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ABSTRACT: Reducing the dimensions of electronic devices to
the nanoscale is an important objective with significant scientific
and technical challenges. In molecule-based approaches, the
orientation of the molecule and coordination to electrodes
(denticity) can dramatically affect the electrical properties of the
junction. Typically, higher conductance is associated with shorter o6
transport distances and stronger molecule—electrode coupling;
however, this is not always the case, as highlighted in this study.
We focused on 7,7,8,8-tetracyanoquinodimethane (TCNQ) and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ)
molecules and have used the scanning tunneling microscopy 0.
break junction (STM-BJ) method to measure the electrical
conductance of single molecules bridged between gold electrodes
with different molecular orientations and with varying denticities. In conjunction with the experiments, density functional theory
(DFT) and nonequilibrium Green’s function (NEGF) calculations were performed to determine the conductance of four distinct
molecular configurations. The calculated conductances show how different configurations and denticities influence the molecular
orbital offsets with respect to the Fermi level and provide assignments for the experimental results. Surprisingly, lower denticity
results in higher conductance, with the highest predicted molecular conductance being 0.6 G, which is explained by the influence of
molecule—electrode coupling on the energy of molecular orbitals relative to the Fermi level. These results highlight the importance
of molecular geometry and binding configuration of the molecule to the electrode. Consequently, our findings have profound
ramifications for applications in which orbital alignment is critical to the efficiency of charge transport, such as in dye sensitized solar
cells, molecular switches, and sensors.
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H INTRODUCTION In this contribution, we take advantage of the fact that
applying a potential to the substrate can induce a change in the
adsorbate—substrate interaction, including denticity and bind-
ing contact, by altering the geometry of the molecule on the
surface and hence in the measured single-molecule con-
ductance (SMC).>' For example, using an electrified substrate

Achieving detailed insight into interfacial charge transport
through single-molecule junctions is an integral step toward
the practical application of molecular devices, e.g, solar cells,
photocatalysts, and organic—inorganic/nanoparticle hybrid

systems.”” Recently, researchers have focused on modulation
of the Fermi level alignment relative to HOMO/LUMO and one can drive the formation of highly ordered 2-dimensional

the metal-molecule coupling using external stimuli, e.g, assemblies that immobilize the adsorbates flat on the surface,
environmental pH, conformational change, applied potential,
and light.”™® For example, studies have employed the
electrochemical potential by incorporating a third (gate)

facilitating charge transport measurements perpendicular to
the molecular plane.zz_24 Here, we focused on 7,7,8,8-
tetracyanoquinodimethane (TCNQ) and 2,3,5,6-tetrafluoro-

electrode to tune the Fermi level of the electrodes relative to 7,7,8,8-tetracyanoquinodimethane (F,TCNQ) which are
the energy level of molecular orbitals.”™** While it is known

that the geometry of the molecule in the junction can Received: November 11, 2019

remarkably influence charge transport through a single Revised:  March 19, 2020

molecule,'” there has been little effort to use denticity and Published: April 17, 2020

binding contact between a molecule and a metal as a control

parameter to manipulate charge transport across the
20

junction.
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Figure 1. (a) STM image of TCNQ/0.05 M H,SO,, on Au(111) at Vg = 0 V¢, Vias = 0.03 V, and I, = 0.1 nA, with scan area 10 X 10 nm* (b)
Conductance histograms for TCNQ recorded in 0.05 M H,SO, at Vg = 0 V¢ (green, generated using 3226 current-distance curves) and Vg = 0.7
Vice (black line, generated using 3163 current-distance curves) at Vi,,;= 0.1 V. The inset is the log binned conductance histogram recorded at Vg =
0 Vg (green, generated using 3360 current-distance curves) and Vg = 0.7 Vg (black line, generated using 1926 current-distance curves) at Vi, =
0.05 V. (c) 2D histogram generated from data recorded at Vg = 0 Vgcg. All histograms are generated without data selection.

