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The discovery of quantum interference (QI) is widely considered as an important
advance in molecular electronics since it provides unique opportunities for achieving
single-molecule devices with unprecedented performance. Although some pioneering
studies suggested the presence of spin qubit coherence and QI in collective systems
such as thin films, it remains unclear whether the QI can be transferred step-by-step
from single molecules to different length scales, which hinders the application of QI in
fabricating active molecular devices. Here, we found that QI can be transferred from a
single molecule to their assemblies. We synthesized and investigated the charge trans-
port through the molecular cages using 1,3-dipyridylbenzene (DPB) as a ligand block
with a destructive quantum interference (DQI) effect and 2,5-dipyridylfuran (DPF) as
a control building block with a constructive quantum interference (CQI) effect using
both single-molecule break junction and large area junction techniques. Combined
experiments and calculations revealed that both DQI and CQI had been transferred
from the ligand blocks to the molecular cages and the monolayer thin film of the cages.
Our work introduced QI effects from a ligand to the molecular cage comprising 732
atoms and even their monolayers, suggesting that the quantum interference could be
scaled up within the phase-coherent distance.

single-molecule electronics j scanning tunneling microscope break junction j quantum interference j
charge transport j flicker noise analysis

The quantum interference (QI) effect provides a unique opportunity to modulate
single-molecule electron transport by the mechanism of phase-coherent tunneling
(1–7), which offers great potential for the design of molecular electronic devices and
materials with controllable electrical characteristics (8–11). The modulation mechanism
of QI leads to single-molecule switches with high on–off ratios (12–14), organic dielec-
tric material devices with low leakage current (15, 16), proof-of-principle single-molecule
insulators (17), and vast applications in energy sciences (18, 19). Some pioneering works
demonstrated the scaling of spin qubit coherence and the transference of QI from single-
molecule to self-assembled monolayer films, even in the hybrid two-dimensional super-
lattices (8, 20–24), and QI effects were reserved as the molecule length increased (25).
The largest molecular QI system that has been ever achieved is a benzothiadiazole-based
6-nm molecular wire, which was composed of 415 atoms (25). However, it is still
unknown whether the QI can be transferred from the single-molecule scale to a larger
and more complex molecular system.
The molecular cages provide prototype systems with atomically well-defined struc-

tures to investigate the scaling effect of QI (25–33). The molecular cages are con-
structed with organic ligands having hundreds of atoms, which offer opportunities to
study whether these QI effects can transfer from organic linkers to their assembled
structures, including molecular cages and monolayers of cages. The investigation of
charge transport through molecular junctions, including the single-molecule junction,
the single-assembly junction, and the large area junction of monolayer, provides oppor-
tunities to understand the evolution of QI along with different scales (34–36). Recent
advances in scanning tunneling microscopy break junction (STM-BJ) and eutectic
Ga-In (EGaIn) techniques provide opportunities to directly measure the conductance
of single-ligand junctions (6, 37–39), single-cage junctions, and their monolayers, lead-
ing to the demonstration of how the QI transfers from ligands to their assemblies step-
by-step.
In this work, we studied charge transport through single-ligand junctions and com-

pared the results with those through the single-molecule cages (732 atoms) and their
monolayers. The single-molecule conductance of two ligands, 1,3-dipyridylbenzene
(DPB) and 2,5-dipyridylfuran (DPF), and their corresponding molecular cages, the
DPB and DPF cages, were measured using the STM-BJ technique (Fig. 1A). It is also
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worth mentioning that the DPB cage constructed by 732 atoms
was found to be the largest and the most complicated molecular
system with QI effects in single-molecule junctions. The con-
ductance of thin films formed by DPB, DPF ligands, and their
corresponding molecular cages were characterized by the EGaIn
technique, which showed a similar trend to that in the single-
molecule junctions, suggesting that the QI reserves in thin
films. Density functional theory (DFT) calculations reveal that
the coupling between two adjacent Pd atoms gives rise to the
electronic properties of an individual molecular cage. This
Pd–Pd coupling was controlled by the corresponding QI effect
in ligands and both can be transferred from ligands to the cages
and even to the thin films. The results presented here show
that the QI can transfer from a single ligand, to a single assem-
bly of molecular cage, and even further to the thin film of
molecular cages.

