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SUMMARY

Single-molecule electronics is a sub-field of nanoelectronics, in which the individual devices are
formed from single molecules placed between source and drain electrodes. During the past few
years, both theory and experiment have demonstrated that that the flow of electricity through such
devices is controlled by quantum interference (QI) between electrons passing from the source to
the drain, but their future development is currently hampered by the difficulties in controlling such
interference effects. Herein, we demonstrate a modular design of single-molecule circuits, which
enable the construction of basic electronic components — namely, conductors or insulators —
based on one tetracationic cyclophane platform. We demonstrate that the electron transport in
cyclophane circuits is mediated by QI between channels formed from two lowest unoccupied
molecular orbitals (LUMOs), while their highest occupied molecular orbitals (HOMOs) play no
significant role. We further reveal that energy differences between these two LUMO channels
induce constructive interference, leading to high conductance. By contrast, the phase differences
between these LUMO channels result in destructive interference and a suppression in the overall

conductance.
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INTRODUCTION

A cornerstone of the molecular electronics!-

is the use of one single-molecule platform to
construct*® different electronic components. A common strategy is to manipulate the quantum
interference’!! (QI) which takes place between molecular orbitals whose energies are close to the

electrode Fermi energy, Er. It is, however, challenging to align!>¢ the energies of these frontier

orbitals relative to the Er. The conductance of a ring-shaped mesoscopic structure can be



manipulated!”-!® through QI between the de Broglie waves of electrons traversing the two branches
of the loop structure — i.e., conductance is enhanced by constructive quantum interference (CQI)
and suppressed when destructive quantum interference (DQI) occurs. The concept of using CQI

and DQI to control the flow of electricity through single molecules was proposed theoretically!'®-2

1424.25 in 201 1. The QI control strategy also applies®®

since 1988 and demonstrated experimentally
28 to large macrocyclic junctions, where the parallel transport paths have lengths much greater than
the de Broglie wavelength of the tunneling electrons. In 2012, experimental evidence!® was
presented for a proposed superposition law?® for these macrocyclic junctions, which predicts
(equation 1) CQI for a cyclophane with two parallel electron transport channels, compared with
its single-channel counterpart, i.e., one half of the cyclophane. However, as demonstrated below,

DQI between two channels?3!

, may result in significant modifications to this superposition law.
Herein, we describe the synthesis of a series of very weakly coupled two-channel
cyclophanes to overcome this barrier. We demonstrate that both CQI and DQI can be achieved by
manipulating the interplay between these two channels. In order to facilitate this tuning, electron
withdrawing units have been included in the design of our molecules, leading to LUMO-dominated
transport and the switching between CQI and DQI by simple manipulation (Figure 1A) of the
LUMO on one of the two conducting channels. From a fundamental point of view, this

investigation will also reveal that conductance ratios can be far higher or far lower than the value

of 4 predicted by the single-molecule superposition law.?’
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Figure 1 | LUMO-Mediated CQIl and DQI in Single-Molecule Macrocyclic Circuits
(A) Schematic illustration showing an asymmetric cyclophane circuit, n—D*" (n = 1-6). The
counterions are omitted for the sake of clarity.

(B) A two-channel tight binding model with nodal sites L and R (on the left and right) connecting
external current-carrying semi-infinite leads by hopping matrix elements —a; (on the left) and
—fr (on the right), and internal branches by hopping matrix elements —a; and —pf; (i =1, 2)
respectively. The energies of the nodal sites are & and 3. The on-site energy and hopping matrix
elements are &; and —y; for Channel 1, &, and —y, for Channel 2, and &,  and —y,,  for leads L
and R. All the on-site energies are set to 0, and —y;, = —a; = —ygr = —fr = —2, —y; = —1.5,
—a; = —f; = —0.01, where i =1, 2.

(C) Transmission spectra for two- and single-channel molecules with two identical conducting
channels.