widely used in the formation of charge transfer complexes.zs_28

The intriguing physical characteristics, e.g.,, magnetic, optical,
and electrical properties,” " of these electron acceptors make
metal-TCNQ/F,TCNQ_junctions promising candidates for
electronic device components such as sensors, memories, and
data storage applications.””** Recently, surface science
techniques, e.g., scanning tunnelling microscopy (STM),
atomic force microscopy (AFM), and scanning tunnelling
spectroscopy (STS), have been used to determine the structure
and the electronic properties of self-assembled monolayers of
TCNQ on Au(111),” on Ag(111) and Ag(lOO),32’36’37 and
Cu(111)** in ultrahigh vacuum (UHV), as well as on
Au(111)*° and Cu(111)* in an electrochemical environment.
Furthermore, the geometry and electronic structure of
F,TCNQ molecular networks on Au(111)*"** and on
Cu(100)* have been investigated under UHV. Reversible
modulation of the charge state of isolated F,TCNQ_ using
back-gated graphene devices has been studied using high
resolution noncontact AFM and STM under UHV at low
temperature.44 In a recent STM-B] experiment, the con-
ductance of a molecular wire (7-extended tetrathiafulvalene)
has been measured upon the formation of a charge transfer
complex with F,TCNQ molecules.”” However, to the best of
our knowledge, the conductance values for single TCNQ_ and
F,TCNQ_ molecules and the effect of molecule—electrode
denticity have not been reported.

Here, using the combination of STM and break junction
(BJ) methods, we studied the structure and charge transport
properties of TCNQ and F,TCNQ on a Au(111) electrode in
an electrochemical environment. Our results indicate that
TCNQ and F,TCNQ exhibit distinct orientation and denticity
dependent conductance states which could ultimately be
exploited toward the design of electromechanical single
molecule switches and other nanoscale electronics. Moreover,
our NEGF-DFT electron transport calculations predict a
conduction pathway of 0.6 G, for a low denticity (mono-
mono) TCNQ_ configuration. This unusually large conduc-
tance is shown to arise from the interplay between denticity
and favorable alignment of the frontier orbital of the molecule
with the Fermi level of the electrodes.
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B RESULTS AND DISCUSSION

In Situ STM and SMC of TCNQ on Au(111). The STM
images show that, after addition of 0.1 mL of saturated TCNQ_
solution in 0.05 M sulfuric acid to the STM cell at potentials
more negative than the point of zero charge (PZC) of bare
Au(111) in sulfuric acid, a long-range ordered molecular
structure extending for hundreds of nanometers over the
surface was formed on the electrode. The existence of the
underlying herringbone reconstruction, confirmed with STM
images and cyclic voltammetry (CV) (Figure S1), suggests
physisorption and a weak interaction of the ordered layer of
TCNQ_ with the Au surface. Detailed inspection and cross-
section analysis of the STM images revealed that the individual
TCNQ_molecules lie flat on the negatively charged Au(111)
electrode (Figure la and Figure S2). We propose a structural
model with one molecule per unit cell and hypothesize that
this geometry is due to four possible hydrogen bonds (red
dashed lines, Figure S2c) per molecule between the CN groups
and H atoms of neighboring molecules. Further details are
provided in the Supporting Information.

An STM study showed ordered structure formation of
TCNQ on the Au(111) surface induced by molecule—surface
interactions at the potential of 0.27 Vg’ The resulting
ordered structure contains two molecules per unit cell.’
However, at a potential of —0.22 Vg, due to weaker
interactions of the phenyl ring with Au(111) and the formation
of intermolecular hydrogen bonds, a different ordered structure
is observed with six molecules per unit cell.’” UHV-STM
investigations revealed an ordered structure at 5 K in which all
terminal N and H atoms are involved in intramolecular
interactions.”’

As the surface potential is swept more positive, an order-to-
disorder transition starts gradually until complete disorder is
achieved at the surface potential of 0.5 Vg (Figure S3). This
transition is consistent with the cyclic voltammetry peaks
observed at 0.50—0.65 Vg (Figure S1). When the potential is
swept back to its original values (negatively charged Au
surface), the TCNQ molecules start to reappear until the
complete formation of the ordered layer consistent with the
reversibility of the order-to-disorder transition of TCNQ_on
Au(lll)46 (Figure S3).

Following the STM imaging, we conducted single-molecule
conductance measurements on TCNQ at electrode potentials
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above and below the phase transition (presumably negatively
and positively charged electrodes). In the STM break junction
method, the STM tip is gradually brought to the Au(111)
surface to form a gentle contact with the surface and then
withdrawn to form a nanogap between the gold tip and the
gold surface (Figure S6). More than 3000 current—distance
traces were recorded at the surface potential of 0 Vg to
generate 1D and 2D conductance histograms (Figure 1b,c)
showing two well-defined peaks in the linear histogram at 0.22
and 1.00 G, corresponding to molecular and atomic gold
junctions, respectively.