Results

Design and Synthesis of the Molecular Cages. To design the
molecular systems with DQI, the transmission curves of single-
molecule junctions with two ligands, DPB and DPF, are calcu-
lated first by using tight-binding DFT method (40), as shown
in Fig. 1B. We found that the DPB ligand shows lower trans-
mission than that of the DPF ligand, and the clear dip in the
transmission of DPB suggests the presence of DQI in DPB. To
further investigate whether the DQI in the DPB could be
transferred to molecular cages, the two M12L24 (M, metal; L,
ligand) molecular cages were synthesized based on the solvo-
thermal reaction of Pd2+ with the two dipyridyl ligands (41)
(Fig. 1A and SI Appendix, section S1) and the quantitative reac-
tions were confirmed by both 1H and 13C nuclear magnetic

resonance (NMR) spectroscopy (SI Appendix, Figs. S1–S4). In
DPB cages, the relative positions of both 1H and 13C NMR
signals were the same with DPB ligands, but the peaks were
broadened and left-shifted (SI Appendix, Figs. S1 and S2). This
finding suggests that the molecular cages were formed by the
coordination between Pd2+ and DPB ligands, since previous
reports demonstrated that the weakened anisotropy in liquid
solution could be ascribed to the slow motion of large species
(41, 42). The underlying structure of M12L24 cages is within
high geometrical symmetry and can be described as polyhedral,
in which the Pd2+ ions are regarded as vertices and the DPB or
DPF ligands as edges. This polyhedral shape facilitates the ori-
entation of cages on the Au substrates. In both DPB and DPF
cages, the lowest unoccupied molecular orbital (LUMO) was
mainly distributed around Pd atoms, which facilitate the con-
tact between Pd atoms and the Au electrode to form stable
single-cage junctions (SI Appendix, section S7).

Conductance Measurements for Single-Molecule Junctions.
To investigate the charge transport through the ligands, the
STM-BJ technique was employed to measure the conductance
of the single-molecule junctions. A 0.1 V bias voltage was applied
between the gold tip and the substrate for the conductance mea-
surement, and typical individual conductance-displacement traces
obtained showed distinct plateaus at different conductance
ranges for all the samples (Fig. 2B). Each one-dimensional (1D)
histogram is constructed from more than 2,000 individual
conductance-displacement traces with no data selection (Fig. 2C).
The Au–Au atomic point contact contributed to a sharp peak
at 1 G0 for each 1D histogram (43). The most probable conduc-
tance signals with Gaussian fitting are 10�4.80 ± 0.2 G0 (1.23 nS)
for the DPB ligand and 10�3.84 ± 0.2 G0 (11.2 nS) for the DPF
ligand. Two-dimensional (2D) conductance histograms against
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Fig. 1. Schematic evolution of quantum interference effect in the molecular junctions with length scales investigated using STM-BJ and EGaIn techniques.
(A) The synthesis of M12L24 (M, metal; L, ligand) molecular cages. (B) Room temperature conductance versus electrodes Fermi energy obtained from tight-
binding DFT for DPB and DPF ligands. The transmission curve (red) of DPB ligand shows sharp dip compares to that of DPF ligand (dark blue), indicating its
DQI feature. (C) Schematic illustration for the conductance measurements of DPB ligand, DPF ligand, DPB cage, and DPF cage by STM-BJ and EGaIn techni-
ques, respectively.
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the relative distances of these samples were constructed by their
individual conductance-displacement traces (Fig. 2D and SI
Appendix, Fig. S6). These figures showed clear conductance
intensity clouds, indicating that stable and reproducible single-
molecule junctions were formed during the stretching cycles.
The positions of these conductance clouds were consistent with
the values in their 1D histograms. With the displacement dis-
tribution analysis of these molecular junctions, ∼0.8 nm for
both ligands, we found the junction lengths in both ligands
were ∼1.3 nm after the calibration of an additional 0.5 nm
Au–Au snap back (44, 45). The single-molecule conductance
of DPF ligand is approximately eight times higher than that of
DPB ligand, showing the presence of DQI effects in DPB
ligand (46, 47).
To determine if the DQI effects in the DPB ligand can be

transferred to the molecular cages, STM-BJ was further employed
to construct single-molecule junctions of the molecular cages.
The single-molecule conductance measurement showed that the
most probable conductance signals with Gaussian fitting are
10�4.97 ± 0.2 G0 (0.831 nS) for the DPB cage and 10�3.35 ± 0.2

