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Molecular electronic devices require precise control over the flow

of currentinsingle molecules. However, the electron transport
properties of single molecules critically depend on dynamic molecular
conformationsin nanoscale junctions. Here we report a unique strategy
for controlling molecular conductance using shape-persistent molecules.
Chemically diverse, charged ladder molecules, synthesized via a one-pot
multicomponent ladderization strategy, show amolecular conductance

(d[log(G/Gy)l/

~-0.1nm™) thatis nearly independent of junction

displacement, in stark contrast to the nanogap-dependent conductance
(d[log(G/Gy)1/dx = -7 nm™) observed for non-ladder analogues. Ladder
molecules show an unusually narrow distribution of molecular conductance
during dynamicjunction displacement, whichis attributed to the
shape-persistent backbone and restricted rotation of terminal anchor groups.
These principles are further extended to a butterfly-like molecule, thereby
demonstrating the strategy’s generality for achieving gap-independent
conductance. Overall, our work provides important avenues for controlling
molecular conductance using shape-persistent molecules.

The miniaturization of electronic devices has led to substantial
advances ranging from portable computing devices to high-speed
communication and high-density data storage’. In recent years, the
transistor density on silicon-based microchips has doubled approxi-
mately every two years in accordance with Moore’s Law”. Although
this empirical observation has held true for decades, physical size
limitations are beginning to disrupt this trend’. Molecular electron-
ics offer a potential path forward for the continued miniaturization
of nano- and microelectronic devices*. Single-molecule junctions

generally consist of a molecular bridge linked to two or more metal
electrodes via terminal anchor groups (for example, thiol, amine or
pyridine)®. Despite recent progress®”, achieving robust and control-
lable conductance in single-molecule junctions remains challenging
dueto the dynamic nature of molecular conformations thatinvariably
fluctuate over operational timescales at ambient temperatures, desta-
bilizing device performance and impacting reproducibility. When using
standard microfabrication techniques, it is challenging to construct
electrodes with sub-5 nm features tailored for specific molecules, which
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Fig.1|Molecular design and synthesis for single-molecule electronics.

a, Comparison between traditional ladderization approaches (top) and the one-
pot multicomponent ladderization method developed in this study (bottom).
Cp* pentamethylcyclopentadienyl; DCE, 1,2-dichloroethane. b, Chemical
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leads to distorted molecular conformations in nanoscale junctions'®",
Uncertainties in nanogap dimensions ultimately lead to unfavourable
broad variations in molecular conductance®.

Advances in molecular design offer promising strategies for
controlling molecular conformations in nanoscale junctions. Mole-
cules exhibiting ajunction-conformation-independent conductance
could overcome the limitations associated with precise control over
nanogap dimensions and conformational variability. Ladder-type
molecules feature an uninterrupted sequence of rings with two
or more shared atoms between adjacent rings', which provides
unique structural characteristics beneficial to molecular electron-
ics', Ladder molecules exhibit a shape-persistent architecture'
that reduces the conformational degrees of freedom''®, Moreover,
ladder-type organic heteroaromatic cations are highly electron defi-
cient” and canact as electron acceptors to endow the molecules with
unique donor-acceptor charge transport properties®. With this in
mind, we hypothesized that charged ladder-type molecules would
exhibit a nanogap-independent conductance in single-molecule
junctions—a trait seldom observed in conformationally flexible
scaffolds?. In addition, the increased coplanarity in ladder-type
molecules promotes delocalization of the frontier orbitals across
the molecule*?, facilitating efficient end-to-end charge transport
along the backbone.

Despite the potential advantages of using ladder molecules for
molecular electronics, synthetic challenges have limited systematic

exploration of the relationship betweenladder structure and molecular
conductance®. Traditional ladderization strategies primarily involve
multistep one- or two-component reactions (Fig. 1a) that typically fuse
two molecular rings (at most) per step” . In general, these synthetic
approaches limit the structural and functional diversity of the ladder
products. Therefore, continued advances in the field critically rely
on the development of robust and scalable synthesis methods that
accommodate awide array of ladder configurations.

The electronic properties of single molecules can be experi-
mentally characterized using the scanning tunnelling microscope
break-junction (STM-BJ) technique?®~*'. The STM-B) method is used to
determine molecular conductance as a function of applied bias and
junction displacement, providing statistically robust measurements
by repeatedly forming and breakingjunctions over alarge ensemble of
moleculesinasingle experiment (-10°-10* molecules)®. The timescale
of molecular conformational changes in an STM-BJ experiment (pico-
seconds to nanoseconds)® is typically orders of magnitude smaller
than the timescale of a single STM-BJ trajectory (milliseconds)*, sug-
gesting that abroad range of molecular conformationsis sampled over
the course of asingle ‘pulling’ experiment in STM-BJ. For these reasons,
the conductance of individual molecules typically shows significant
variability across the underlying ensemble® ¥, and average molecular
conductance Gisfrequently reported along with one-dimensional (1D)
conductance histogramsin unit of G, where G, stands for the conduct-
ance quantum?-*%%,
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Here we adopt and expand a one-pot multicomponentladderiza-
tionapproachtosynthesize a diverse set of charged ladder molecules
(Fig.1b) bearing methylthio (-SMe) anchor groups for single-molecule
electronic characterization. Our results demonstrate that ladder-type
molecules with fused arene backbones exhibit a molecular conduct-
ance (d[log(G/G,)]/dx=-0.1 nm™) that is independent of junction
displacement x, in stark contrast to the nanogap-dependent con-
ductance (d[log(G/G,)]1/dx = -7 nm™) for non-ladder analogues which
exhibit large changesin molecular conductance. Inaddition, molecular
conductance through the ladder backbone is robust and nearly inde-
pendent of the chemical identities of counter anions or substituent
groups. Our computational results show that charged ladder mol-
ecules exhibit constrained torsional motion in their terminal anchor
groups, which contributes to an exceptionally narrow conductance
distribution during dynamic ‘pulling’ trajectories in STM-BJ experi-
ments. These results suggest that shape-persistent molecules with
charged backbones give rise to donor-acceptor interactions that
restrict anchor rotation, thereby minimizing conductance variation.
We further demonstrate the broad applicability of shape persistence by
designing, synthesizing and characterizing the electronic properties of
abutterfly-like molecule, which also shows a nearly gap-independent
conductance similar to that of ladder-type molecules. A combination
of molecular simulations and chemical and physical characterization
was used to understand the electronic properties of these molecules,
including density functional theory (DFT) calculations, X-ray crystal-
lography, electron paramagnetic resonance (EPR), superconducting
quantum interfering device (SQUID) experiments and cyclic voltam-
metry. Overall, our work provides important avenues for achieving
nanogap-independent conductance in molecular electronics using
precise molecular design and synthesis.