The assignment of the 0.22 G, peak to a molecular junction
is correlated with the existence of the ordered adsorbate
structure, facilitating the direct 7 binding of the TCNQ ring to
the electrode and increasing the probability of the formation of
Au—TCNQ-Au junctions with quasi-flat oriented TCNQ.**
STM images of ordered molecular structures before and after
the break junction procedure (reported in our previous
studies) show the formation of local holes/islands with the
size of one or a few molecules while the surrounding ordered
molecular network remained intact.”**> The junction for-
mation is a gentle and soft process (the tip moves toward the
surface in 0.1 nm steps until it touches the surface and does
not go far beyond the initial contact).””** High resolution
STM images taken after break junction measurements with the
same tip strongly indicate that the tip does not undergo a
destructive crashing and deformation during break junction
formation. In addition, after reviewing many individual
current—distance curves, we noticed that, among the traces
showing atomic/molecular features, ~50% of the traces that
contain molecular features do not show gold atom plateaus
(Figure S7). Hence, this suggests that for half of the measured
traces, the tip did not form a gold—gold junction and likely did
not disturb the ordered structure.”””* Therefore, our proposed
scenario is that the molecule trapped between the tip and the
Au(111), whose geometry is stabilized through the formation
of a two-dimensional monolayer, could remain quasi-flat,
giving rise to the high conductance value. Upon further
elongation, the tip can lift the trapped molecule from the
surface through one or more of its anchoring groups, and
further retraction could result in removing the molecule from
the surface.

The observation of high conductance is consistent with
previous SMC measurements and calculations on small
benzene derivatives showing that measuring the conductance
perpendicular to the benzene ring results in high conductance
values compared to measurements along the molecular plane
due to the direct 7 interaction of the benzene ring with the
metal surface.”””>**’7°° Therefore, we attribute the 0.22 G,
conductance peak to charge transport perpendicular to the
central ring of molecules immobilized on the Au(111) surface
through the intermolecular hydrogen bonding between
neighboring molecules. It is worth mentioning that the details
of the metal-molecule—metal junction geometry, and its
structural evolution during the tip retraction step, are still not
well-understood and need further experimental and theoretical
investigation. Therefore, the proposed model for the flat
oriented molecule is a simplified picture, and the initial
geometry in the junction could deviate from the ideal flat
configuration. The flat model is discussed to differentiate
between two states: when the tip forms a contact with the 7-
system of the molecule and when it is anchored to one of the
functional groups.
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A detailed inspection of the 1D histogram created at the
negatively charged gold surface (Figure 1b, inset with log scale
plotting) shows two peaks at 0.02 and 0.0S G,. Considering
the fact that TCNQ molecules lie quasi-flat at this potential,
and that the nitrile is a reliable and stable anchoring group to
form single-molecule junctions,”' ~** we attribute these two
lower conductance values to two possible tip-induced geo-
metries of the molecule in the junction formed by bidentate—
bidentate (b—b) and monodentate—bidentate (m—b) molec-
ular binding to the tip via nitrile groups, respectively
(geometries are provided in Figure 4 and will be discussed
in detail). This hypothesis is supported by density functional
theory modeling which shows similar low conductance values
for these configurations (vide infra), likely induced by pulling
the molecule up from the surface. In this fashion, after
formation of a high conductance junction with a quasi-flat-
lying molecule, the tip can overcome the relatively weak
metal—7 interaction and lift the molecule off the surface
through anchoring of CN groups to the gold tip while it
retracts from the surface.”® This gives rise to b—b and m—b
configurations as the junction elongates. Previous experimental
and theoretical studies have shown that charge transport along
the molecular plane (upright geometry) of benzene derivatives
exhibits conductance values close to 1072 G,*°"% The
histogram constructed from the current—distance traces
measured at 0.70 Vg (Figure 1b, black line) in the high
current range does not show a well-defined peak in the 1000—
2000 nA current region, suggesting that high conductivity
junctions (flat orientation) are not formed at this potential.
This is likely due to the lack of ordered molecular structures
suggesting a random, nonplanar orientation of the molecules
on the positively charged surface as observed in the STM
images (Figure S3). Previously, we showed that, in a series of
STM-B] experiments performed on benzene derivatives
(benzene, toluene, and 1,2,4-trichlorobenzene), the lack of
long-range ordered molecular structures diminishes the
probability of the formation of junctions with the aromatic
ring perpendicular to the STM tip.”* Accordingly, the
probability of junction formation with the molecular plane
perpendicular to the tip and the surface (quasi-flat orientation)
at the positive potential decreases significantly.