G0 (34.6 nS) for DPF cage (Fig. 2C). The 2D conductance his-
tograms showed clear intensity clouds, and the lengths of the
single-cage junctions are ∼1.9 nm after accounting for the Au
snap-back, suggesting that the electrodes bind to the cages via
the coordinate configuration but not along the diameter of the
cage (Fig. 2E and SI Appendix, Fig. S6). The conductance of the
DPF cage is ∼41 times higher than that of the DPB cage with a
similar charge transport distance. To further confirm the pres-
ence of quantum interference in the molecular cages, flicker
noise analysis was carried out to reveal the mechanism of charge
transport through single-molecule junctions (48). Previous reports
demonstrated that this flicker noise analysis could generate power
spectral density (PSD) spectra to determine whether the transport
is through-space (G2.0) or through-bond (G1.0) (49, 50). For
the single-ligand junctions, the PSD was scaled as G1.8 for
DPB ligand, while the value of DPF ligand was scaled as G1.4

(Fig. 3 A–D). The results indicated DQI induced through-space
mechanism in DPB ligand’s charge transport pathways (51)

(SI Appendix, Figs. S8–S11). In the molecular cages, the PSD
was scaled to be G1.3 for DPB cage, which is slightly larger than
that of DPF cage (G1.2), suggesting QI effects still exists in their
molecular cages.

We carried out thermopower measurements for these molec-
ular junctions to determine the relative position of Fermi
energy by a home-built STM-BJ instrument equipped with
thermopower modules (SI Appendix, Fig. S12) (52–56). The
alignment of Fermi energy level of Au electrodes determines
whether the electron transport in these molecules and molecu-
lar cages passed through the highest occupied molecular orbitals
(HOMOs) or lowest unoccupied molecular orbitals (LUMOs).
In a typical thermopower measurement, the Au substrate was
heated by a Peltier device, and the stable temperature differ-
ences were created by a thermocouple mounted on the sub-
strate with a feedback control circuit. The thermoelectric
voltage (ΔVth) of the entire single-molecule junction was
recorded in each soft-contact break junction (SI Appendix,
section S3). 1D histogram of the ΔVth was constructed to give
the average value by Gauss fitting at each temperature gradient
to determine the thermopower. According to previous studies
(54, 56), the Seebeck coefficient of a single-molecule junction
can be calculated by the equation, Sjunction = SCu – (ΔVth/ΔT),
where SCu is the Seebeck coefficient of copper wire connected
to the heated substrate. The copper wire contributes to the
overall thermoelectric voltage and the value is 1.94 μV K�1 at
300 K. For DPB ligand, DPB cage, DPF ligand, and DPF
cage, their Seebeck coefficients were all negative as obtained
from the measured thermoelectric voltage as a function of tem-
perature differences (Fig. 3 E and F and SI Appendix, Figs. S13
to S18), indicating the Fermi energy levels are close to the
LUMO for all these four single-ligand/cage junctions. The
DPB ligand with DQI effect has a smaller Seebeck coefficient
than that of DPF, while the value of DPB cage is also smaller
than DPF cage. The measured Seebeck coefficients of DPB
ligand and DPB cage were smaller than those molecules with-
out DQI effects (52, 55–57), again suggesting the presence of
DQI effect in both junctions.
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Conductance Measurements for Thin Films and Powders. To
investigate whether the QI in DPB and DPF could scale up in
the monolayer thin films, we measured the electrical characteris-
tics of large-area molecular junctions of the ligands and their
corresponding molecular cages using the EGaIn technique.
These thin films were fabricated by immersing Au substrates
into dimethyl sulfoxide (DMSO) solutions containing either the
ligands or molecular cages, and their morphology was characterized

by atomic force microscopy (58) (SI Appendix, section S4), indi-
cating that the surfaces were homogenous and the relative
roughness matched well with their respective molecular lengths.
The conductance of these thin films was measured by putting
them into contact with conical GaIn alloy tips with a home-
built EGaIn instrument (59) (Fig. 4A). We collected many current
density (J) curves of EGaIn/GaOx//DPB/AuA-DE junctions (where
“//” represents physisorption, “/” represents chemisorption, and