Results and discussion

One-pot multicomponent synthesis

The C-H annulative coupling of benzaldehydes, anilines and alkynes
catalysed by different co-catalysts ([(Cp*RhCl,],, Cu(OAc),and AgBF,)*
efficiently generates complex polycyclic aromatic hydrocarbons,
includingladder molecules, in ahighly adaptable and modular fashion.
To evaluate the compatibility of the anchor group -SMe, we synthesized
the short ladder molecule L1-PF, from 4-(methylthio)benzaldehyde,
4-(methylthio)aniline and diphenylacetylene in 87% yield (Fig. 1b).
Additional diarylalkyne and dialkylalkyne substrates were also effi-
ciently tolerated in this multicomponent reaction. Post-annulation
ion exchange reactions conveniently generated an expanded library
ofladder compounds. Building on this success, we synthesized longer
and more intricate ladders (for example, L2-PF,, L3-PF, and L4-PF)
fromdianilines or dialdehydes as starting materials, with yields rang-
ing from56%to0 80%. The structures were extensively characterized by
infrared spectroscopy (Supplementary Figs.1-5), NMR spectroscopy
(*H and heteronuclear; Supplementary Figs. 6-62), high-resolution
electrospray ionization mass spectrometry and single-crystal X-ray
diffraction analysis (Supplementary Tables 1-3 and Supplementary
Figs. 80-82). In addition to the facile installation of terminal anchor
moieties for STM-BJ (Fig. 1c), this method provided a diverse array of
ladders with adjustable backbones, pendent substituents and coun-
ter anions. Minor adjustments to the reaction conditions provided
analogous non-ladder counterparts (forexample, N1-PF,, N2-PF, and
N3-PF,), whichserved as unfused control molecules for single-molecule
electronics experiments. The molecules are divided into four catego-
ries: conjugated ladder molecules (L1and L2), non-conjugated ladder
molecules (L3 and L4), conjugated non-ladder molecules (N1and N2)
and anon-conjugated non-ladder molecule (N3).

Single-molecule electronics experiments
We characterized the single-molecule electronic properties of
ladder and non-ladder molecules using the STM-B) method?**.. In this

experiment, a gold tip electrode is repeatedly moved into and out of
contact with a gold substrate electrode in a solution containing mol-
ecules with terminal anchor groups, resulting in the repeated making
and breaking of molecular junctions. During each molecular ‘pull-
ing’ event, the current is measured for a constant applied bias across
the molecularjunction. The experiment begins as the tip moves away
from the bottom (substrate) electrode, resulting in a sharp decrease
in conductivity, typically observed at one unit of quantum conduct-
ance (G, where G, = 2¢*/hor 77.5 uS; e, electron charge; h, Planck’s con-
stant), which indicates the start of the single-molecule pulling event.
Molecular conductance is then measured as junction displacement
increases, which corresponds to the formation of a single-molecule
junction. At junction breakage, the molecular conductance abruptly
decreases to the limit of detection of the instrument (-107°°G,). The
STM-BJinstrumentisautomated, and the experimentis repeated over
anensemble 0f10°-10* molecules. Single-molecule conductance data
arethen analysed using 1D and two-dimensional (2D) histograms with-
out data selection (Methods).

We determined 1D conductance histograms for ladder and
non-ladder molecules (Fig. 2a). Conjugated ladder molecules L1-PF
and L2-PF exhibited two dominant conductance peaks with high-and
low-conductance features (vide infra). For the high-conductance peaks,
the most probable or average conductance values for L1-PF¢and L2-PF,
were similar at 107>°G, and 102G, despite large differences in the
end-to-end molecular contour length (12.5 A for L1-PF4and 18.0 A for
L2-PF,, determined by DFT calculations). The attenuation factor for
L1-PF, and L2-PF, (defined as the change in molecular conductance
G/G, with respect to contour length) was determined to be 0.12A™,
which canbe comparedto previously reported values for oligo[n]phen-
ylenes* and oligothiophenes* (0.44 A and 0.40 A™, respectively).

In contrast to the ladder molecules, the conjugated non-ladder
molecules N1-PF, and N2-PF, showed significantly smaller average
conductance values at 103G, and 103G, respectively. Moreover,
the attenuation factor for conjugated non-ladder molecules N1-PF
and N2-PF, was observed to be 0.23 A, which is significantly larger
thanthat of the conjugated ladder molecules L1-PF,and L2-PF. These
results highlight therole of the ladder structure inmolecular junctions
for achievingrelatively high junction conductance levels and minimal
conductance decays as a function of molecular contour length. In
addition to the primary conductance peak at 10*3G,, N2-PF also
exhibits a small shoulder feature in the 1D conductance histogram
around 102G, which is attributed to an intermediate junction con-
formation before the molecule is fully extended as suggested by 2D
correlation analysis (Supplementary Fig. 68). The average conductance
values of non-conjugated ladder molecules L3-PF, and L4-PF, were
approximately 10™°G,. The lack of conjugation within these molecules
significantly lowers their average conductance values by nearly two
orders of magnitude compared to L2-PF,, which shows that continuous
conjugation across the entire ladder structure significantly enhances
molecular conductance. On the other hand, the non-conjugated,
non-ladder molecule N3-PF, exhibited a broad 1D conductance dis-
tribution, showing a peak value around 107G, Although 1D conduct-
ance histograms for N3-PF, and L3-PF ¢ show similar peak conductance
values, N3-PF¢ showed conductance signals only at extremely small
junctiondisplacementsaround 0.2 nm (vide infra). These results arise
because the characteristic conductance values of N3-PF, at longer
junction displacement distances fall below the limit of detection for
the STM-BJ instrument.