(D) Conductance ratio (p) of the total conductance of cyclophane circuits (Gu) over the
conductance of Channel 1 (Gy).

(E) Schematic illustration showing the coherent tunneling process across an asymmetric two-
channel circuit with energy differences between its two channels. The blue and red colours indicate
the phases of the frontier molecular orbitals. Here the &; is shifted downwards by 0.3 eV compared
with &,.

(F) Transmission spectra of the two-channel molecule (black) in (E) and its single-channel control
molecules, namely Channel 1 (blue) and Channel 2 (red).

(G) Conductance ratio of the two-channel system over Channel 1 (blue), Channel 2 (red), and the
average (black) of Channel 1 and 2, respectively.

(H) Schematic illustration showing a coherent tunneling process across an asymmetric two-channel

circuit with phase differences between its two channels. The sign of —y; is set opposite to that of



—Y», resulting in a phase exchange in HOMO-1 and LUMO orbitals. In this case, the new LUMO
and LUMO+1 interfere constructively, while the HOMO and LUMO interfere destructively.

(I) Transmission spectra of the two-channel molecule (black) in (H) and its single-channel control
molecules, namely Channel 1 (blue) and Channel 2 (red).

(J) Conductance ratio of the two-channel system over Channel 1 (blue), Channel 2 (red), and the
average (black) of Channel 1 and 2, respectively. All the conductance is evaluated via G =

GoT (Ep).

When an electron tunnels (Figure 1B) through a non-interacting two-channel cyclophane circuit
present in the same molecule represented by Channel 1 shown in blue and Channel 2 shown in
red in Figures 1A and 2A, QI takes place between the two channels. In order to appreciate the
mechanism, a two-orbital Hiickel tight-binding model can be utilized to describe each channel.
Starting with two identical channels, CQI is observed!>-? (Figure 1C) over the whole energy
range in the HOMO-LUMO gap, as demonstrated by the higher transmission functions for two-
channel systems, and specifically when a conductance ratio p = G/ G1 = 4 is obtained (Figure

1D), revealing that the total conductance obeys the superposition law?’

G=G,+G,+2,/G,G,=4 G, (1)
where G and Giis the conductance of the two-channel target and single-channel control molecules,
respectively. G1 and G2 is the effective conductance of each channel and G1 = G1 = G2 where these
two channels are identical.

As reported previously'?-!-3

if the coupling between the molecule and electrode is weak,
the effect of QI on charge transport can be predicted by examining Green’s function G(E) of the
isolated molecule. The transmission amplitude of an electron with energy E from site i to j is

proportional to G; ;(E), which can be expressed as



Gij(E) = X1 7o 2)

In this expression, a,, = ¢;'¢}', where ¢;' is the amplitude of n'™ molecular orbital (MO) on site i

and ¢, is the corresponding energy of the MO. In the case of our two-channel cyclophanes, charge

transport is dominated by the LUMO product a* = ¢{¢; and LUMO+1 product a**! =

L+1 pL+1

i 7", where equation (2) can be re-written as

L L+1 1
Gij(E) = ——+— :_(aL+%) 3)

E &, E—£L+1 A

where ¢, and ¢;,, are the LUMO and LUMO+1 MO energies, A= E — ¢, and a = % When

—£y,

electrons of energy E less than g; propagate through two-channel cyclophanes, a > 1. Therefore,

for such sub-LUMO energies when a; and a;,; have the same sign, the term (aL + aZ' 1) in

equation (3) is non-zero and CQI occurs. In contrast, when a;, and a; ., have opposite signs,

(aL + azd) vanishes at a specific energy if |a; ;4| > |a;| and DQI will occur. In contrast, when E

lies between the LUMO and LUMO+1, a < 0. Therefore, for such supra-LUMO energies, equation
(3) predicts that CQI occurs when a;, and a;,, have opposite signs, while DQI occurs when a;,
and a;,, have the same sign. This means that sub-LUMO CQI is accompanied by supra-LUMO
DQI and vice versa.