ΔV
th
 (μ

V)
 

ΔV
th
 (μ

V)
 

ΔT (K)

ΔT (K)

E

F

A C

DB

S = -44 μV/K
S = -53 μV/K

S = -34 μV/K
S = -32 μV/K

0 2 4 6 8 10
-100

0
100
200
300
400
500
600
700

DPB cage
DPB ligand

DPF cage
DPF ligand

0 2 4 6 8 10

-100

0

100

200

300

400

N
oi

se
 P

ow
er

 / 
G

(lo
gG

0)

Conductance (log G0)

N
oi

se
 P

ow
er

 / 
G

(lo
gG

0)

Conductance (log G0)

N
oi

se
 P

ow
er

 / 
G

(lo
gG

0)

Conductance (log G0)

N
oi

se
 P

ow
er

 / 
G

(lo
gG

0)

Conductance (log G0)

-5.5 -5 -4.5 -4
-9

-8

-7

-6

-5

-4

0

5

10

15

20

25

30

-6 -5.5 -5 -4.5 -4 -3.5
-7

-6

-5

-4

-3

0

5

10

15

20

25

30

-5 -4.5 -4 -3.5 -3

-7

-6

-5

-4

-3

0

5

10

15

20

25

-5 -4.5 -4 -3.5 -3 -2.5

-7

-6

-5

-4

-3

0

5

10

15

20

25

DPB ligand   N = 1.8

DPB cage   N = 1.3

DPF ligand   N = 1.4

DPF cage   N = 1.2

Fig. 3. The mechanism of charge transport through four different molecular junctions. (A–D) Two-dimensional histogram of normalized flicker noise power
against average junction conductance for DPB ligand (A), DPB cage (B), DPF ligand (C), and DPF cage (D). (E and F) The Seebeck coefficients for single-
molecule junctions fabricated based on DPB ligand (blue), DPB cage (red), DPF ligand (green), and DPF cage (purple), as obtained from the thermoelectric
voltage as a function of temperature differences.

EGaIn

B

A

C

-1.0 -0.5 0.0 0.5 1.0
-9
-8
-7
-6
-5
-4
-3
-2

Lo
g 10

|J
| (

A/
cm

2 )

Bias (V)

DPB ligand
DPB cage

-1.0 -0.5 0.0 0.5 1.0
-9
-8
-7
-6
-5
-4
-3
-2

Lo
g 10

|J
| (

A/
cm

2 )

Bias (V)

R
el

at
iv

e 
C

on
du

ct
an

ce
 (a

.u
.)

0.1

1

10

100

DPF ligand

DPB ligand DPB cage DPB ligand
film

DPB cage
film

DPF cage film

DPF cage

ScaleSingle
molecule

Single
cluster Monolayer Powder

Phase coherent transport 

D

A
EGaIn

A

DPF ligand
DPF cage

DPF ligand film

DPB ligand
pellet

DPB cage
pellet

DPF cage
pellet

DPF ligand
pellet

Scattering transport 

Fig. 4. Conductivity measurements in the molecular thin films of DPB ligand, DPF ligand, DPB cage, and DPF cage, compared to those measured at the
macroscopic scale. (A) Schematic illustration of the conductance measurements for microscopic thin films. (B and C) The J(V) curves of the monolayer of DPB
ligand, DPB cage, DPF ligand, and DPF cage measured using EGaIn top contacts. The error bars are the log-SDs of Gaussian fitting. (D) The green stars and
red dots represent the relative conductance of DPB-based materials and DPF-based materials, respectively. All values are normalized to the DPB-based
materials. The conductance values are selected at –0.1 V for STM-BJ and EGaIn and –1 V for macroscopic measurements.