In order to provide a more complete analysis including a
different range of geometries, we investigated the conductance
characteristics of TCNQ_molecules in a lower current region
while they are adsorbed on the positively charged electrode
surface, presumably disordered. The all-data current histogram
constructed from current—distance curves measured at a
positively charged gold surface in the lower current region
(using a 10 nA/V preamplifier) shows no peak (Figure 2, black
line). However, individual current—distance curves show long
steps (~1 nm) with different conductance values (Figure 2,
inset). As the histogram based analysis focuses on the most
probable events in single-molecule junction measurement, less
frequent occurrences might be masked by the background
noise or a wider distribution of values. The lack of a well-
defined peak in the conductance histogram at the positively
charged surface could reflect the existence of several different,
low probability, molecular binding configurations and different
current values associated with them.”

This observation leads us to manually sort the current—
distance curves and to categorize them on the basis of current
step values for subsequent analysis (further details are provided
in the Supporting Information (section 4b)). The constructed
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Figure 2. Histograms of all data (~8500 curves, black line) and with
selected curves with the step values: below 5 nA (~16% of all curves,
blue), 5—10 nA (~18% of all curves, red), 10—20 nA (~7% of all
curves, gray), 20—30 nA (~6% of all curves, yellow), 30—50 nA (~4%
of all curves, purple), S0—90 nA (~3% of all curves, green). Inset:
Typical current—distance curves of TCNQ recorded in 0.05 M H,SO,,
at Vi = 0.05 V, Vg = 0.7 Vg categorized based on current values.

1D histograms with selected curves show several peaks with
different values (Figure 2). On the basis of the STM images,
TCNQ_ molecules do not form ordered structures at the
positively charged Au(111) surface, and they might be
randomly adsorbed on the surface in different orientations.
Of the detected conductance values, the 0.02 G, peak is
consistent with the peak observed in the conductance
histogram collected at the negatively charged gold surface,
which we attributed to a tip-lifted upright molecular geometry.

As a conventional histogram approach with all data failed to
pick out the selected events in the data set and to further
consolidate our analysis of the low conductance region, we
employed the multiparameter vector classification (MPVC)
approach.”* The MPVC analysis results show the emergence of
molecular features when the target molecules are present but
did not reveal distinct and well-defined groups of current—
distance traces (in terms of their overall shape). Nonetheless,
the comparative analysis between manual selection and MPVC
classification of low conductance data shows apparent

correlation between the cluster allocation and the hand-
selection (further details are provided in the Supporting
Information, Figures S8—S10).

In Situ STM and SMC of F,TCNQ on Au(111). In order
to study the effect of electron withdrawing groups on the
molecule—substrate interaction and the electrical conductance
of TCNQ, we introduced fluorine atoms to the TCNQ
molecule and recorded STM images of the F,TCNQ_adlayers
on Au(111). The STM image (Figure 3a) shows the formation
of an ordered layer of F,TCNQ on Au(111). The lack of a
herringbone structure underneath the molecular layer is
indicative of a stronger molecule—surface interaction relative
to what was observed for TCNQ. With four electronegative
fluorine atoms, F,TCNQ_ is a stronger electron acceptor than
TCNQ, and it affects the charge density on the Au(111)
surface, possibly through charge transfer between the molecule
and the surface as evidenced by the lifting of the reconstruction
observed in STM images and CV (Figures S1 and SS) while
TCNQ does not seem to affect the Au(111) surface.*’
Moreover, the dominant intermolecular interaction in the
TCNQ adlayer, the hydrogen bonding between TCNQ
molecules, is hindered by replacing the hydrogen atoms in
TCNQ with fluorine atoms in F,TCNQ. This suggests that the
interaction between the F,TCNQ molecules and the Au(111)
surface is the dominant force in the formation of the ordered
structure on the surface, rather than intermolecular inter-
actions. On the basis of the STM observations and the cross-
section analysis, each rectangular shaped F,TCNQ_molecule
was determined to be adsorbed on Au(111) in a flat-lying
orientation (Figure 3a) forming a unit cell that contains one
F,TCNQ molecule. Further details are provided in the
Supporting Information (Figure S4). Previous STM studies
under UHV report images that show the formation of
F,TCNQ networks on Au(111) and Cu(100) surfaces similar
to those observed in this study.”' ™" To the best of our
knowledge, this is the first STM report of ordered structure
formation of F,TCNQ in an electrochemical environment.