In order to illustrate these QI features, an energy difference of two conducting channels is
introduced by decreasing the on-site energy &, of Channel 2 to —0.3, while maintaining &; = 0 for
Channel 1. A graphical representation of the resulting frontier MOs is shown in Figure 1E with
blue and red colours depicting different phases of the bonding and anti-bonding orbitals for the two
weakly-coupled channels. According to equation (3), sub-LUMO CQl is realized (Figure 1F, blue
shaded region below and close to LUMO level) and a conductance ratio p of ~4 is obtained (Figure
1g, blue shaded region) and as expected, this is accompanied by supra-LUMO DQI (Figures 1F

and 1G, pink shaded region) between the LUMO and LUMO+1. In order to illustrate the opposite



case, a phase difference between the two channels is introduced by setting —y; = —1.5 and —y, =
+1.5, leading to an exchange of the sub-LUMO QI features between LUMO and LUMO+1
(Figure 1H). In this case, sub-LUMO DQI is present (Figures 11 and 1J, pink shaded region) in
the two-channel cyclophanes, accompanied by supra-LUMO CQI, and therefore the conductances
of the single-channel molecules are higher than those of the two-channel cyclophanes, resulting in
a conductance ratio p < 1. These results demonstrate that the two-channel cyclophane circuits have
the potential to provide a versatile platform for tuning room-temperature QI-mediated electron

transport features.

RESULTS AND DISCUSSION

Preparation of Target and Control Compounds

In the case of the tetracationic cyclophanes®® (Figure 2A), the electron withdrawing nature of the
pyridinium unit facilitates the LUMO-dominated electron transport by lowering the energy of the
LUMOs of each conducting branch towards the Au Fermi level (Er), while pushing the HOMOs

away from the £r. On account of the convenience in their synthesis and the ease of functionalization,

37,38 39,40

cyclophanes with different dimensions”’® and optoelectronic properties®”*” can be prepared using
a simple, two-step Sn2 reaction (Scheme S1) by choosing appropriate building blocks, namely
extended viologens. By using’® phenylene sulphide as the anchor groups, these cyclophanes can be
incorporated into single-molecule circuits. Four methylene (-CH»-) linkers break the conjugation
between the anchor and the backbone, in a manner which weakens the coupling between the two
channels and preserves the intrinsic LUMO-dominated transport properties of each conducting
channel. These experiments demonstrate that the tetracationic cyclophane platform enables the

41-44

construction of different electronic components*'** — namely, conductors and insulators — based

on only one molecular platform.



The structural formulae of the two-channel tetracationic cyclophanes (n—D*4PF¢, n = 1-6)
and the single-channel control compounds (#—S<2PFs, n = 1-6) are shown in Figure 2A and
Scheme S1. These cyclophanes — with one channel, an extended viologen unit*’ and the other
channel, an identical or modified extended viologen unit, connected to common phenylene sulphide
anchors at each end — can be synthesized in a straightforward two-step Sn2 reaction. In this way,
the cyclophane circuits can be constructed easily by changing the extended viologen building
blocks, thereby providing a versatile means of building a variety of cyclophane circuits. We
demonstrate here that, by introducing energy differences or phase shifts into the two channels of
the cyclophane circuits, the flow of electricity can be manipulated through the LUMO-mediated
CQI or DQI, leading to extreme conductance promotion and suppression. Experimentally, the
energy difference can be introduced by inserting N-substituted heterocycles between two
pyridinium units. In contrast, the insertion of double (-HC=CH-) or triple (-C=C-) bond into the
conducting channel changes the phase of LUMOs. Detailed synthetic protocols and
characterizations are provided in the Supplementary Information (Figures S1-S30). Further
atomic-level structural information was obtained (Figures S31-S35) from single-crystal X-ray
diffraction analyses, which reveal unambiguously the conformations of the cyclophane analogs in
the solid state. All these analogs adopt (Figure S36) an extended hexagonal geometry with average
dimensions of 20.9 x 9.9 A (length x width).