In addition to the average conductance values, the width of the
conductance distributions in 1D conductance histograms provides
valuableinsightsinto the electronic properties of molecular junctions.
Broad conductance distributions often arise fromvariationsinjunction
conformations, whereas narrow or tight conductance distributions
typically indicate a more rigid or shape-persistent structure?. We
determined the full-width at half-maximum (FWHM) of the primary
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Fig.2|Single-molecule conductance of ladder and non-ladder molecules.
a,1D conductance histograms for ladder and non-ladder molecules. b-h, 2D
conductance histograms for L1-PF (b), L2-PF, (c), L3-PF (d), L4-PF (e), N1-PF
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conductance value as a function of junction separation (Methods). The colour
scale of the heat map was standardized across all plots for comparison. i, Slopes
derived from linear regression fits of the 2D conductance histograms in STM-B]J
measurements. All data were obtained at 250 mV applied bias.

conductance peaks by fitting the 1D conductance histograms to a
Lorentzian function®. For the ladder molecules (L1-PF, L2-PF,, L3-PF,
and L4-PF,), the FWHM was found to be 10%# (-2.6), 10°¢°, 10°7 and
10°%*for the primary conductance peaks, respectively. By contrast, the
non-ladder molecules (N1-PF4, N2-PF, and N3-PF,) exhibited signifi-
cantly broader conductance distributions with FWHM values of 10*?,
10**and 10> (-316) for the primary conductance peaks, respectively.
Theseresultsindicate that ladder-type molecules tend to have signifi-
cantly narrower distributions in molecular conductance compared to
non-ladder molecules. In addition, for both ladder and non-ladder
molecules, the FWHM increases with molecular contour length, which
suggests an increase in variation in the junction conformation for
longer molecules.

Although 1D conductance histograms provide a convenient
method to visualize single-molecule conductance distributions, peak
conductance values may not fully reflect junction characteristics,
particularly when conductance depends on molecular extension. To
understand how molecular conductance depends onjunction separa-
tion, we constructed 2D molecular conductance histograms by plotting
conductance as a function of tip displacement (Fig. 2b—h). Ladder
molecules exhibit remarkably constant conductance values during
junction displacement (Fig. 2b—e and Supplementary Figs. 63-66).
To quantitatively understand the variation in molecular conductance
as a function of tip displacement, we determined the slope of trend
lines fit to the peak conductance value as a function of junction dis-
placement using linear regression (Fig. 2i and Methods). Our results
show that the most probable conductance values of ladder molecules
(L1-PF(-L4-PF,) exhibit extremely small changes in molecular con-
ductance G/G, as a function of electrode separation x (d[log(G/G,)1/
dx=-0.1nm™), indicating the presence of robust and stable junctions
with a nearly displacement-independent conductance. The nearly
constant conductance during the junction elongation process sug-
gests that the charge transport pathway is not disrupted, despite vari-
ations in molecular orientation or junction conformation inside the
gap. The robust binding affinity between the -SMe group and gold
atoms ensures that the anchor group and gold electrode remain in
contact during the molecular pulling event until junction breakage”**.
Ladder-type molecules impart a rigid backbone that maintains the

molecular conformation duringjunction displacement. This combina-
tion of anchor-electrode interactions and structural integrity within
the molecule underpins the remarkable tolerance of conductance
to junction displacement, highlighting a key design principle for the
development of stable molecular electronics.

By contrast, non-ladder analogues (N1-PF,—N3-PF,) exhibit
broadly distributed molecular conductance peaks spanning several
orders of magnitude of conductance in the underlying ensemble
(Fig. 2f-h). Non-ladder analogues (N1-PF,~N3-PF,) show muchlarger
changesin molecular conductance as afunction of junction displace-
ment (d[log(G/G,)]/dx=-7 nm™). Besides the slope of the trend line,
we alsomeasured alphavalues for L1-PF;and N1-PF,. Alphavalueisan
electromechanical property that reflects anintramolecular conduct-
ance decay measurement during which asinusoidal functionis applied
during tip-substrate modulation** (more details in Supplementary
Fig. 69). L1-PF4 exhibited a notably smaller alpha value of 0.6 nm™, in
contrast to N1-PF,, which presented an alpha value of 1.0 nm™. This
finding indicates that the ladder molecule demonstrates a superior
ability to maintain consistent conductance despite changes in junc-
tiondistance.