In order to study the effect of an electron withdrawing group
on charge transport through benzene derivatives and to
validate our hypothesis that such molecules can exhibit
denticity dependent conductance, we performed a series of
SMC measurements on the negatively charged Au(111) in the
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Figure 3. (a) STM image of F,TCNQ/0.05 M H,SO, on Au(111) at Vg = 0.05 Vycg, Vs = 0.03 V, and I, = 0.1 nA, scan area 10 X 10 nm* (b)
Conductance histograms for F,TCNQ recorded in 0.05 M H,SO, at Vg = 0.05 Vg (green, generated using 4429 current-distance curves) and Vg
= 0.7 Vg (black line, generated using 1388 current-distance curves) at Vi, = 0.05 V. The inset is the log binned conductance histograms recorded
at Vg = 0.0S Vg (green, generated using 4429 current-distance curves) and Vg = 0.7 V¢ (black line, generated using 1388 current-distance
curves) at Vi, = 0.05 V. (c) 2D histogram generated from data recorded at Vg = 0.0S Vgcg. All histograms are generated without data selection.
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presence of F,TCNQ molecules. The 1D and 2D conductance
histograms constructed from more than 3000 current—distance
curves show three well-defined peaks in the linear histogram at
0.24, 1.00, and 1.8 G, (Figure 3b,c). The molecular
conductance peak appearing at 0.24 G, implies the direct
coupling of the z-system of the central ring of F,TCNQ with
the gold surface.”” ***~* The 1.00 and 1.8 G, features are
assigned to the conductance of one and two transmission
channels of Au—Au junctions, respectively. These observations
support our general hypothesis that flat oriented molecules
allow for Au—molecule—Au junction formation and facilitate
charge transport measurements perpendicular to the molecular
plane.”

The TCNQ conductance histogram showed two low
conductance (<0.1 Gg) peaks which were assigned to different
configurations of the molecule in the junction due to the
molecule being lifted up by the tip contacting one or more CN
anchoring groups. Closer inspection of the 1D histogram of
F,TCNQ_shows two peaks at 0.02 and 0.05 G, (Figure. 3b,
inset), close to the values observed in the TCNQ conductance
histogram (Figure 1b, inset). This is reasonable as the two
molecules have similar backbones and anchoring groups. A
previous study investigated electrical transport through a
charge transfer complex including F,TCNQ_ as an electron
acceptor.” The 2D conductance histogram of F,TCNQ was
reported as a control experiment in air without any solvent
(not in an electrochemical environment as in this study) and
shows the presence of two different plateaus. These data were
not discussed. While one of the plateaus is consistent with the
conductance we assigned to the monodentate-bidentate
configuration in our study, no high conductance plateau was
observed, most likely because the molecule was not deposited
in an orientation-controlled manner. The histogram con-
structed from current—distance curves measured at the
positively charged gold surface does not show well-defined
peaks in the high current range except for the one and two gold
atomic conductances as was the case for TCNQ_(Figure 3b,
black line). The lack of high conductance peaks is likely due to
the absence of an ordered adsorbate structure, suggesting a
random and possibly nonplanar orientation of molecules on
the positively charged surface as observed in the STM images
(Figure SS).

To confirm that the observed conductance values are
fingerprints of molecules in the junction, we performed STM-
BJ control experiments in blank 0.05 M H,SO, on the
negatively charged Au(111) in the high current region where
the high conductance peak is observed in the presence of
TCNQ/F,TCNQ, and in the low current region where low
conductance values were observed. The resulting histograms
showed the absence of high/low conductance features,
demonstrating that the observed conductance values are
associated with TCNQ/F,TCNQ molecules (Figure S1la,b).
Furthermore, we ran a series of STM-BJ measurement for both
TCNQ_ and F,TCNQ with different biases while the surface
potential was kept constant. The resulting histograms show
that the current maxima move to higher values as the bias
increases, indicating a bias independence of the molecular
conductance (Figures S12 and S13).

DFT Calculations. To provide further insight into the
conductance of the two molecules, DFT calculations and
NEGF methods were used to study charge transport in TCNQ_
and F,TCNQ_from first principles. The results for F,TCNQ
are presented in detail, while those for TCNQ are included in
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the Supporting Information (SI). The differences between the
results for the two molecules will be discussed below. Multiple
peaks found in the SMC data suggest there is more than one
distinct way in which a molecule can bridge the gold—gold
junction. It is assumed that the more energetically favorable
the molecular junction is, the more likely it is to form and be
measured in the SMC experiment. Factors such as the shape of
the electrodes, the distance between electrodes, and the
orientation of the molecule will affect the stability (energy) and
ultimately the transmission through the molecule. Sampling all
of these possibilities computationally would be an intractable
task and is not attempted. The approach taken here is to look
at a small but intuitively distinct set of configurations and
determine the different possible regimes of transmission
associated with TCNQ and F,TCNQ.