The electron withdrawing pyridinium units lower the LUMOs of each conducting channel to
the Au Fermi level. In an attempt to obtain the energy level alignments of each conducting channel,
we performed UV—Vis absorption spectroscopy (Figure S37), cyclic voltammetry (Figure S38),
and density functional theory (DFT) calculations. In order to avoid overlaps in either their
absorption peaks or in the redox potentials of the two backbones in a particular cyclophane, we
performed the experiments on model compounds — namely, n—Me*2PFs (n = 1-6), having the

same backbones, but terminated with methyl groups at both ends. The energy-level diagrams



(Figure 2B, Figure S39 and Table S1) of the six channels (n = 1—6) demonstrate that the HOMOs
are below —7.0 eV, while the LUMOs are around —4.0 eV, both values being close to that (~ 5.0
eV) of Au Fermi level, emphasizing that electron transport through these channels is LUMO-
dominated. In the case of two-channel cyclophanes, DFT-calculated distributions of frontier MOs
(Figure S46) of 4-D*" reveal that HOMO and HOMO-1 are localized on the phenylene sulphide
anchors of the cyclophane and therefore do not contribute significantly to electron transport, while
the LUMO and LUMO+1 are highly delocalized across the backbone. Thus, we expect transport
in n—D** will be dominated by the delocalized LUMO channels where the HOMOs are effectively

absent.

Single-Molecule Conductance Measurement
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Figure 2. | Single-Molecule Conductance of the Cyclophane Circuits



(A) Structural formulae of n—D*" (n = 1-6).

(B) Energy level diagram for n—-Me** (n = 1—6) constructed from experimental data.

(C) Examples of conductance versus displacement traces measured with n-D* (n = 1-6). The
traces are shifted horizontally for the sake of clarity.

(D and E) 1D conductance histograms generated from ~5,000 traces for cyclophanes with N-
substituted backbones (D) and carbon-carbon double or triple bond-inserted backbones (E).

(F) Summary of the conductance results obtained from two-channel cyclophanes n—D** (n = 1-6)
(blue) and their single-channel control compounds n—S?* (n = 1-6) (red).

(G-I) 2D conductance-displacement histograms for 3-D* (G), 4-D* (H), and 5-D* (D),
respectively. Insets show the stretching distance distribution for each molecule obtained from the

conductance region.

We measured the single-molecule conductance of the cyclophane junctions using a scanning
tunneling microscope-based break junction*>-*¢ (STM-BJ) technique as described in the Methods
section and Supplementary Section G (Figures S40-S42). Figure 2C shows typical single-
molecule breaking traces for the six cyclophane junctions — namely n—D*" (n = 1-6). Clear
conductance plateaus, which are located ranging from 1073 to 10> Gy, can be attributed to the
conductance signature of each molecule. We compiled ~5,000 traces into logarithmically binned
one-dimensional (1D) and two-dimensional (2D) conductance histograms without data selection.
Figures 2D and 2E display the 1D conductance histograms for the cyclophanes with N-substituted
derivatives (1-D**, 2-D*" and 3-D*"), in addition to double (5-D**) and triple (6-D*") bond
inserted backbones, respectively, using the symmetric cyclophane (4-D*") as a benchmark.
Quantitatively, we obtain (Figure 2F and Table S2) the most probable conductance values by
fitting a Gaussian function. In good agreement with the theoretical predications (Figure 1), the

conductances (107332 to 102! Go) of the N-substituted asymmetric cyclophanes (1-D**, 2-D** and



