Effective Gating in Single-Molecule Junctions through Fano Resonances
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ABSTRACT:

The successful incorporation of molecules as active circuit elements relies on the ability to tune
their electronic properties through chemical design. A synthetic strategy that has been used to manipulate
and gate circuit conductance is attaching a pendant substituent along the molecular conduction pathway.
However, such a chemical gate has not yet been shown to significantly modify conductance. Here, we report
a novel series of triarylmethylium and triangulenium carbocations gated by different substituents coupled
to the delocalized conducting orbitals on the molecular backbone through a Fano resonance. By changing
the pendant substituents to modulate the position of the Fano resonance and its coupling to the conducting
orbitals, we are able to regulate the junction conductance by a remarkable factor of 450. This work thus
provides a new design principle to enable effective chemical gating of single-molecule devices towards

effective molecular transistors.



The conductance of single metal-molecule-metal devices originates from ballistic quantum
tunneling, which is dictated by an energy dependent transmission probability around the Fermi energy (Er)
of the metal electrodes.'™ This transmission function comprises Lorentzian resonances derived from the
frontier molecular orbitals (MOs) and energetically broadened by their coupling to the metal electrodes.>
When transmission is dominated by a single MO level — either the lowest unoccupied molecular orbital
(LUMO) or the highest occupied molecular orbital (HOMO) — its energy dependence is given by the Breit-
Wigner Lorentzian formula”®
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where F is the energy of the incident electron, ¢ is the energy of the MO and I' is its broadening. Note that
E and ¢ are relative to Ep which is set to zero. Chemical substituents on the molecular backbone can be
used to alter € to tune transmission and thus single-molecule junction conductance.” '* However, this type
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of tunability is generally minimal in part because € is often large and gating does not change I’

significantly.

Charged species, such as cations (or anions) that have a low-lying LUMO (or HOMO) owing to
their inherent tendency to attract electrons (or holes),'> '° have the potential to be effectively gated by
chemical substituents as they have a small e. Chemical gating is even more effective when the substituent
is not coupled to the metal leads, as illustrated in Figure 1a. In this case, the substituent alters the effective
alignment and coupling of the conducting MO channel, thereby enabling a substantial tuning of

conductance. The transmission function for such a system follows a modified Breit-Wigner formula'’
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where the two additional parameters are &, the energy level of the localized orbital on the substituent and

t, its coupling to the molecular backbone. The substituent alters the transmission through a quantum



interference effect, which manifests as an asymmetric feature with a resonance (peak) and anti-resonance
(dip) in the transmission function, otherwise known as a Fano resonance (Figure 1b). The Fano resonance
alters the position of the conducting LUMO away from Er (increasing €) while also weakening its coupling
to the leads (decreasing I') resulting in a lower junction conductance (Supporting Information Section 1).
A molecular system comprised of such pendant substituents can thus alter the molecular junction
conductance based on how strongly the pendant orbital is coupled to the conducting orbital, i.e., based on

the magnitude of t (eq 2).
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R = CF,, H, SEt, NEt,

Figure 1. (a) € (orange) and &, (purple) are the energy levels of the delocalized orbital (along a molecular
conduction pathway) and the localized orbital (on a pendant substituent). (b) Model transmission function
of the junction shown in (a) demonstrating quantum-interference effect that leads to a Fano resonance
(purple, t = 0.6, &, = —1, e = 0.1, I' = 0.06). 4 single-level model (orange, ¢ = 0.1, I' = 0.06) is also
shown. Inset: LUMO resonances showing the narrowing of the Lorentzian peak due to the Fano resonance.

¢) Structures of the triarylmethylium (U-R) and triangulenium (C-R) series, where R represents a



substituent on the pendant phenyl ring (R = CF3, H, SEt, NEt;). Ethanethiol linkers are installed at the ends

of the main conduction pathway to allow Au-molecule-Au junction formation.

