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Abstract: This study describes the modulation of tunneling
probabilities in molecular junctions by switching one of two
parallel intramolecular pathways. A linearly conjugated
molecular wire provides a rigid framework that allows
a second, cross-conjugated pathway to be effectively switched
on and off by protonation, affecting the total conductance of
the junction. This approach works because a traversing
electron interacts with the entire quantum-mechanical circuit
simultaneously; Kirchhoff’s rules do not apply. We confirm
this concept by comparing the conductances of a series of
compounds with single or parallel pathways in large-area
junctions using EGaln contacts and single-molecule break
junctions using gold contacts. We affect switching selectively in
one of two parallel pathways by converting a cross-conjugated
carbonyl carbon into a trivalent carbocation, which replaces
destructive quantum interference with a symmetrical reso-
nance, causing an increase in transmission in the bias window.

Research in molecular electronics (ME) is aimed at devel-
oping systems in which functionality is derived from the
intrinsic molecular features. Molecular tunneling junctions
exploit the quantum-mechanical nature of charge transport
on the molecular scale, with the goal of developing devices
with new logic and memory/storage processing systems at the
molecular level.? Potentially useful elements of ME include
switches,®¥ quantum-interference-based molecular transis-
tors,>® rectifiers”” and thermoelectric molecular junc-
tions.""!

Destructive quantum interference (QI) is a particularly
interesting phenomenon in the context of ME because it can
lead to changes in conductance by orders of magnitude that
can be manipulated via electrochemical gating, heteroatom

substitution, change in bond topology, substitution effects,
and other ways without altering the width of the tunneling
barrier."*"'?!I The relationship between bond topology,
molecular orbitals and destructive QI features in transmission
spectra is generally understood,” but theory overestimates
the magnitudes of effects and is primarily useful for under-
standing trends in experimental data. Figure 1b schematically
compares classical and quantum intramolecular circuits
comprising two parallel pathways. In the former, the total
conductance is the sum of individual contributions from
individual pathways. In the latter, the individual pathways
give rise to an extra quantum-mechanical term,® as each of
them individually affect the electronic properties of junction
due to QLP* Thus, a low-conductance cross-conjugated
pathway in parallel with a high-conductance linear-conju-
gated pathway can suppress the overall transmission. Trans-
lating such phenomena into observable changes in tunneling
is the first step towards realizing static devices. However, most
QI studies involve single-molecule junctions, which are useful
for fundamental studies but cannot be directly used in devices.
In contrast, self-assembled monolayers (SAMs) are useful for
fundamental studies and are capable of forming static devices,
for example, proof-of-concept transistors based on gating QI
features created by through-space intramolecular interac-
tions.!

In our previous studies involving QI effects on linear-
conjugated anthracene (AC) and cross-conjugated anthraqui-
none (AQ),""?* we showed that the tunneling current for AQ
is suppressed because of the presence of destructive QI
feature near the Fermi level (E;) caused by the cross-
conjugated bond topology. We further isolated the effects of
bond topology by modifying the quinoid groups, finding that
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Parallel Circuit Intramolecular Circuit .
Electrode Electrode Electrode 7748 mS) and T(E) is the
: transmission probability at
-
E; The results, which are
L O summarized in  Table1,
% reveal five key features:
G, < G, g Rad Gz€ . CGI 1) Linearly conjugated,
E O planar BT has the second
smallest optical band gap
(E,) and the highest zero-
onteoa T T bias clonduc.tance; 2) Planar
Growu= (Gy + G,) Gy = (G, + G, + 2(G,*G,)") FH, with a linear- and a non-
Kirchhoff’s law Bond Topology QI effect c onju gat ed p athway in paral—
Figure 1. a) Self-assembled monolayers of molecular wires grown on Au™ form static Au™/SAM//EGaln lel, is the second-highest

junctions (/ and // denote covalent and van-der-Waals interfaces, respectively). The four cores corresponding
to BT, BPh, FH, and FO. b) Classical resistors in parallel, based on the Kirchhoff's law compared to an
intramolecular quantum circuit; for example, two parallel pathways in a tunneling junction in FO core, as
indicated with the blue arrow for carbonyl and the red arrow for C—C single bond.

cross-conjugation leads to QI, but that specific functional
groups can shift QI features in or out of the bias window.*]
Here, we exploit the quantum-mechanical nature of molec-
ular circuits to eliminate QI features reversibly in situ via
a cross-conjugated pathway that can be gated by protonation,
but that is in parallel with a linear-conjugated pathway that
provides structural rigidity. Gating occurs via the formation of
trivalent carbon centers, which (like heteroatoms) are func-
tionally linearly-conjugated.”*?"!