3-D*) differ in so far as they are ~5 times higher than the value (10#°° Gy) for the symmetric
cyclophane 4-D*. While double/triple bond-inserted cyclophanes (5-D* and 6-D*") show
suppressed conductances (10762 and 107°32 Go) by up to one order of magnitude lower than that
of 4-D*. The corresponding 2D conductance-displacement histograms allow an intuitive
determination of the conductance distribution and the junction elongation. By comparing the 2D
histograms across the series of the two-channel cyclophanes, we note that 3-D** exhibits (Figure
2G) a rather high and flat 2D conductance histogram, while there is a pronounced slope in the case
of 4-D*" (Figure 2H) and 5-D** (Figure 2I). The observed junction elongation — obtained by the
stretching distance adding (Figures 2G-21, insets) to ~0.6 nm Au snapping back distance*’ —
corresponds well with the molecular length, i.e., ~2.0 nm as summarized in Figure S36. Using 4—
D*" as a benchmark, we have reached the conclusion that 1-D**, 2-D* and 3-D*" are single-
molecule conductors, while 5-D*" and 6-D** are single-molecule insulators, despite the fact that
these cyclophanes share similar conformations and tunneling distances.

In order to confirm the LUMO-dominated electron transport mechanism, we carried out
thermoelectric experiments. The experimental details in present in Supplementary Section G
(Figure S43). We explored (Figure S43A) the thermopower nature of 5-D* and determined
(Figure S43B) its Seebeck coefficient (S) of —52.53+3.97 uV K-!. The negative value of S reveals
that the LUMO of 5-D#* is closer to the Fermi level of Au electrodes. Nevertheless, the large value

of S indicates a steep slope near Au Fermi level in the transmission curve of 5-D*" (Figure 3A).

DFT-Based Theoretical Analysis
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(A) Transmission functions of 3-D** (yellow), 4-D** (blue), and 5-D** (grey) calculated using
DFT. DQI and CQI features are denoted by dashed lines.

(B) DFT-Calculated LUMO (dark blue) and LUMO+1(light blue) energy levels for n-D*" (n=1-6
is the material index). LUMO of 4-D*" is used as a reference.

(C) DFT-Calculated conductances evaluated at Er — EFFT = 0.02 eV for n—-D**.



(D) The LUMOs for the backbone molecules n—Me?* where the vertical dashed black line is
utilized to distinguish their different symmetric properties.
(E and F) Wavefunctions of the LUMO and LUMO+1 for 4-D*" (E) and 5-D*" (F) where ‘+°, ‘-

(marked in red) are used to distinguish the phases of their wavefunctions.

In order to gain further insight into the conductance evolution within the family of asymmetric
tetracationic cyclophanes, we calculated the transmission functions, 7(E), by combining the DFT
package SIESTA*® with the quantum transport code Gollum*’. See Methods and Supplementary
Section H for details of these calculations. For estimating the electronic conductance, we attach
molecules to Au electrodes. The optimum distance between Au tip and S is found to be 2.4 A with
a binding energy of 0.75 eV (Figure S47). The DFT-predicted Au Fermi level is located (Figure
3A and Figure S48) close to the LUMO peaks of the positively charged conducting channels. In
the case of the symmetric cyclophane 4-D*', there are no resonances caused by the HOMO-1 and
HOMO in the transmission function (Figure S48). Such a LUMO-dominated electron transport
mechanism is applicable for all two-channel cyclophanes (n—D**, n = 1-6) under investigation and
is mediated by the delocalized nature of the LUMOs along the separate channels. The DFT-
predicted energy level diagrams of the isolated cyclophanes (Figure 3B) show that the LUMO and
LUMO+1 of the symmetric cyclophane 4-D*" are almost degenerate. By contrast, this degeneracy
is lifted in the asymmetric cyclophanes, 1-D*", 2-D*" 3-D*", 5-D* and 6-D*", leading to a
decrease in the LUMO energy by ~0.40 eV, compared with the LUMO of the 4-D**,