4 of 7 https://doi.org/10.1073/pnas.2211786119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2211786119/-/DCSupplemental


AuA-DE indicates the annealing of Au substrates after being directly
evaporated), and statistically generated the Gaussian long-average
value of J (logjJ j) versus bias (V) with the deviation referring to
previous reports (60, 61). It was found that the current density of
films fabricated by DPB is comparable to that of films fabricated
by the DPB cage. In contrast, the current density of DPF cage
thin films showed an improvement by about one order of magni-
tude in conductance over that of DPF films (Fig. 4 B and C).
These results showed that the conductance of monolayer thin
films evaluated by EGaIn agreed well with the trends observed in
single-ligand/cage junctions. This suggests that the quantum inter-
ference effects in DPB and DPF ligands, either constructive or
destructive, can further transfer to their monolayer thin films in a
larger length scale (Fig. 4D).
We further measured the charge transport characteristics of

these materials at the macroscopic scale by using the pellet sam-
ples for the DPB ligand, DPF ligand, and the DPB and DPF
cages (SI Appendix, Fig. S26). The pellet of the DPB ligand
showed current–voltage (I-V) curve similar to that from the
DPF ligand pellet, while similar behavior was observed in the
pellet samples made from the DPB cage and the DPF cage.
These results were completely different from what was observed
at the microscopic scale. Fig. 4D shows the comparison of the
conductivity of these four materials measured at the macro-
scopic and microscopic scales and reveals that the QI has no
more influence on the conductivity of the macroscopic pellets.

Theoretical Calculations. To understand the scaling of QI from
the DPB and DPF ligands to their cages, we performed further
theoretical calculations. We first optimized the geometries of these
ligands and cages in the gas phase and between gold electrodes
using SIESTA (62), an implementation of DFT. The best agree-
ment between the experimental and theoretical junction length
was obtained in the configurations (SI Appendix, Fig. S31C).

Using the mean-field Hamiltonian obtained from converged DFT
calculations, we computed the transmission coefficient T(E) of
electrons traversing from one electrode to the other through mole-
cules using our quantum transport code, GOLLUM (63, 64).
The electrical conductance G at room temperature can be then
calculated using the Landauer formula (63) (see SI Appendix,
section S7). The DPF cage shows higher conductance than the
DPB cage for all energies between the HOMO-LUMO gap (see
SI Appendix, section S5 and Fig. S29). Furthermore, our calcula-
tions show that the DPB cage has lower conductance compared to
that of the DPB ligand while the DPF cage shows higher conduc-
tance than the DPF ligand around the DFT Fermi energy
(Fig. 5A), and these results are in good agreement with our
measurements. The DPB, DPF molecules and their correspond-
ing cages are smaller than a typical size that occurs hopping
transport in the molecular wires (65, 66). Furthermore, a good
agreement between our experiment and our theory result based
on phase-coherent tunneling indicates that the dominant trans-
port mechanism is phase-coherent tunneling in our molecular
junctions. In particular, while the length of DPF and DPB cages
are almost the same, DPF cage shows nearly 1.7 orders of magni-
tude higher conductance than DPB cage (Fig. 2C). Our theory
demonstrates that this is due to the QI effects, which is a typical
signature of the phase coherent transport in molecular junctions
at room temperature.

The theoretical Seebeck coefficients (SI Appendix, section S7)
show the same trends as the experimental results (Fig. 5B),
indicating there are LUMO transports in all these four junc-
tions. To understand the mechanism, we first calculated the
molecular orbitals for these structures. While the LUMO is
extended over the single DPB and DPF ligands, it is degenerate
and localized on the Pd atoms in the cages (SI Appendix, Fig.
S30). It is more pronounced in DPB molecules than in DPF
molecules (SI Appendix, Fig. S31). We hypostasize that the
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transport around LUMO is through localized orbitals on Pd
atoms (see local density of state in SI Appendix, Fig. S31 C and F)
and ligand acts as an effective electronic coupling (γ) between Pd
atoms as shown with a simple model in SI Appendix, Fig. S28.
This effective coupling is weaker for DPB where transport is ham-
pered by DQI and stronger for DPF where QI is constructive.
Because of the Pd–Pd coupling, the QI effects featured in ligands
can be transferred to the cages under a phase-coherent distance
scale. As a consequence, the splitting of degenerate LUMO orbi-
tals in the DPB cage due to Pd atoms is less than that in the DPF
cage (SI Appendix, Figs. S28 and S30). It is also evident in tight-
binding (TB) transmission coefficient calculations in a simple
model using one orbital per atom (see details in SI Appendix, Fig.
5 C, Inset, and SI Appendix, Fig. S28). The splitting of degener-
ate LUMO levels is smaller in the DPB cage (red arrows) than
in the DPF cage (purple arrows) where the splitting of LUMO
levels is larger. Because of such larger splitting in the DPF cage,
the LUMO resonance there gets closer to the Fermi energy and
this leads to an improved conductance compared to that of the
DPF ligand. This is not the case in the DPB cage because the
splitting of LUMO resonances is smaller. The I-V characteristic
of these junctions was also calculated. The overall shape of I-V
curve for DPB and the DPB cage is similar because the
LUMOs in the DPB ligand and cages are close to each other
(Fig. 5D). In contrast, the I-V curve shows a sharper V shape
in DPF cage for a small bias followed by the saturation of cur-
rent by a higher bias in contrast to that of a single DPF mole-
cule (Fig. 5D). This sharp V-shaped I-V curve for small bias
and current saturation in the DPF cage also suggests that the
LUMO is close to the Fermi energy and in agreement with the
experiments.