Inadditionto the high-conductance peak, L1-PF,and L2-PF also
exhibited aless well-defined low-conductance peak. Tounderstand the
origin of these conductance features, we used a 2D correlation analysis
of single-molecule conductance trajectories (Fig. 3a) that showed a
negative correlation between the two molecular conductance popu-
lations, indicating that either one or the other conductance feature
occurs in individual single-molecule traces. These results suggest
that these two molecular conductance features arise due to different
molecular junction conformations (static heterogeneity) rather than
dynamic molecular junction conformations that interchange during
the molecular pulling trajectory (dynamic heterogeneity). We fur-
ther analysed the molecular conductance features of the ladder-type
molecules using flicker noise analysis®****. Flicker noise analysis pro-
videsameasure of conductance fluctuations that reveals information
regarding molecular conduction pathways (for example, through-bond
or through-space conductance)®*°. In this experiment, we performed
holding-mode conductance measurements where molecular junctions
were held at a fixed displacement for ~100 ms. Conductance traces
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illustration of the junction conformations for ladder molecules, resulting in high-
and low-conductance charge transport pathways. d, 2D conductance histogram
for control molecule L1’-PF, (inset) containing only one terminal -SMe anchor.

e, 1D conductance histogram for L2-PF4 with different bias voltages applied
between the gold tip and the substrate. The counts were normalized using
high-conductance counts as the reference. f, Ratio of molecular conductance
peak probability for high- and low-conductance states in L2-PF, as a function of
applied bias.

surviving the holding period were then selected and their noise power
was determined by integrating the conductance noise power spectral
density in a frequency range from 100 Hz to 1,000 Hz (Methods), as
previously reported”. Prior work has shown that the conductance tends
to have smaller variations for through-bond conduction pathways*.
Ontheother hand, fluctuationsin conductance are typically larger for
through-space conduction pathways, where chemical bonds do not
cover the entire conduction pathway and electrons tunnel through
space to complete the circuit. Prior work has shown that plotting nor-
malized noise power (noise power/G") versus average normalized
conductance Gyields a power-law dependence where the scaling expo-
nentn = lindicates a through-bond conduction pathway, whereasn =2
indicates a through-space conduction pathway**.

Before performing flicker noise analysis, we used the K-means++
clusteringalgorithmto classify single-molecule traces corresponding to
high-and low-conductance featuresinto two distinct molecular subpop-
ulations®. We then analysed each molecular subpopulation using flicker
analysis; the high-conductance feature resulted in a scaling exponent
n=1.37,consistent withathrough-bond conductance pathway. By con-
trast, the low-conductance featureyielded ascaling exponentn = 2.05,
consistent withathrough-space conductance pathway (Fig. 3b). Based
on these results, we hypothesized that the low-conductance feature
arises from molecular junctions formed by electrostatic interactions
between the gold tip and the positively charged backbone at one
terminus and by the -SMe anchor and electrode surface at the other
terminus (Fig. 3¢c). To validate this hypothesis, we synthesized a lad-
der molecule L1’-PF with only one terminal -SMe anchor group as a

control and determined its conductance using STM-BJ. Indeed, the
entire 2D conductance histogram of L1’-PF (Fig. 3d) was dominated
by a low-conductance feature closely matching the low-conductance
behaviour of L2-PF,, which is consistent with the hypothesis of elec-
trostatic anchor formation governing the low-conductance peak of
L2-PF,. We further studied the conductance of L2-PF as a function
of an applied bias from 200 mV to 400 mV (Fig. 3e). With an increase
in applied bias, our results show an increase in the probability of the
molecular subpopulation corresponding to the low-conductance fea-
ture. This phenomenonis attributed to the voltage-dependent behav-
iour of electrostatic interactions formingjunction contacts between the
charged molecular backbone and the gold electrode*®. Taken together,
our results clearly demonstrate the ability to control the distribution
between charge transport pathways simply by changing the applied
bias (Fig. 3f).

Our multicomponent synthetic approach enables facile elu-
cidation of the role of molecular substitutions, side groups and
counter ions on molecular charge transport. Ladders bearing aro-
matic (C¢H;, p-OMeC¢H,) or aliphatic ("Pr) groups exhibited simi-
lar average end-to-end conductance values corresponding to the
high-conductance feature (Fig. 2b and Supplementary Fig. 64). Inter-
estingly, the high-conductance feature remained nearly constant for
L2 regardless of the complexing anion (F~, Cl", BF,” or PF,~; Supple-
mentary Figs. 65and 67). However, prior work reported that molecular
charge transportin viologen-based molecules is highly dependent on
the chemical identity of the counter ions*. DFT simulations showed
that differences in conductance for viologen molecules were driven
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by changes in the torsion angles of the molecular backbone, which
sensitively depend on counter anion identity*’. Our results suggest
that ashape-persistent structure minimizes the rotational degrees of
freedom of the molecular backbone, and hence the junction conduct-
anceisindependent of counter ionidentity.

Structure and electronic properties

We further aimed to understand the physical and chemical origins of
the conductance behaviour of ladder-type molecules. We first deter-
mined the single-crystal structures of L1-PF,and N1-PF (Fig. 4a,b) by
X-ray diffraction. The molecular backbone of non-ladder molecule
N1-PF, showed a large dihedral angle of 69.8° between phenyl and
isoquinolinium moieties due to its non-ladder structure. Conversely,
L1-PF, withits shape-persistent ladder backbone exhibited a notably
smaller dihedral angle of 31.8°. DFT calculations (Fig. 4c and Supple-
mentary Figs. 83 and 84) revealed that in L1-PF, both the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) span the entire molecule. This electronic configura-
tion creates a seamless, unhindered pathway for electron transport
while simultaneously constraining the backbone flexibility (Fig. 4¢).
Onthe other hand, the HOMO and LUMO of the N1-PF, were localized
on opposite ends of the rotatable C-N bond (Fig. 4d). In addition, all
the ladder molecules showed a substantial bathochromic shiftin the
UV-visible absorption spectra (Supplementary Figs. 70-72) compared
with their non-ladder counterparts, indicating enhanced conjugation
arising frombackbone coplanarity*. These apparent differencesin the

electronicand structural properties resultindrastic differencesin the
single-molecule electronic properties for these two types of molecules.