The LUMO/LUMO+1 energy difference in the asymmetric cyclophanes, indicated by their
transport resonances (Figure 3A), shrinks to ~0.02 eV, because of the rearrangement of energy
levels imposed by their interactions with Au electrodes. As the LUMOs shift towards the Au Fermi
level, the corresponding conductance increases slightly from 107312 Gy for 4-D** to ~1072° Gy and
107292 Gy for 3-D*" and 2-D*', respectively, and then undergoes further increases (Figure 3C) to

107232 Gy for 1-D**. By contrast, the single-molecule conductance of 5-D** and 6-D** decreases



(Figure 3C) to 1012 and 10737* Gy, respectively. This theoretically predicted trend agrees well
with the experimentally measured results (Figure 2F).

In an attempt to shed light on the opposite conductance trends obtained in N-substituted
derivatives (1-D*, 2-D* and 3-D*") and double/triple bond-inserted (5-D*" and 6-D*")
backbones, we analyzed the phase patterns of their MOs. The phase symmetries (Figure 3d) are
determined from the LUMOs of the isolated channels. When the phenylene ring of 4-Me** is
substituted by two N atoms (3—Me?*), the symmetry does not change, as indicated by the vertical
black dashed line in Figure 3D. When the phenylene ring is replaced by a carbon-carbon double
(-CH=CH-) (5-Me*") or triple (-C=C-) bond (6-Me**), the symmetric LUMO becomes
antisymmetric. These separated channels are then assembled to afford two-channel cyclophane
circuits. In the case of 4-D** (Figure 3E), the LUMO and LUMO+1 are symmetric, with the same
phase alterations along their LUMOSs, and therefore both a;, and a; ., in equation (3) are positive,
as indicated by the “+” sign at both ends of the two branches of 4-D*". This situation results in
CQI (Figure 3A, blue curve) at energies below the LUMO. In contrast, for 5-D*" (Figure 3F), the
LUMO+1 is symmetric leading to a positive a;,,;. The LUMO channel, however, is antisymmetric,
as indicated by the “+” sign at one end and “~ sign at the other end of 5-D*", leading to a negative
ay,. As a result, sub-LUMO DQI occurs (Figure 3A, grey curve) at energies below the LUMO and
supra-LUMO CQI occurs in the LUMO/LUMO+1 gap for 5-D*". Considering the fact that the Er
lies below the LUMOs, the conductance of 3—D** and 4-D** can be predicted (Figure 3A) to be
much higher than the value obtained for 5-D*", which is in good agreement with the experimental

results.
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(A) Schematic illustration showing a thought experiment for obtaining single-channel control
compounds for n-D*" — namely, n—D**-left cut (left) and n—D*'-right cut (right), obtained by
cutting the coupling as a result of modifying the Hamiltonian manually.

(B-D) Transmission spectra (black) for 3-D*" (B), 4-D** (C), and 5-D*" (D) and the corresponding
artificial single-channel control molecules. n—D**-left cut is shown in red and n—D*"-right-cut is
shown in blue. Insets of (B-D) show the conductance ratio (p = Gu / Gi) of two-channel
cyclophanes over single-channel control molecules. The value of p depends on whether Gy is
chosen to be the conductance of the left-cut (red curve), the right-cut (blue curve), or the average
(black curve) of the two control molecules.

(E) Schematic illustration showing the real experiment for obtaining single-channel control
molecules of n—D*" — namely, 4-S?* (left) and n—S** (right), obtained from synthesis.

(F) Transmission spectra for 3-D*" (black) and its two single-channel controls — namely 3-S?*
(red) and 4-S** (blue).

(G and H) Conductance ratio of 3-D*" and 5-D*" showing clear CQI and DQI signatures,

respectively, along with the inter-channel gating effect.