The first feature used to distinguish between junction
configurations is the direction of the transport relative to the z-
system of the molecule. The second is how many —CN
anchoring groups are coupled to each electrode (denticity).
This approach allows us to focus on the four molecular
orientations shown in Figure 4. Different variations of each

fixed

-
Y

Figure 4. F,TCNQ_geometries for which transmission is calculated.
Two gold layers are fixed (inside dashed box) during optimization
while other gold layers, apexes, and molecules are free to move. Left,
top: bidentate—bidentate (b—b) anchoring. Left, bottom: mono-
dentate—bidentate (m—b) anchoring. Right, top: adsorbed molecule
(flat) with apex allowing for transport directly through (perpendicular
to) the 7z-system. Right, bottom: monodentate—monodentate (m—m)
anchoring.

orientation were also studied (included in the SI), in some
cases giving rise to a range of conductance values for a given
denticity, though this change in conductance is much smaller
than the change found from varying the denticity.

In three of the geometries, the molecule is oriented along its
longest axis between the electrodes with different denticities,
ie, monodentate (m) or bidentate (b). For example, the
bidentate—bidentate (b—b) orientation in Figure 4 (top, left)
is named as such since two —CN groups are attached to the
top electrode and two —CN groups are attached to the bottom
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Figure 5. (a) Calculated transmission spectra for F,TCNQ in the bidentate—bidentate (black), monodentate—bidentate (blue), monodentate—
monodentate (red), and flat (green) configurations. The spectrum shown for the flat configuration is for the Au tip aligned above a carbon atom in
the benzene ring. Inset: Transmission spectra in the vicinity of the Fermi energy (Fermi energy at 0 €V). (b) Scattering state wave function of the
bidentate—bidentate geometry corresponding to the peak in the transmission spectra at —0.4 eV. (c) The LUMO of an isolated F,TCNQ molecule

obtained with hybrid DFT calculation.

electrode. The b—b, m—b, and m—m orientations are assumed
to have transport along the extended z-system of the molecule.
In the flat geometry (top, right of Figure 4), the molecule is
adsorbed flat on the Au(111) surface and assumed to have
transport in the direction perpendicular to the s-system.

The transmission is sensitive to the coupling of the molecule
to the electrodes, which is largely governed by the Au—N
distance in the b—b, m—b, and m—m orientations and the Au—
C distance in the flat orientation. To find the most
energetically favorable coupling for each orientation, DFT
calculations were performed using VASP®® at different
electrode separations. The Perdew—Burke—Ernzerhof
(PBE)®® form of the generalized gradient approximation was
employed as the exchange-correlation functional along with the
D3 van der Waals correction.”” Since VASP uses periodic
boundary conditions, the electrode separation was controlled
by varying the length of the unit cell vector perpendicular to
the gold surface. A calculation of the energy is performed at a
fixed cell length and allows all atoms to move except those in
the two fixed gold layers (see Figure 4). Next, the top electrode
is moved 0.1 A by changing the cell length, d. This process is
performed sequentially to determine the minimum energy cell
length/molecule—electrode coupling. Further details on the
ground state DFT calculations performed are provided in the
SI. Transmission coeflicients were calculated at zero bias using
the Nanodcal code.®®®” The low bias conductance, defined as
the value of the transmission function at the Fermi energy, is
presented. The conductance of the minimum energy structure,
found via ground state DFT calculations, is reported as the
conductance for each of the four orientations.

The transmission spectra for F,TCNQ (Figure 5a) show
that the b—b and m—b geometries give conductances of 0.01—
0.03 (depending on electrode model) and ~0.1 G,
respectively, while the flat geometry gives a higher conductance
which depends on where the Au tip aligns above the molecule.
Above a central benzene C—C bond, the conductance is ~0.1
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Gy, and above a benzene C atom, it is ~0.2 G, (Figure S17). In
the case of m—Db, the electrode shape options are also limited
(compared to b—b) by the need to maximize the distance
between the unanchored —CN so as to have no coupling
between it and the electrode surface, requiring a large apex on
one electrode.