We next performed transmission function calculations (Fig. 4e and
Supplementary Figs. 85 and 86) for ladder and non-ladder molecules
using the non-equilibrium Green’s function (NEGF) method by employ-
ing the TranSIESTA/TBtrans package* ' (Methods). Asshownin Fig. 4¢,
zero-bias transmission probabilities are plotted as afunction of energy
relative to the Fermi energy £, where HOMO and LUMO resonance
transport peaks are denoted by dashed and solid arrows. For both
L1-PF, and N1-PF, the LUMO transmission peaks are located close to
the Fermi energy level, which is consistent with a LUMO-dominated
charge transport mechanism. This phenomenon was attributed to the
highly electron-deficient nature of the positively charged backbones
in both molecules. This electron deficiency was evidenced by cyclic
voltammogram reduction events at 1.1V and -1.5 V for L1-PF, and
NI1-PF,, respectively, using ferrocene as a reference (Supplementary
Figs.73and 74). The transmission function probability at £, for L1-PF4is
anorder of magnitude larger compared to N1-PF¢, whichis qualitatively
consistent with the experimental data.

EPR (Supplementary Figs. 75-78) and SQUID (Supplementary
Fig.79) measurements provided additional evidence for electron delo-
calizationinladder molecules, which arises due to their locked molecu-
lararchitecture. Electron delocalizationis likely a key contributor to the
observed high-conductance values and minimal conductance decay as
the molecule lengthincreases. Moreover, in contrast to L1-PF¢, N1-PF
shows apronounced anti-resonance dip (Fig. 4e) thatis consistent with

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-024-01619-5

]
-3

Conductance, log(G/G,)

(0] 0.2
Displacement (nm)

Count

04 06 08 10 -5 -4 -3 -2 -1 0

Conductance, log(G/G)

Fig. 5|Single-molecule conductance of a butterfly-like molecule. a, Chemical structure of B-PF4. b,c, 2D (b) and 1D (c) conductance histograms for B-PF.

destructive quantum interference, resulting in a diminished electron
transmission probability and consequently leading to the suppression
of molecular conductance®*,

Prior work™** onladder-type molecules with rigid backbones and
-SMe anchors has not reported the well-defined conductance features
observed here. Rigid molecular backbones generally show minimized
structural variations compared to flexible molecular backbones. How-
ever, theladder-type molecules studied here contain terminal anchor
-SMe groups, whichretainrotational degrees of freedom. We hypoth-
esize that a donor-acceptor interaction between electron-deficient
backbones and electron-rich -SMe anchors constrains anchor rotation
by favouring specific angles™, thus reducing variability in junction con-
ductance. To test this hypothesis, we performed DFT calculations on
ahypothetical neutral analogue molecule L1-neutral complemented
by a dihedral angle sweep. The energy barrier for bond rotation in
L1-neutral is approximately 3kT, where k is the Boltzmann constant
and Tis temperature, but the barrier increases substantially to >7kT
for L1-PF, (Fig. 4f). We further investigated the frontier orbitals cor-
responding to the dihedral angles at the highest and lowest energies.
In the case of L1-PF (Supplementary Fig. 87), as the bond undergoes
rotation from the lowest to the highest energy structure, a notable
decrease in HOMO orbital overlap was observed between the -SMe
anchor and the backbone. This observation implies that the anchor
group engages in electron delocalization only at specific dihedral
angles, subsequently restricting the rotational degrees of freedom.
By contrast, L1-neutral (Supplementary Fig. 88), without the donor-
acceptorinteraction, exhibited a consistent frontier orbital structure,
irrespective of the dihedral angle, suggesting amore uniformelectron
distribution behaviour. The constrained bond angle rotationin L1-PF
minimizes junction structural variability, thereby refining the conduct-
ancedistribution and yielding the distinctive sharp features observed
inour 2D conductance histogram.

Broadly, our results suggest that shape-persistent molecular back-
bones together with donor-acceptor interactions effectively limit
anchor rotation during junction elongation, which are key molecular
features underlying gap-independent conductance. To demonstrate
the broad applicability of these design principles, we explored an
additional molecular system known as a butterfly-like molecule, B-SbF
(Fig. 5a). The butterfly-like molecule exhibits a planar backbone®, a
feature attributed to electron delocalization rather than conventional
covalent bondingtoforma‘locked’ backbonesstructure. The positively
charged nature of the backbone serves as an effective electron accep-
tor, allowing for donor-acceptor interactions with the -SMe termini.
Interestingly, the butterfly-like molecule shows a narrow conductance
distribution across different junction gaps (Fig. 5b,c), whichis similar
to the behaviour exhibited by charged ladder-type molecules. These
findings highlight an intriguing aspect of single-molecule junction
designrelated to the degree of anchor rotation in addition to backbone
rigidity.

Conclusions

Our work presents a molecular design strategy for molecular elec-
tronics that provides promising avenues for overcoming challenges
associated with the fabrication of nanoscale devices with precise gap
dimensions. Using aunique one-pot multicomponent synthesis strat-
egy, we created adiverse range of positively charged ladder molecules
fromreadily available starting materials. Our results show that charged
ladder molecules exhibit exceptional shape-persistent conductance
behaviour in molecular junctions, regardless of pendant substituent
groups, counter anions or junction displacement. This conductance
behaviour arises from both the rigidity of the ladder backbone and
the constrained rotation of the anchor in charged systems. Impor-
tantly, we extend this design principle to a butterfly-like molecular
system, showcasing our strategy’s versatility for gap-independent
conductance. Furthermore, the ladder structure promotes electron
delocalization, enhancing conductance up to extremely high levels
(-10*¢) compared to non-ladder counterparts. Interestingly, we further
show that the probability of different binding sites can be controlled
by varying the applied bias, which demonstrates control over dual
charge transport pathways as a function of applied voltage. Overall,
the innovative synthetic strategies and molecular design principles
presented in this work highlight the role of charged ladder-type mol-
ecules as promising candidates for next-generation materials in the
quest for miniaturizationin electronic devices.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
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acknowledgements, peer review information; details of author con-
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References

1. Kim, J., Ghaffari, R. & Kim, D.-H. The quest for miniaturized soft
bioelectronic devices. Nat. Biomed. Eng. 1, 0049 (2017).