To isolate the effects of the two pathways and control
differences that arise between single-molecule and SAM-
based junctions, we studied four molecular wires shown in
Figure 1a, that is, BT (bithiophene), BPh (biphenyl), FH
(fluorene), and FO (fluorenone), along with AQ as a refer-
ence.'”! The aromatic cores of these molecules, decorated
with thiol anchoring groups, were varied in the series to
modify bond topology. Both BT and BPh are linearly
conjugated; FH comprises parallel linear- and non-conju-
gated pathways; and FO comprises parallel linear- and cross-
conjugated pathways. We characterized tunneling charge-
transport in large-area junctions with an EGaln top-contact
and in single-molecule break junctions employing a scanning
tunneling microscopy setup (STM-BJ). We support the
experimental results with density functional theory (DFT)
via non-equilibrium Green’s function (NEGF) simulations
that examine the role of trivalent carbon atoms in defining
bond topology in the context of QI.

In our previous studies, simulations on single-molecule
model junctions have agreed well with experimental results
from large-area junctions exhibiting bond-topology based
QL1632 transition voltages,'® molecular switches in
SAMs, and the mechanical and electrical stability of
SAMSs.®! In this study, we used the model junction shown in
Figure 2 a, which comprises a finite central molecule between
semi-infinite, periodic bulk electrodes.

Figure 2b shows the transmission probability vs. the
electron energy, referenced to E;. The respective transmission
spectra show sharp dips (signature of destructive QI) and give
zero-bias conductance values (G) as G =G, x T(E;), where
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in conductance; 3) Linearly
conjugated, twisted BPh
(torsional angle =40.3°) is
less conductive than FH (in
agreement with Venkatara-
man et al.””), but when constrained in planar conformation
(as happens in SAMsP3) the conductance of planar BPh
overtakes FH, as shown in Figure S28; 4) Planar FO with
a linear- and a cross-conjugated pathway in parallel has
a destructive QI feature around E—FE;=1.5 eV and is the least
conductive, despite having the smallest E, (Table 1); 5) For
FOH (the protonated form of FO), the destructive QI feature

(@)
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periodic bulk finite periodic bulk
Direction of Transport
(b)
1 T T T T T
>
g 0.1 R
3
Qo 001} s
o
S
o 0.001 - 2
c
kel
6 1E4+ —— BT R
g 1E-5 BPh
(= —
g FH
= 1E6F ——FO g
——— FOH
1E-7 1 1 i 1 L L ]
-1.5 -1.0 -0.5 0.0 0.5 1.0 15 2.0

E-E; (eV)

Figure 2. a) Simulated model junctions comprising an extended mole-
cule (molecular wire connecting two leads made of the same material
as the electrode) between semi-infinite periodic electrodes. b) Trans-
mission probability vs. electron energy with respect to E; for four
molecular wires and FOH (protonated FO). As can be seen near Ej,
the transmission trend is BT > FOH > FH > BPh > FO. The discontinu-
ities in the transmission spectra at E—E;=0.55 eV are related to the
effects of the potential in the contacts, see the Supporting Information
for more details.
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Table 1: Summary of the physical properties of BT, BPh, FH, FO, and FOH. Packing density is in the

order of 10" moleculescm™2.
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FH are identical because BPh is
planarized in the SAMs, but tunnel-

Compound BT BPh FH FO FOH ing electrons simultaneously sample
UV/Vis E7 (eV) 2.73 3.27 3.19 2.45 2.17 that pathway and the methylene
EGaln low-bias G 2824043 1614036  11.38+£017 4154006 — bridge of FH because it is part of
(107 Sem™? the o-bond framework. Replacing
STM-B) G (log(G/Gy))  —3.92+0.04 —4.35+0.03  —4.16+0.05 —4.26+0.07 —3.89+0.07 the methylene bridge with a carbon-
DFT G (log(G/Gy)) —2.11 —3.04(—2.70®)  —2.94 —3.22 —2.81 yl group converts non-conjugation
XPS thickness (A) 18.3+1 20.5+1 20441 18.2+1 - into cross-conjugation, thus FO is
Packing density 554055  3.040.3 2.6+£0.26 514057 - even less conductive than FH. This
Yield of EGaln junctions 80.0% 78.9% 82.4% 85.7% -

[a] for the planar BPh structure.

near 1.5eV disappears and a symmetrical feature appears
near 0.5eV, leading to an increase in transmission at E;
Simulations on FOH in the presence of TFA™ anions are
shown in the Supporting Information.

We investigated the tunneling transport of the four
molecules in large-area Au"/SAM//EGaln junctions (where
/ and // denote a covalent and van-der-Waals interface,
respectively, and Au"™ is an ultraflat template-stripped Au
substrate). The Supporting Information details the SAM-
formation procedure and characterization via the water
contact angle, and synchrotron-based X-ray photoelectron
spectroscopy (XPS), the results of which are summarized in
Table 1. As shown in Figure 3 (black dashed line), the order of
current density in large-area junctions is BT >BPh >FH >
FO (full-scale J-V curves are shown in the Supporting
Information). The observation that BPh is more conductive
than FH reflects the participation of the non-conjugated
pathway in FH; The linearly conjugated pathways in BPh and

3.89-2.0
32t - M- EGaln
—~M-STM-BJ {22
28 —M-DFT 3.9 ’

—0O- DFT (planar)

A A NN
N OO o B

(o]
DFT Conductance (log(G/G,))

EGaln Conductance (10 S/cm?)