The F,TCNQ_ results are in good agreement with the
experimental results discussed above and allow us to assign
specific geometries to the different measured conductances. As
expected, the flat geometry gives a higher conductance
compared to b—b and m—b due to the direct coupling
between the metal surface and the 7-system of the benzene
ring. Somewhat unanticipated, the calculations predict that
conductance increases as the denticity decreases. This leads to
the m—m geometry giving a relatively high conductance of
~0.4 Gy, larger than that of the flat orientation. Neither manual
screening of the STM-B] data nor the 1D conductance
histogram revealed a separate feature near 0.4 G, CN
anchored m—m junctions have been observed previously”’
where an m—m junction is the only viable configuration across
a wide range of electrode separations. In the case of F,TCNQ,
there are two other junctions, the b—b and m-—b, that are
geometrically similar to the m—m junction with which the m—
m junction must compete. One could argue that the junction
will remain b—b or m—b anchored until the molecule is
“forced” into a m—m anchored junction, e.g, when the
electrodes are maximally separated, making a long-lived m—m
junction less likely to form.

The transmission spectra for b—b, m—b, and m—m junctions
(Figure Sa) are similar in character. The low conductance in
the b—b geometry is a clear result of the larger misalignment of
the frontier orbital energy (the peak at —0.4 eV) with the
Fermi level (0 eV) compared to those of the m—b and m—m
geometries. For geometries with transport along the z-system,
it appears that decreasing the denticity shifts the frontier
orbital closer to the Fermi energy, increasing the transmission.
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This is the origin of the inverse correlation between denticity
and conductance observed for F,TCNQ.

Scattering state calculations were performed on the four
systems to determine which molecular orbitals contribute to
the transmission peaks. For example, Figure Sb shows the
scattering state wave function for the b—b system (black) at
—0.4 eV in the transmission spectrum. The MO wave functions
of the isolated molecule (calculated with hybrid DFT
[B3LYP"°/6-311G(d,p)], though other methods yield similar
results) reveal that this closely resembles the lowest
unoccupied molecular orbital (LUMO) (Figure Sc), meaning
that this MO is the primary channel for transport through the
junction. The same analysis provided in the Supporting
Information shows that the LUMO is also mediating the
transport in TCNQ. As strong electron acceptors, it is
reasonable for the LUMO of TCNQ_ and F,TCNQ to drop
below the Fermi energy when interacting with the Au
electrodes as the molecules receive electrons and their
LUMOs become occupied. This analysis explains how higher
conductance in these molecules is caused by weaker coupling
to the electrodes since it raises the energy of the LUMO level,
bringing it closer to Ep.

While STM-BJ histograms found that the conductance
values do not vary significantly between the two molecules,
calculations with TCNQ showed higher conductance
compared to F,TCNQ in the three systems with transport
parallel to the #-system. Experimental and theoretical
conductance values of F,TCNQ and TCNQ are provided in
Table 1. The TCNQ b—b, m—b, and m—m orientations give

Table 1. Summary of Experimental and Calculated
Conductance Values of TCNQ and F,TCNQ"

conductance (exp)  conductance (theory)

molecule  configuration o 0
TCNQ quasi-flat 0.220 + 0.00S 0.2
Mono—mono N/A 0.6
mono—bi 0.0585 + 0.010 0.2
bi—bi 0.024 + 0.007 0.06—0.09
F,TCNQ  quasi-flat 0.24 + 0.01 0.1/0.2
mono—mono N/A 0.4
mono—bi 0.051 + 0.003 0.1
bi—bi 0.022 + 0.002 0.01-0.03

“Error bars are the standard deviation of the peak position for
repeated measurements (typically four times).

conductances of 0.06—0.09 (see Figures S19 and $20), ~0.2,
and ~0.6 G, respectively. As found for F,TCNQ, the
conductance increases as the number of —CN anchors
decreases (see SI for transmission spectra). The TCNQ flat
geometry gives a conductance of ~0.2 G, when the Au tip
aligns above the same benzene C atom as in F,TCNQ, which
gave the same conductance. Unlike for F,TCNQ, the
conductance through the benzene C—C bond aligned tip
does not change significantly for TCNQ, remaining at ~0.2 G,
An explanation for this difference may be a combination of
several factors including frontier orbital alignment, registry of
the molecule on the Au surface, as well as the strength of
interaction with the surface, i.e., coupling.