To test these ideas, we synthesized a series of uncyclized triarylmethylium (U-R) and cyclized
triangulenium (C-R) analogs (Figure 1lc) with different pendant electron withdrawing or donating
substituents and showed that they impact single-molecule conductance significantly.'®° The syntheses are
detailed in the Supporting Information Section 2. The U-R molecular series has propeller-like structures,
whereas the C-R series has locked rigid planar structures. Both the U-R and C-R molecular series are
terminated with two aurophilic thioethyl (SEt) substituents that serve as chemical anchor groups, as well as
a third substituent of varying electron withdrawing or donating ability (R = CF3, H, SEt, NEt,) in order to

assess the electronic effect of a pendant substituent on molecular conductance.
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Figure 2. Logarithmically binned 1D conductance histograms for the (a) U-R and (b)
C-R series. Each histogram is generated from over 5000 individual traces without any data selection. All

measurements are made at a bias voltage of 100 mV.

We measure the molecular junction conductance of the U-R and C-R analogs with the scanning
tunneling microscope-based break-junction (STM-BJ) technique.”" > We use 100 uM solutions prepared
in propylene carbonate (PC) or tetraethylene glycol dimethyl ether (TEGDME) and perform measurements

at a bias voltage of 100 mV. The Au tips are coated with wax to suppress the capacitive and Faradaic



background current induced by the ionic solution.”> We record over 5000 traces for each molecule, and
compile these into one-dimensional (1D) conductance histograms without data selection. Sharp peaks at G,
indicate the formation of Au point contacts during the measurement, while the peaks below G, are due to
the formation of molecular junctions. By fitting the molecular peaks with a Gaussian function, we

ascertained the most probable conductance values for the molecules being measured.

Figures 2a and 2b show the 1D conductance histograms collected for the U-R and C-R series,
respectively. The corresponding two-dimensional conductance-displacement histograms are shown in
Figure S4. In the U-R series, a continuous decrease in molecular conductance is observed as the pendant R
group is changed from electron withdrawing (CF3) to electron donating (NEt;). The molecular conductance
of U-CF; is a remarkable 450 times higher than that of U-NEt,. However, while the trend of decreasing
molecular conductance is the same for the C-R series, the impact is much less. We see a factor of 6 decrease
in the conductance of the C-R analogs going from the CF; substituent to the NEt, substituent. The
exceptional conductance shift in the U-R series due to chemical gating shows clearly the impact of a pendant

substituent on conductance. By contrast, chemical gating''"*

that simply shift the conducting orbital yields
much smaller changes (<15) in conductance similar to what is observed in the C-R series. There is a second
peak aroung 10*G, which is not as sharp and high-conducting as that of the junctions formed by single

cation. We hypothesis that this lower-conducting peak represents a junction attached with a solvent

dipole/counterion.
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Figure 3. (a) LUMO energies of the U-R and C-R series derived by CV. (b) LUMO energies of the (c) U-R
and (d) C-R series DFT calculation. Transmission functions of the U-R and C-R series. Er is marked with
a dashed line. Inset: LUMO resonances of U-R and C-R derivatives aligned to allow comparison of the

peak widths, showing the effective coupling strength between molecules and Au electrodes.

To investigate the impact of side groups on the LUMO energies of these analogs, we exploit cyclic
voltammetry (CV) measurements as a proxy for the energy of the LUMO. The reduction waves for each
analog in both the U-R and C-R series show that there is a single-electron transfer event that results in the
reduction of the central carbocation to the neutral radical (see Figure S2). In Figure 3a, we show the LUMO
levels of all analogs derived from CV reduction waves.**** For both the U-R and C-R series, as the R group
on the pendant substituent becomes increasingly more r-electron donating (CFs; < H < SEt < NEt,), the
carbocation becomes more shielded, and the LUMO energy increases. Similar trends in the calculated
LUMO energies are observed in DFT calculated LUMO energies shown in Figure 3b. Since the LUMO

energy shifts for the U-R and C-R series were similar (see Figures 3a and 3b), the large difference in the



conductance trends cannot simply be attributed to the shift of the LUMO resonance relative to Er. These

compounds were also characterized by UV-Visible spectroscopy, which can be found in Figure S3.

