions.” Increasing bias can lead to stronger
coupling at the Au—C linkage, leading to enhancement in
conductance. To further investigate the electron transport
behavior of PPP, we performed the STM-B]J experiments in the
presence of reducing and oxidizing agents (Figures 3d, S30 and
31). Results from these experiments show that the high
conductance state diminishes with an increase in the
concentration of the reducing agent (N,N-diethylhydroxyl-
amine or DEHA). However, the diminished high-conductance
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state can be fully restored upon the addition of an oxidizing
agent (silver oxide) (Figures 3d and S$32). Overall, these
results indicate that the high conductance state observed for
PPP can be chemically tuned through the application of
reducing or oxidizing agents, suggesting that a redox event is
responsible for the high conductance state.

The two-state conductance behavior of PPP is also observed
in a polar solvent such as propylene carbonate (PC), but with
lower counts for each molecular conductance subpopulation as
the higher dielectric strength of polar solvents likely reduces
the effect of the electric field (Figure $33)."" We also
characterized the molecular conductance of PPP in PC in
the presence of a reducing agent (sodium borohydride,
NaBH,), which results in the disappearance of the high
conductance state (Figure S34), consistent with the results
observed in TCB. Overall, these results are consistent with
electrochemical oxidation leading to Au—C bond formation
and the high conductance state. Bulk electrochemistry,
electrolysis, electron spin resonance, UV—vis spectroscopy,
and surface enhanced Raman spectroscopy (SERS) were
pursued to further understand the origin of the high
conductance state.

Bulk Electrochemistry and Spectroscopy. Integrating
single molecule measurements with bulk experiments offers a
powerful approach to understand electron transport.*”*® Here,
we performed a series of bulk electrochemical and spectros-
copy experiments to understand the electronic properties of
amino-p-terphenyl molecules. Results from cyclic voltammetry
(CV) experiments show a distinct oxidation wave on the
forward scan at approximately 0.65 V versus Ag/AgCl, with
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Figure 5. Molecular dynamics (MD) simulations and nonequilibrium Green’s function-density functional theory (NEGF-DFT) calculations. (a)
Potential mean force (PMF) profiles for dimers. (b) Distribution of the angle between the long axes of terphenyl molecules in 1,2,4-
tricholorobenzene (TCB). Arrows in the inset represent the long-axis vector. (c) Schematic of molecular junctions comprised of PPP
corresponding to the high conductance state (HC) and low conductance state (LC). (d) Transmission plots for HC and LC for PPP.

only a small reduction peak at 0.15 V on the return scan
(Figure 4a). The absence of a prominent return peak in the CV
indicates that a distinct chemical process occurs after oxidative
electron transfer. A second distinct electron transfer event was
observed when the positive limit of the potential window was
expanded from 0.8 to 1.0 V, however this second electron
transfer event leads to the formation of a surface-bound species
(Figure S35). In situ electrochemical measurements were also
performed using the STM-BJ setup by sweeping the voltage
between the STM tip and bottom electrode, beginning with a
ferrocene standard for internal calibration.”” In situ CV
experiments on PPP indicate that a redox reaction occurs
during STM-BJ experiments (Figure S36). However, as
previously reported, we note that it is challenging to
quantitatively compare the potentials observed in bulk
electrochemistry and STM-BJ experiments because the former
setup relies on a three-electrode system and the latter is a two-
electrode system.™

Bulk electrolysis was performed to understand the electro-
chemical oxidation of PPP (Figures 4b and S37). The potential
was maintained at 0.8 V during electrolysis to isolate the first
electron transfer event and avoid irreversible film formation on
the electrode surface. All electrochemical experiments were

performed in triplicates, and the integrated charge was used to
determine the total number of electrons transferred during the
electrochemical oxidation. Our results show that one electron
is transferred during the oxidation event, which suggests that
the electrochemical oxidation of PPP forms a radical cation
species.

Based on results from bulk electrochemistry and single
molecule experiments, we hypothesize that amino-p-terphenyl
derivatives undergo a one-electron oxidation event, leading to a
radical cation species that undergoes a substitution reaction at
the para position (Figure S38). This reaction leads to the
formation of an Au—C bond responsible for the high
conductance state. These findings can be compared to prior
work on electric field-driven electrophilic aromatic substitution
reactions;'’ however, we note that the Au—C anchor
formation mechanism in terphenyls such as PPP involves a
one-electron oxidation reaction, whereas the electrophilic
aromatic substitution reaction is not a redox-mediated
chemical reaction.