Discussion

We reported the scaling of QI effects from organic ligands to
the molecular cages and the monolayer thin film of these
molecular cages. The single-molecule conductance of the DPF
cage is ∼42 times of that of the DPB cage, while the conduc-
tance of a DPF ligand is only approximately nine times of that
of a DPB ligand. Thermopower measurements indicate that the
charge transport mainly occurs on the LUMO among all the
single-molecule/cage junctions, and the Flicker noise analysis
reveals the through-space transport for DPB ligand junctions
and through-bond transport for DPF ligand junctions. It was
experimentally and theoretically determined that the transport
remains phase-coherent at the single-ligand scale, the single-
cage scale, and the assembled monolayer scale. Such molecular
cage, with 732 atoms, was the largest molecular system with QI

effects in single-molecular junctions so far. Our work suggested
that the QI could be scaled up within the phase-coherent dis-
tance, which is essential for the design of QI-based molecular
electronic materials and devices. This work might be of interest
to a broad audience across the areas of supramolecular chemis-
try, physical science, and material science.

Materials and Methods

Materials Synthesis. The DPB and DPF ligands were synthesized by a Suzuki
coupling reaction according to previous reports (41, 67, 68). The M12L24
molecular cages were synthesized according to a previous report with slight
modification (41). Specifically, the DPB or DPF ligand (0.005 mmol) reacted
with Pd2+ (0.0025 mmol) stoichiometrically in deuterated dimethyl sulfoxide
(d6-DMSO) (1 mL) at 70 °C for 12 h to form the DPB cage or the DPF cage.
The detailed synthesis procedures and characterization data are listed in
SI Appendix.

Data Analysis Details. Conductance histograms were constructed from the
conductance traces with a bin size of 1,000 (bin width = 0.01 log(G/G0)).
Two-dimensional conductance-distance histograms were constructed with a bin
size of 1,000 × 500 (log(G/G0) × nm). The conductance-distance traces are
aligned by takingΔz = 0 for the conductance value equal to 10�0.3 G0.

Theoretical Calculation Details. The optimized geometry and ground state
Hamiltonian and overlap matrix elements of each structure were self-consistently
obtained using the SIESTA (62) implementation of the density functional theory
(DFT). SIESTA employs norm-conserving pseudopotentials to account for the core
electrons and linear combinations of atomic orbitals in construction of the
valence states. The generalized gradient approximations (GGA) of the exchange
and correlation functional is used with PBE parameterization, a double-ζ polar-
ized (DZP) basis set, a real-space grid defined with an equivalent energy cutoff of
150 Ry. The geometry optimization for each structure is performed with forces
smaller than 10 meV/Å. From the mean-field Hamiltonian obtained from DFT or
simple tight-binding model, we calculate the electrical conductance and Seebeck
coefficient (63, 64) (SI Appendix, section S7 for details).

Data, Materials, and Software Availability. Open-source code XME-data
analysis data have been deposited in GitHub (https://github.com/Pilab-XMU/
XMe_DataAnalysis) (69). All study data are included in the article and/or
SI Appendix.
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