To better understand the charge transport mechanisms of these molecules and explain the greater
conductance tuning factor for the U-R series (~450) compared to the C-R series (~6), we calculate the DFT
based transmission functions for both series (Figure 3¢ and 3d, see SI for details).”**" In each of the
transmission functions, we observe Fano resonances (a sharp dip and spike) below Er. These Fano
resonances are the result of a destructive interference between the occupied orbitals localized on the pendant
phenyl ring and the molecular backbone. We see that the Fano dips are much closer to Er in the U-R series
(i.e., g,~ 1.0-1.4 V) compared to the C-R series (i.e., &,~ 1.6-2.2 ¢V), thus having a greater impact on the
LUMO energies. Additionally, the separation between the Fano dips and spikes increases going from more
electron-withdrawing to electron-donating substituents, an effect that is more prominent in the U-R series
compared to the C-R series. Next, we note that the resonance that is closest to E is the LUMO for all
analogs, which is to be expected for cations. For the U-R series, we see that the LUMO energies shift away
from Ep, while its width decreases as the electron donating ability of the R group increases. By contrast,
for the C-R series both the shift in the LUMO energies and the change in resonance width are not as
significant, despite the LUMO changing across both series by roughly the same amount, as shown in
Figures 3a and 3b. Therefore, changes in molecular conductance cannot simply be attributed to a gating of
the LUMO in an isolated molecule, but rather to the impact of the Fano resonance on both the position and

width of the LUMO, which is determined by the coupling of pendant orbital to the conduction orbital (¢ in

eq. 2).
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Figure 4. lllustration of (a) the length and (b) dihedral angle of the bond between the pendant phenyl ring
and the molecular backbone in a U-R molecule. The dihedral angle is measured between the purple and
orange intersecting planes. (lllustration of C-R molecule is omitted here.) (c) Bond length and (d) dihedral

angle measured from DFT optimized isolated cation geometries of both U-R and C-R series.

To explore how the structural modifications affect the coupling of the pendant orbital to the
conduction orbital, we investigate the structures of the isolated analogs optimized by DFT calculations.*"
33 Since Fano resonances arise from the coupling (t) between the localized orbital on the pendant phenyl
ring and the delocalized conducting orbital on the molecular backbone, we focus on the bond that bridges
these moieties. We first look at the bond length (illustrated in Figure 4a), which is a proxy for the degree
of conjugation (i.e., the shorter the bond the more the conjugation). For the U-R series, as we increase the
electron donating ability of the pendant phenyl ring, the bond length decreases (Figure 4c), i.e., the coupling
t between the pendant phenyl ring and the conduction channel increases. Similarly, dihedral torsion angle
(illustrated in Figure 4b) also indicates the strength of this coupling such that a smaller dihedral angle

indicates a stronger orbital overlap and coupling strength. Again, going from CF; to NEt,, we see that the



dihedral angle decreases (Figure 4d). As we change the nature of the pendant group, we alter the pendant
coupling t which narrows the LUMO, thus explaining the experimental conductance trend for the U-R
series. As for the C-R series with locked rigid structures, the dihedral angle and bond length do not change
significantly when the electron withdrawing or donating nature of the substituent is changed (Figures 4c
and 4d). This leads to an energetically deeper Fano resonance which impacts the LUMO position and width,

resulting in a much weaker chemical gating effect on molecular conductance.

In conclusion, we have shown that single-molecule conductance can be effectively tuned by
chemical gating with a pendant substituent. These pendant substituents, with MOs that are decoupled from
the leads give rise to a Fano resonances in the transmission due to a destructive quantum interference effect
that greatly enhances the change in conductance that can be achieved by substituent gating. Using this new
design principle, we are able to tune molecular conductance by up to a factor of 450 without altering the
molecular conductance pathway. This study charts a clear path to single-molecule transistors that can be

effectively gated, with highly modular single-molecule conductance and transport properties.
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