2. Lundstrom, M. Moore’s law forever? Science 299, 210-211 (2003).

Toumey, C. Less is Moore. Nat. Nanotechnol. 11, 2-3 (2016).

4. Xiang, D., Wang, X., Jia, C., Lee, T. & Guo, X. Molecular-scale
electronics: from concept to function. Chem. Rev. 116, 4318-4440
(2016).

5.  Meng, L. et al. Dual-gated single-molecule field-effect transistors
beyond Moore’s law. Nat. Commun. 13, 1410 (2022).

6. Li, T., Bandari, V. K. & Schmidt, O. G. Molecular electronics:
creating and bridging molecular junctions and promoting its
commercialization. Adv. Mater. 35, 2209088 (2023).

7. Chen, H. & Fraser Stoddart, J. From molecular to supramolecular
electronics. Nat. Rev. Mater. 6, 804-828 (2021).

8. Stone, I. et al. A single-molecule blueprint for synthesis. Nat. Rev.
Chem. 5, 695-710 (2021).

w

Nature Chemistry


http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-024-01619-5

Article

https://doi.org/10.1038/s41557-024-01619-5

10.

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zou, Q., Qiu, J., Zang, Y., Tian, H. & Venkataraman, L. Modulating
single-molecule charge transport through external stimulus.
eScience 3, 100115 (2023).

Li, T., Hu, W. & Zhu, D. Nanogap electrodes. Adv. Mater. 22,
286-300 (2010).

Luo, S., Hoff, B. H., Maier, S. A. & de Mello, J. C. Scalable
fabrication of metallic nanogaps at the sub-10 nm level. Adv. Sci.
8, 2102756 (2021).

Chang, S., He, J., Zhang, P., Gyarfas, B. & Lindsay, S. Gap distance
and interactions in a molecular tunnel junction. J. Am. Chem. Soc.
133, 14267-14269 (2011).

McNaught, A. D. & Wilkinson, A. Compendium of Chemical
Terminology Vol. 1669 (Blackwell Science, 1997).

Cai, Z. et al. Exceptional single-molecule transport properties of
ladder-type heteroacene molecular wires. J. Am. Chem. Soc. 138,
10630-10635 (2016).

Li, J. et al. Ladder-type conjugated molecules as robust
multi-state single-molecule switches. Chem 9, 2282-2297 (2023).
Moore, J. S. Shape-persistent molecular architectures of
nanoscale dimension. Acc. Chem. Res. 30, 402-413 (1997).

Cao, Z., Leng, M., Cao, Y., Gu, X. & Fang, L. How rigid are
conjugated non-ladder and ladder polymers? J. Polym. Sci. 60,
298-310 (2022).

lkai, T. et al. Triptycene-based ladder polymers with one-handed
helical geometry. J. Am. Chem. Soc. 141, 4696-4703 (2019).

Liu, X., Zhu, C. & Tang, B. Z. Bringing inherent charges into
aggregation-induced emission research. Acc. Chem. Res. 55,
197-208 (2022).

Wan, X., Li, C., Zhang, M. & Chen, Y. Acceptor-donor-acceptor
type molecules for high performance organic photovoltaics -
chemistry and mechanism. Chem. Soc. Rev. 49, 2828-2842
(2020).

Li, Z. et al. Understanding the conductance dispersion of
single-molecule junctions. J. Phys. Chem. C 125, 3406-3414
(2021).

Ji, X. et al. Pauli paramagnetism of stable analogues of
pernigraniline salt featuring ladder-type constitution. J. Am.
Chem. Soc. 142, 641-648 (2020).

Maekawa, T., Ueno, H., Segawa, Y., Haley, M. M. & Itami, K.
Synthesis of open-shell ladder m-systems by catalytic C-H
annulation of diarylacetylenes. Chem. Sci. 7, 650-654 (2016).
Babel, A. & Jenekhe, S. A. High electron mobility in ladder
polymer field-effect transistors. J. Am. Chem. Soc. 125,
13656-13657 (2003).

Teo, Y. C., Lai, H. W. H. & Xia, Y. Synthesis of ladder polymers:
developments, challenges, and opportunities. Chem. Eur. J. 23,
14101-1412 (2017).

Lee, J., Kalin, A. J., Yuan, T., Al-Hashimi, M. & Fang, L. Fully
conjugated ladder polymers. Chem. Sci. 8, 2503-2521(2017).
Cai, Z., Awais, M. A., Zhang, N. & Yu, L. Exploration of syntheses
and functions of higher ladder-type n-conjugated heteroacenes.
Chem 4, 2538-2570 (2018).

Huang, C., Rudney, A. V., Hong, W. & Wandlowski, T. Break junction
under electrochemical gating: testbed for single-molecule
electronics. Chem. Soc. Rev. 44, 889-901 (2015).

Li, L. et al. Highly conducting single-molecule topological
insulators based on mono- and di-radical cations. Nat. Chem. 14,
1061-1067 (2022).

Liu, J., Huang, X., Wang, F. & Hong, W. Quantum interference
effects in charge transport through single-molecule junctions:
detection, manipulation, and application. Acc. Chem. Res. 52,
151-160 (2019).

Su, T. A., Neupane, M., Steigerwald, M. L., Venkataraman, L. &
Nuckolls, C. Chemical principles of single-molecule electronics.
Nat. Rev. Mater. 1,16002 (2016).

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

Xu, B. & Tao, N. J. Measurement of single-molecule resistance

by repeated formation of molecular junctions. Science 301,
1221-1223 (2003).

Dantus, M., Bowman, R. M. & Zewail, A. H. Femtosecond laser
observations of molecular vibration and rotation. Nature 343,
737-739 (1990).

Feng, A. et al. o-o Stacked supramolecular junctions. Nat. Chem.
14, 1158-1164 (2022).