Quantitatively, the effect of QI can be examined by extracting the conductance ratio, p = Gu / G1.
The conductance of the single-channel control molecule, G, is obtained in two different ways. First,
a thought experiment is performed (Figure 4A) in which two artificial molecules— namely, n—
D*-left cut and n—D*'-right cut — are obtained by cutting the cyclophanes by scissors. This
severing process decouples the part between the scissors from the remaining part of the molecule
by setting the Hamiltonian matrix elements to zero (Figure S49), thereby creating a single-channel
conducting wire without changing the electrostatic environment. In the case of 3-D** (Figure 4B,
red curve) and 4-D*" (Figure 4C, red curve), the severing experiments decrease the transmission
coefficients below the LUMO, because sub-LUMO CQI in this region has been removed. As a

result, the electrical conductances of the two-channel cyclophanes are much higher (p = ~4) (insets



of Figure 4B,C) than their artificial single-channel control molecules. In contrast, the severing
experiment increases (Figure 4D, red curve) the transmission coefficients of 5-D*" below the
LUMO on account of the removal of sub-LUMO DQI in this energy region. As a result, the
conductance of the two-channel cyclophane is suppressed (p = ~0.1) compared with that of the
artificial single-channel control molecules. The extreme promotion or suppression of single-
molecule conductance, caused by different QI behaviour, also applies (Figure S50) to other
cyclophanes. Consequently, for the energy region below LUMO, p is ~4 for 1-D*" and 2-D*
owing to CQI, whereas the value decreases to ~0.1 for 6-D** on account of phase difference-
induced DQI.

The second way to obtain transmission curves is based on the synthetically realisable
single-channel control molecules — namely, n—S?* (n = 1-6) (Figure 4E). On comparing (Figure
4F) the transmission curves of 3—-D** (Figure 4F, black curve) and 3—-S?* (Figure 4F, red curve)
in the sub-LUMO region, we observed similar decreasing trends in the transmission coefficients
for single-channel control molecules. The LUMO transmission resonances of 3—S** were shifted
upwards in energy for the simple reason that the electrostatic environment has been changed by
removing one of the dicationic channels. The strong electrostatic interactions between charged
parallel channels, however, serve as a chemical gate to promote’ the effective conductance of each
channel. In the case of 3-D*" (Figure 4F), the energy level shift of LUMOs increases the
conductance of the two-channel cyclophane near the Au Fermi energy, leading to a total
conductance promotion of ~60 (Figure 4G), a value much higher than ~4 caused by CQI (Figure
4B). Such a promotion in total conductance, which originates from a combination of CQI and inter-
channel gating is also obtained (Figure S51) for 1-D**, 2-D*" and 4-D**, while the extreme
suppression of conductance — with a small p of ~2 obtained for 5-D*" (Figure 4H) and ~10 for
6-D** (Figure S52) — can be attributed to the DQI feature. The interchannel gating effect has also

been verified (Figure S43) by flicker noise measurement which demonstrated that the noise power



scales as ~G*, indicating a strong through-space Columbic interaction between these two
positively charged conducting channels. Despite the unknown features of our experiments — such
as (i) the conformations of the molecules, (ii) the atomic-scale contact details between the
electrodes and anchors, and (iii) the interchannel gating efficiencies — these predicted qualitative
features agree well with the experimental trends — namely, CQI (1-D**, 2-D**, 3-D*" and 4-D*")
gives high conductances, while DQI (5-D** and 6-D**) leads to low values.

Conclusion

We have demonstrated the ability to control the flow of electricity through two-channel
cyclophanes by introducing energy and phase shifts into the de Broglie waves of electrons
traversing different pathways. DFT calculations, combined with quantum transport theory,
demonstrate that the family of tetracationic cyclophanes provides an ideal platform for exploring
and tuning room-temperature sub-LUMO and supra-LUMO quantum interference-mediated
electron transport. Their electrical conductance is controlled by quantum interference between their
LUMO and LUMO+1, whereas their HOMOs play no significant role. By making the electron
transport through each conducting channel LUMO-dominated, the switching between the
constructive and destructive quantum interferences can be simply manipulated by changing one of
the two conducting channels. Our research demonstrates a modular design of intramolecular
circuits, which enables the construction of fundamental building elements for single-molecule
electronics, namely, conductors and insulators. The design is based on a single tetracationic
cyclophane platform and opens the way to new design strategies for single-molecule electronic