ES

STM-BJ Conductance (log(G/G,))

134

BT BPh FH on. FO ' -
5 - ross
% twisted \conjugated \ -
S
Linear \/ \ ) ' .

N )——<=% Q O

Linear with good Linear with poor Linear Linear

7-7 overlap -7 overlap

Figure 3. Experimental and simulated conductance data for BT (e),
BPh planar (), BPh (twisted, m), FH (¥), and FO (A). Here, we
compare the low-bias EGaln conductance (black dashed line, left axis),
zero-bias STM-BJ conductance (red solid line, red axis on the right),
and zero-bias DFT conductance (blue dashed and solid lines, blue axis
on the right). The DFT data connected by dashed blue and solid blue
lines are the simulations of EGaln and STM-BJ data, respectively. The
molecular structures with type of conjugation are shown at the
bottom. For sake of clarity, pathways in FH and FO are labeled as non-
conjugated and linearly conjugated as well as cross-conjugated and
linearly conjugated, respectively.
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counter-intuitive result is, again,
a reflection of the nature of quan-
tum mechanical circuits; cross-con-
jugation leads to destructive QI,
which suppresses conductance more than non-conjugation.
The trends in low-bias EGaln conductance and zero-bias
DFT conductance (black and blue dashed lines, respectively,
in Figure 3) are in good agreement, suggesting that our
simulated model junction captures the properties of large-
area junctions, provided the correct molecular geometries are
used.

To exclude the possibility that intermolecular pathways
play a significant role, we performed single-molecule con-
ductance measurements in the STM-BJ setup (see the
Supporting Information for details). As shown in Figure 3,
the conductance trend follows BT >FH >FO > BPh (solid
red line), in agreement with DFT simulations (solid blue line).
The trend in single-molecule conductance also agrees with
EGaln results except that, as expected, BPh is much less
conductive because it can adopt its preferred, twisted
geometry in solution. This discrepancy further supports our
assertion that, in large-area junctions, conductance is domi-
nated by transport through individual molecules and that the
only significant experimental variable is the conformation
that the molecules adopt in the two different measurement
platforms.”®

Protonation of FO is predicted to increase transmission.
The increase in transmission probability near E; in Figure 2b
is modest, but is accompanied by the loss of a destructive QI
feature and the appearance of a symmetric feature near
0.5 eV. This feature resembles a Fano resonance, implying
that the trivalent carbon in FOH remains strongly coupled to
the linearly conjugated pathway, but is itself weakly coupled
to the electrodes.'! While the entire transmission spectrum
contributes to the overall tunneling probability, empirically,
the observed conductance is dominated by transmission near
E,090

To test for the predicted increase in conductance upon
protonation, we measured FO in single-molecule junctions in
the presence and absence of trifluoroacetic acid (TFA), using
FH as a control. Although FO is a weak base, in the presence
of TFA there will be a small concentration of FOH present at
equilibrium. If FOH is more conductive than FO, it should
shift the peak of the conductance histogram by a degree
commensurate with the equilibrium concentration and the
difference in conductance between FO and FOH.

We prepared solutions of FO and FH with same concen-
trations as before, adding 30% (v/v) TFA to effect proto-
nation. As can be seen from Figure 4 a, while the conductance

Angew. Chem. Int. Ed. 2020, 59, 14308 —14312
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Figure 4. a) Histograms of counts vs. conductance from STM-B] measurements on FO and FH with and
without treatment with TFA. FH remains unaffected, however, the conductance of FO increases upon
protonation. Inset: Mean STM-B] conductance (left axis) and DFT-predicted conductance trend (right axis).
b) STM-BJ conductance of the seven molecules (black squares) and predicted conductances of FH, FO, and

FOH (red circles), see the Supporting Infomration for further details.

histogram of FH + TFA does not differ from that of FH, that
of FO+TFA is shifted to higher conductances. In our
previous work on the inclusion of trivalent carbon centers in
conjugated materials, they were functionally linearly conju-
gated through an empty p-orbital.®**”) The trend in con-
ductance in the inset of Figure 4 a suggests the same in single-
molecule junctions and validates the DFT-NEGF prediction
of FOH >FH > FO.

Supported by experiments involving large-area and
single-molecule junctions, DFT-NEGF and an empirical
superposition model (see Figure 4b and the Supporting
Information), we show that tunneling charge transport
across a molecular framework can be manipulated by altering
conjugated pathways in parallel with linearly conjugated
pathways. Although we have not yet succeeded in switching
the test molecular wire, FO, in SAMs, we are pursuing systems
that are more readily protonated for this purpose. Nonethe-
less, the parallel-pathway approach to switching allows the in-
place manipulation of QI-controlling bond topology without
large structural changes, making it a viable strategy for QI
switching in static, large-area molecular tunneling junctions.
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