We further conducted bulk spectroscopy experiments to
understand the conductance behavior of PPP and related
analogs. UV—vis absorption spectra of oxidized PPP post
electrolysis clearly show a red shift with increasing concen-
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tration (Figures 4c and $39), suggesting the possibility of
dimerization,®””®® consistent with the enhanced low-conduc-
tance state at higher concentrations in single molecule
electronic experiments. Electron spin resonance (ESR) spec-
troscopy experiments on PPP were also performed before
electrolysis, after electrolysis, and after preconcentration of the
electrolysis product, as shown in Figure 4d. The signals at
~3480 G and ~3650 G indicate the presence of a radical
species in the electrolyzed solutions that is not present in the
pre-electrolyzed sample, consistent with the proposed
mechanism for the high conductance state.

We further performed surface-enhanced Raman spectrosco-
py (SERS) experiments on blank electrolyte (0.1 M TBAPF in
PC solvent), a terphenyl molecule without anchors, PPP, and
FPP (Supporting Information Section S8, Figures S40, S41,
Tables S1 and S2). Results from these experiments indicate
that upon increasing the applied bias, a peak at 415 cm™
appears for PPP, which is absent in terphenyl. For FPP, no
peak at 415 cm™" is observed up to an applied bias of 0.5V, a
result that is markedly different than PPP (Figure S40d). In
SERS experiments, Au—C bonds® are typically characterized
by peak values around 413—435 cm™, with prior literature
reporting that Au—C bonds similar organic molecules appear
at 415 cm™".”% Nevertheless, we cannot exclude the possibility
that this peak arises due to formation of an Au—N bond,
though putative Au—NH, dative interactions are expected to
occur even at zero applied bias. Finally, we note that the
conditions in the in situ SERS experiment are drastically
different than the STM-—BJ experiments. The STM-BJ
environment gives rise to strong electric field gradients
(~0.1-0.5 V/nm) in the nanogap, which likely promotes
Au—C bond formation given the close proximity of the two
adjacent gold electrodes.

Molecular Dynamics Simulations. MD simulations were
used to characterize molecular geometries or conformations
adopted by molecular junctions.”’ Here, we used MD
simulations to characterize the noncovalent dimeric inter-
actions that resemble the low conductance state observed in
the single molecule experiments. A series of MD simulations
was performed to elucidate the dimeric interactions between
methyl substituted amino-p-terphenyl derivatives. For each
terphenyl derivative, a pair of molecules was simulated in TCB
and PC solvents, and the separation distance between their
center-of-mass (COM) positions was systematically varied to
provide molecular insights from both energetic and conforma-
tional perspectives.

The potential mean force (PMF) was assessed as a function
of the separation distance between the COM of terphenyl pairs
in solution using umbrella samplin% and the weighted
histogram analysis method (WHAM)." The PMFs of PPP,
MPP, and PPM in TCB solution exhibit similar profiles, with
the global minima located at a separation distance of 5.1 A
(Figure Sa). The corresponding binding energies (Table S3)
between two terphenyl molecules is 0.63 + 0.04 k3T for PPP,
0.68 & 0.05 kzT for MPP, and 0.79 + 0.04 kzT for PPM, where
T is the absolute temperature at 300 K. On the other hand, the
global minimum of PMP is situated at a separation distance of
5.9 A with a binding energy of 0.19 + 0.05 kzT due to the
nonplanar intramolecular conformation and steric hindrance
caused by its methyl group at the middle phenyl ring (Figure
S42). The intermolecular binding energies for the terphenyl
derivatives are below 1 kzT, which is consistent with results
from the temperature-dependent STM-B] experiments for the

low conductance state based on noncovalent dimeric
interactions.