devices.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact



Further information and requests for resources and reagents should be directed to and will be

honored by the Lead Contact, Professor J. Fraser Stoddart (stoddart@northwestern.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The data that support the findings of this investigation are available from the corresponding authors
upon reasonable request. All single-crystal data have been deposited on the Cambridge
Crystallographic Data Centre (CCDC) and can be downloaded free of charge from
www.ccde.cam.ac.uk/data_request/cif. The reference numbers of the 1-D**, 2-D**, 3-D**, 4-D**
and 5-D*" are CCDC: 2074920, 2074921, 2074922, 1954282 and 2035271, respectively.

Materials

The tetracationic cyclophanes were prepared — with 1,1'-thiobis[4-(bromomethyl)benzene] and
extend bipyridine as the starting materials — by a sequence of two-step Sx2 reactions in MeCN at
80 °C. Details of the synthesis and characterization can be found in the Supplemental Sections

A-D, Schemes S1-S17 and Figures S1-S36.

STM-BJ Measurements

The single-molecule conductance measurements were performed using the STM-BJ technique with
a home-built setup housed in a plastic glovebox filled with N> at 298 K as described in a previous
report?’. Single-molecule junctions were created by repeatedly forming and breaking an Au point
contact in a MeCN (Sigma—Aldrich, 99% purity) solution of the cyclophanes with a bias of 100
mV. An electrochemically etched Au wire (@ = 0.25 mm, 99.999% purity, Alfa Aesar) was coated
and was used as the tip. The Au substrates, which were prepared by the evaporation of ~100 nm
Au (99.999% purity, Alfa Aesar) at ~1 A/s onto silicon substrates, were cleaned with a Piranha

solution before carrying out the experiments. In order to suppress the background current from



MeCN, we coated®® a thin layer of Apiezon® wax onto the Au tip apex. Single-molecule

4547 yunder ambient conditions in MeCN

conductance was measured using the STM—BJ technique
solutions containing 0.1 mM cyclophanes. Thousands of traces were collected and are presented in
the form of conductance histograms without data selection. Accordingly, the peaks corresponded

to the most frequently observed conductance values. Further details are provided in Supplemental

Section G.

DFT Simulations

Geometrical optimizations were performed by using the DFT code SIESTA*, with (i) a local
density approximation LDA functional, (ii) a double-{ basis for Au, (iii) a double-( polarized basis
for other elements, (iv) a cutoff energy of 200 Ry and (V) a 0.05 eV/A force tolerance. In order
compute their electrical conductance, the molecules were each placed between pyramidal Au
electrodes. For each molecule, the transmission coefficient, 7(E), describing the propagation of
electrons of energy E from left to right electrodes was calculated using Gollum code*’, which
combines the mean-field Hamiltonian and overlap matrices of the DFT code SIESTA with

Landauer-based quantum transport theory using the expression

T(E) = Tr[I,(E)G,(E)R(E)G, (E)]

where I1 g (E) = i(EL'R(E);ZL'RT(E)), G.(E) = (g1 -2, —Zg)7L, g is the Green’s function of the
isolated molecule. I}, g determines the widths of transmission resonances, X g (E) are the self-
energies describing the contact between the molecule and left (L) and right (R) electrodes, while
G, is the retarded Green’s function of the molecule in the presence of the electrodes. The low
temperature conductance was extracted from the transmission spectrum and evaluated employing

2
the following formulae: G = G,T(Eg), where G, = 2%is the conductance quantum, /4 is the

Planck’s constant, e is the charge on a proton and Ef is the Fermi energy.
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