The reason for the larger conductance in TCNQ than
F,TCNQ_is somewhat clearer for b—b, m—b, and m—m. Since
the LUMO shifts downward in energy upon replacing the four
hydrogen atoms with fluorine atoms (going from TCNQ to
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F,TCNQ), the LUMO of TCNQ naturally aligns closer to the
Fermi energy compared to that of F,TCNQ. This leads to an
overall increase in the TCNQ conductance values. This
inherent energy shift in the orbitals is apparent in the
calculations but not in the experiments where the same
conductance peaks appear in the histograms for both
molecules. One possibility is that the different interactions
between molecules in the monolayer alter the energy
alignment, since there is intermolecular hydrogen bonding in
TCNQ but not in F,TCNQ. Another possibility is that one
molecule interacts more readily with the solvent than the
other, again altering the energy alignment. Exploring these
effects would provide insight into the discrepancy between
theory and experiment but was beyond the scope of the
present work and should be investigated in the future. Despite
the differences from F,TCNQ, the TCNQ b—b geometry still
produces a low conductance value, and the flat geometry
conductance is similar to that of F,TCNQ, both in agreement
with the experimental results (Table 1). In summary, the
theoretical model produces multiple conductance values within
or near the range of the experimental histogram peaks (0.02—
020 Gy) and provides insight into how variation of the
molecular geometry in the junction can lead to multiple
distinct conductance values.

B CONCLUSIONS

In the present study, we have fabricated single TCNQ_and
F,TCNQ_molecule junctions using the STM-B] method to
investigate the orientation and denticity dependence of the
electrical transport properties of these molecules. The potential
applied to the gold surface enables the formation of an ordered
molecular network on the electrode and control of the
geometry of the target molecules in the junction. The single
molecule conductance measurement results show that the
quasi-flat oriented TCNQ and F,TCNQ molecules on the
negatively charged Au(111), identified by STM imaging,
exhibit high conductance of ~0.220 G, + 0.005 and 0.24 G, +
0.01, respectively, due to the direct # interaction of the
benzene ring with the metal electrode. Furthermore, the
appearance of the first plateau in current—distance traces (~0.2
G,) is expected to be associated with the initial quasi-flat
configuration, further supporting the assignment of high
conductance (0.2 G,) to the conductance through the -
system of the central ring. However, the proposed model is a
simplified picture of a molecule in the junction and does not
consider the uncertainty in the local electrode geometry. In
addition to the high conductance, two lower values of 0.02 and
0.05 G, are detected, whereas on the positively charged
electrode no high conductance states are detected, possibly
due to the lack of ordered structure as revealed by STM
images.

Several low conductance values were observed at positively
charged surfaces in the low current range that could be
assigned to different vertical orientations of the molecule in the
junction, as supported by calculations. MPVC analysis of the
data revealed a broad range of molecular junction behaviors,
presumably originating from different molecular configurations
in the electrode junction and dynamic switching,

Computational modeling of transport through single
molecules of F,TCNQ and TCNQ shows a clear dependence
of the conductance on molecular denticity and molecular
orientation in the junction. For a small number of carefully
selected model geometries, the theoretical calculation
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reproduces experimentally observed conductance values well,
thereby supporting our structural interpretation of the data.
Both molecules have a calculated conductance of ~0.2 G,
when transport is perpendicular to the z-system of the
molecule (lying quasi-flat), which agrees well with the
experimental histogram peak at ~0.2 G, though slightly
different geometries yield lower calculated conductances. For
transport along the molecular backbone, the calculated
conductance reaches 0.6/0.4 G, for TCNQ/F,TCNQ, for
those systems with the lowest denticity. Effects not accounted
for by the calculations, such as intermolecular interactions
within the monolayer and the presence of a solvent, are
possible reasons why the influence of orbital alignment is not
seen in the experiment. It is proposed that the low
experimental conductance value (0.02 G,) is due to a
bidentate—bidentate linked junction, the peak at 0.05 G, to
a monodentate-bidentate linked junction, and the high
conductance value (0.2 GO) to a quasi—ﬂat geometry.

Our findings provide insight into the fundamentally
important process of charge transport at a molecule—metal
contact. The observed experimental and theoretical results
reveal that, depending on the denticity, molecule—metal
hybridization, and energy level alignment, the electrical
conductance through a single molecule can be manipulated
in a controllable manner. Particularly, our results show that the
stronger interaction between the molecule and the metal
electrode does not always guarantee the effective electrical
coupling and better charge transport. These findings open new
perspectives toward designing single-molecule devices and
tuning the molecule—metal interface.
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