We further characterized the structural features of the
terphenyl molecules based on the MD trajectories of the PMF
global minimum. Figure Sb shows the angle distribution
between the long axes of terphenyl molecules in TCB solvent,
which quantifies the intermolecular structure between
terphenyl dimers. An angle close to 180° indicates that the
terphenyl molecules are aligned in the same parallel direction,
increasing the likelihood of 7—m stacking and providing an
efficient conductance pathway. For MPP, a bimodal distribu-
tion is observed which could arise due to the methyl group
leading to an offset in stacking for the dimeric structure. The
symmetric geometry of PPP in TCB promotes a more parallel
pair structure, ensuring an effective stacked dimeric structure.
A similar trend in PMFs and conformational features was
observed for peptides in PC solution (Figure $43). Molecular
conformations generated by MD are used in quantum
mechanics (QM) calculations to aid in comparison between
theory and experimental results for the dimeric state of the
terphenyl derivatives studied in this work.

Electron Transport Calculations. Electron transport
calculations provide a powerful tool to validate experimentally
observed conductance behavior.”"*> Nonequilibrium Green’s
function-density functional theory (NEGF—DFT) calculations
were performed for junction conformations associated with the
high- and low-conductance states. For the low conductance
state, simulations were performed for methyl substituted
amino-p-terphenyl derivatives in a stacked dimer geometry,
corresponding to the low conductance state characterized by
noncovalent intermolecular interactions. Computational trans-
mission values (Table S4) corresponding to the low-
conductance state of amino-p-terphenyl derivatives reveal
that MPP exhibits lower electron transmission compared to
the other derivatives. These results suggest that the presence of
a methyl group at the terminal para position on the phenyl ring
opposite to the amine can cause an offset in stacked molecular
conformation. These results also support experimental results
suggesting that the low conductance state arises due to
noncovalent dimeric interactions.

Results from NEGF—DFT calculations reveal that the
transmission calculations are qualitatively consistent with
results from STM-BJ experiments, showing that the low
conductance state has an approximately 10-fold smaller
transmission probability compared to the high conductance
state (Figures Sc,d and S44). Transmission calculations for the
high-conductance state of PPP (Figure 5d), which involves the
formation of an Au—C linkage, show electron transmission
probabilities of 2.5 X 107* at the Fermi energy level, which is
in good agreement with the experimentally observed
conductance value of S X 107* from STM-BJ experiments.
Overall, NEGF—DFT calculations combined with MD
simulations support the hypothesis that the low conductance
state arises due to noncovalent intermolecular interactions and
the high conductance state involves the formation of a robust
Au—C covalent linkage.

Finally, we calculated the oxidation energies of the terphenyl
derivatives using DFT (Table SS). Our results show that the
oxidation energies for the terphenyl molecules are approx-
imately ~6 eV, which is less than the applied bias being in the
STM—B]J environment. However, the electric field gradients in
the STM—BJ environment are larger than traditional bulk
experimental setups,”®’" which can trigger electric field-driven
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chemical reactions, as reported in prior work.'” From this
perspective, our work illustrates the possibility of observing
electrochemical reactions in the STM—BJ environment,
highlighting the importance of considering not only the
applied bias but also the local electric field strength when
interpreting redox activity in STM—B] experiments.

B CONCLUSIONS

In this work, the electronic properties of amino-p-terphenyl
derivatives with one preinstalled anchor are characterized using
automated chemical synthesis, single molecule electronics
experiments, bulk electrochemistry, spectroscopy, MD simu-
lations, and NEGF—DFT calculations. Single molecule experi-
ments reveal two well-defined conductance states in several
amino-p-terphenyl derivatives. Bulk electrochemistry and
spectroscopy experiments show that a radical cation state
occurs when PPP is exposed to an electric field, which
facilitates the formation of robust Au—C covalent linkages due
to an oxidation event. Our results show that the formation of
Au—C linkages is favored when the stability of the charge
separated resonance state is enhanced. The introduction of
substituents on the three benzene rings within the terphenyl
system disrupts the resonance-stabilized states, hindering the
high-conductance electron transport pathway. In addition, our
work highlights the importance of noncovalent dimeric
interactions in molecular electronics that can be leveraged
for the design of materials for bulk measurements. MD
simulations are used to understand the stacking conformations
for various amino-p-terphenyl derivatives, and NEGF-DFT
calculations are carried out to understand the electron
transport behavior observed in single molecule experiments.
Overall, our work highlights the formation of anchor groups in
molecular junctions containing only one preinstalled anchor,
which enhances the chemical toolbox available for molecular
electronics.
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