Li, J. et al. Achieving multiple quantum-interfered states

via through-space and through-bond synergistic effect in
foldamer-based single-molecule junctions. J. Am. Chem. Soc.
144, 8073-8083 (2022).

Lee, W. et al. Increased molecular conductance in oligo[n]
phenylene wires by thermally enhanced dihedral planarization.
Nano Lett. 22, 4919-4924 (2022).

Yu, H. et al. Efficient intermolecular charge transport in m-stacked
pyridinium dimers using cucurbit[8]uril supramolecular
complexes. J. Am. Chem. Soc. 144, 3162-3173 (2022).
Venkataraman, L., Klare, J. E., Nuckolls, C., Hybertsen, M. S. &
Steigerwald, M. L. Dependence of single-molecule junction
conductance on molecular conformation. Nature 442,

904-907 (2006).

Yao, X., Sun, X., Lafolet, F. & Lacroix, J.-C. Long-range charge
transport in diazonium-based single-molecule junctions. Nano
Lett. 20, 6899-6907 (2020).

Kadam, V. D. et al. Cascade C-H annulation reaction of
benzaldehydes, anilines, and alkynes toward dibenzo[a,f]
quinolizinium salts: discovery of photostable mitochondrial
trackers at the nanomolar level. Org. Lett. 20, 7071-7075

(2018).

Capozzi, B. et al. Length-dependent conductance of
oligothiophenes. J. Am. Chem. Soc. 136, 10486-10492 (2014).
Kamenetska, M. et al. Formation and evolution of single-molecule
junctions. Phys. Rev. Lett. 102, 126803 (2009).

Rascon-Ramos, H., Artés, J. M., Li, Y. & Hihath, J. Binding
configurations and intramolecular strain in single-molecule
devices. Nat. Mater. 14, 517-522 (2015).

Adak, O. et al. Flicker noise as a probe of electronic interaction

at metal-single molecule interfaces. Nano Lett. 15, 4143-4149
(2015).

Stefani, D. et al. Conformation-dependent charge transport
through short peptides. Nanoscale 13, 3002-3009 (2021).

Chen, H. et al. Single-molecule charge transport through
positively charged electrostatic anchors. J. Am. Chem. Soc. 143,
2886-2895 (2021).

Li, J. et al. Reversible switching of molecular conductance in
viologens is controlled by the electrochemical environment.

J. Phys. Chem. C 125, 21862-21872 (2021).

Yang, J. S.-J. & Fang, L. Conjugated ladder polymers: advances
from syntheses to applications. Chem 10, 1668-1724 (2024).
Brandbyge, M., Mozos, J.-L., Ordejon, P., Taylor, J. & Stokbro, K.
Density-functional method for nonequilibrium electron transport.
Phys. Rev. B 65, 165401 (2002).

José, M. S. et al. The SIESTA method for ab initio order-N materials
simulation. J. Phys. Condens. Matter 14, 2745 (2002).

Papior, N., Lorente, N., Frederiksen, T., Garcia, A. & Brandbyge, M.
Improvements on non-equilibrium and transport Green function
techniques: the next-generation TRANSIESTA. Comput. Phys.
Commun. 212, 8-24 (2017).

Bai, J. et al. Anti-resonance features of destructive quantum
interference in single-molecule thiophene junctions achieved by
electrochemical gating. Nat. Mater. 18, 364-369 (2019).

Chen, Y. et al. Regio- and steric effects on single molecule
conductance of phenanthrenes. Nano Lett. 21,10333-10340
(2021).

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-024-01619-5

54. Goémez-Gallego, M., Martin-Ortiz, M. & Sierra, M. A. Concerning

the electronic control of torsion angles in biphenyls. Eur. J. Org.

Chem. 2011, 6502-6506 (2011).

55. Yin, J. etal. Acyl radical to rhodacycle addition and cyclization
relay to access butterfly flavylium fluorophores. Nat. Commun.
10, 5664 (2019).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving

of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and
applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2024

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-024-01619-5

Methods

Synthesis

Allsynthetic procedures were performed under an argonatmosphere,
using Schlenk techniques. The detailed procedures for the synthesis
ofladder, non-ladder and butterfly-like molecules along with the cor-
responding characterization data are presented in Supplementary
Information.

Conductance measurement and analysis

Single-molecule conductance measurements. Single-molecule
conductance was measured using the STM-BJ technique”. Experiments
used acustom-built STM-BJ set-up, as previously reported”. Gold sub-
strates were prepared by evaporating 100 nm of gold onto polished Ted
Pella atomic force microscopy specimen discs with an electron-beam
evaporator. STM tips were prepared with 0.25 mm Au wire (99.998%,
Alfa Aesar). Measurements were performed in a propylene carbon-
ate solution at room temperature (22 °C). STM tips were coated with
Apiezon wax to minimize the area exposed to polar solvents and to
reduce the non-faradaic current. Single-molecule conductance data
were acquired at a sampling rate of 40 kHz. During experiments, the
STM tip is controlled by a piezoelectric micro-positioner to repeat-
edly form and break molecular junctions, and the current is recorded
and analysed during this process. A variable-gain low-noise current
amplifier (DLPCA-200 from Artisan Technology Group) was used to
accurately convert current to voltage for data processing. Data were
obtained across molecular ensembles of at least 5,000 molecules and
collected and analysed without data selection. The 2D conductance
histograms were determined by aligning single-molecule conduct-
ance traces relative to the junction formation point (denoted as O nm
displacement); 2D conductance histograms were fit with linear regres-
sion trend lines to better visualize and demonstrate conductance
evolutions during the pulling process of the STM-BJ experiments. To
performthelinear regression fitting, the 2D conductance histograms
were first transformed into 50 distinct 1D conductance histograms at
equally spaced intervals of junction displacement, such that each of the
1D conductance histograms correspond to the conductance distribu-
tion ata particular junction displacement. The peak values were then
determined for the 1D conductance distributions, and the peak values
were used as data points for linear regression analysis, from which the
line fitting can be constructed.

K-means++ clustering algorithm. We applied the K-means++ cluster-
ingalgorithm to separate individual traces into distinct populations®.
Each trace was segmented into a 30-by-30 bin, 2D histogram and a
100-bin, 1D histogram. The resulting data, encompassing both con-
ductance and displacement information, were thenbinned into these
histograms. The 30-by-30, 2D histogram was reshaped into a vector
containing 900 elements. Upon adding the 100 elements from the 1D
histogram, a1,000-element feature vector was generated, encapsulat-
ing displacement and conductance data. The K-means++ clustering
algorithm was then performed on these feature vectors to effectively
distinguish between the high- and low-conductance features.

Flicker noise analysis. Flicker noise analysis was performed to distin-
guish between intramolecular and intermolecular charge transport
modes. To perform this analysis, the conductance fluctuations were
experimentally determined while holding molecular junctions at a
fixed tip-to-substrate separation for 100 ms. The transient conduct-
ance response was then analysed using discrete Fourier transform to
obtain the noise power spectral density. Flicker noise power is deter-
mined by numerically integrating the power spectral density between
frequencies 0f 100 Hzto 1,000 Hz. The 2D flicker noise histograms are
then determined based on the flicker noise power and the correspond-
ing average conductance. The relationship between the noise power
and the average conductance can be described based on a scaling

factor n. By fitting the 2D flicker noise histogram with a 2D Gaussian,
the scaling factor n is determined when the correlation between the
noise power divided by G" and the average conductance is minimized.
Ascaling factor of n = lindicates through-bond conductance, whereas
ascaling factor of n = 2indicates through-space conductance. Because
our experiments on ladder-type molecules revealed two clear popula-
tions, we first used the K-means++ clustering algorithmto classify the
datainto two distinct subpopulations. Flicker noise analysis was then
performed independently for each cluster*“.

DFT methods

Electronic structure calculations. All electronic structure calcula-
tions were performed using the Gaussian 16 software>®, employing
the unrestricted form of the B3LYP*”* functional combined with the
6-311 + G(d,p) basis set®’. Dispersion corrections were included via
Grimme’s empirical GD3 model®. To account for solvation effects, an
implicit conductor-like polarizable continuum model was used with
acetonitrile as the solvent model®*. Molecular geometry optimization
was performed, and the nature of the stationary point on the potential
energy surface was confirmed by the absence of imaginary frequen-
cies®. To address counter ion effects, calculations were performed in
the presence of explicit PF, ions. The quantity of PF, ionsincludedin
each calculation was dependent on the charge of the molecule under
study. Specifically, PF, ions were added until the overall charge of the
systemwas neutral, effectively mimicking theinfluence of counterions.
Molecular orbitals were generated with acontour value of 0.04 a.u. The
PF, ion was strategically positioned in close proximity to a nitrogen
site prior to the optimization process as nitrogen atoms in analogous
molecules are known to be sites for positive charge accumulation®*,

Analysis of dihedral angles. To explore the rigidity of the molecules,
the dihedral angle variation of a C-S-C-C fragment was systematically
investigated inboth L1-PF,and L1-neutral. A constrained optimization
was carried out using the ‘opt=modredundant’ keyword in Gaussian,
which allow for the geometry of the molecule to be optimized at each
step while fixing the C-S-C-C dihedral angle at a specific value. The
dihedral angle was varied in 36 steps, each of 5 degrees, resulting in
a complete 180 degree rotation. For each step, the geometry of the
molecule was optimized with the specified dihedral angle fixed at the
current valueinthe scan, thus generating an energy profile associated
with the rotation about the C-S-C-C dihedral angle.

NEGF DFT calculations. The NEGF DFT calculations were performed
with a DFT-based NEGF approach using the TranSIESTA/TBtrans
package® . The electrodes contain eight layers of 16 gold atoms each.
The sulfur atomsinthe ladder molecules were made to interact with the
gold atoms using a trimer binding motif, as described in the literature®.
Prior to transport calculations, geometry relaxation of the molecules
was carried out using the generalized gradient approximation Per-
dew-Burke-Ernzerhof functional®. The SZP basis sets were used for all
the gold atoms. DZP basis sets were used for carbon, hydrogen, sulfur,
nitrogen, phosphorous and fluorine. Electrode calculations were car-
ried out with a4 x 4 x 50 k-mesh. The geometry relaxation was carried
out using a 4 x 4 x 1 k-mesh, and was performed until all the forces
were <0.05 eV A, After the junction was relaxed, the transport calcu-
lations were carried out using the TranSIESTA package with the same
functionals, basis sets, pseudopotential and k-mesh as the geometry
relaxation. TBtrans was used to carry out the NEGF calculations and
toobtain electron transmission as a function of energy (relative to the
Fermi energy level). NEGF calculations were carried out from -3 eV to
3 eVwith 0.01eV energy increments.

Data availability
All data supporting the findings of this study are available within this
Article andits Supplementary Information. Crystallographic datafor
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structures reported in this Article have been deposited at the Cam-
bridge Crystallographic Data Center (CCDC) under deposition num-
bers CCDC 2294843 (N1-PF,), 2334051 (L4-PF ) and 2334052 (L1-PFy).
Copies of the data can be obtained free of charge via https://www.
ccdc.cam.ac.uk/structures/.Source data are provided with this paper.
These data are also available via figshare at https://doi.org/10.6084/
mo9.figshare.26314444 (ref. 68).

Code availability

The datathatsupport the findings were acquired using a custominstru-
ment controlled by custom software (Igor Pro, Wavemetrics). The
software is available fromthe corresponding authors upon reasonable
request.
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