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Dynamic Regulation of Adaptive Butterfly-Shaped Molecules

via BN Coordination
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Achieving dynamic control over stereostructures and electronic properties of
rigid molecules remains a significant challenge due to the delicate balance
between stability and flexibility. Here, the construction of butterfly-shaped
molecular junctions stabilized by moderate-strength boron-nitrogen (B<N)
coordination between boraacenes and pyridines is reported. By leveraging the
pivot-like flexibility of BN bonds, molecular conductance switching with
on/off ratios exceeding 100 is achieved through force-driven dynamic
transitions between distinct stacking conformations. Single-molecule

electronic properties in response to exter-
nal stimuli.l*’! For example, supramolec-
ular ratchets exhibit dynamic conforma-
tional switching of foldamers under me-
chanical control,[®! offering practical ap-
plications in biomimetic molecular ma-
chines and energy transduction systems.!”#!
These supramolecular interactions allow
for sophisticated tuning of spatial elec-
tronic coupling through stacking sites,!

electrical measurements combined with first-principle calculations identify

distinct charge transport mechanisms—through-space and

through-bond—associated with the butterfly-wing open and closed
configurations. Furthermore, external factors like electric fields and
substituent effects modulate 7—r interactions and charge transport
properties. The introduction of destructive quantum interference effects can
be achieved by replacing molecular units. The findings demonstrate that
BN coordination serves as a dynamically tunable linkage, offering a
pathway to design molecular platforms with multifunctional units,

customized stereo-conformations, and quantum effects.

1. Introduction

Precise dynamic regulation of molecular stereostructures is es-
sential for achieving intelligent molecular responses, which
expands their applications in molecular electronics, optoelec-
tronics, and smart materials.!=3] Noncovalent interactions fa-
cilitate the construction of multiunit molecules with tun-
able stereo-conformations, enabling dynamic modulation of

as well as orbital overlaps,'®!l paving
the way for integrable molecular circuits
and quantum manipulation.['>13] However,
achieving dynamic regulation of small mul-
tiunit molecules remains a significant chal-
lenge, particularly for those with rigid and
intricate structures.'*~1%) The intrinsic ten-
sion of these molecules hinders stable dy-
namic regulation, limiting the development
of functionally responsive and dynamically
adaptable systems.[17:18]

Classic Lewis acid-base boron-nitrogen
(B<N) interactions offer a promising alter-
native for the dynamic regulation of molec-
ular architectures due to their adaptive
nature and unique properties. These medium-strength dative
bonds balance the stability and flexibility, allowing seamless in-
tegration of multifunctional units without compromising the
structural integrity.'”] Moreover, their rotational adjustability en-
sures stable dynamic responses to external stimuli, offering pre-
cise and durable tuning of spatial electronic characteristics.!?0!]
Despite great progress in utilizing B« N interactions in organic
semiconductors and photonic devices,[?2?}! the potential for
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Figure 1. Design and switching of butterfly-shaped boron-nitrogen (B<-N) dative structures. a) Schematic representation of B«<N coordination be-
tween boraacene and borapentacene functionalized with dimethylthiophenyl groups and double pyridines. The R group denotes various substituents. b)
Schematic representation of mechanical force-driven switching of butterfly-shaped structures. The B«~N coordinated structures undergo transitioning
between two stable states with distinct 7—z stacking configurations, analogous to a butterfly’s wings in open and closed positions, during stretching

and compression cycles.

dynamic structural and electronic regulation in small molecules
remains underexplored. Single-molecule junctions serve as a
powerful technique for probing the adaptive nature of B«N
molecules, facilitating multimodal regulation and high-precision
monitoring of charge transport, thus advancing the development
of multifunctional responsive systems.[2+2]

In this study, boron-embedded polycyclic aromatic hydrocar-
bons and 4-substituted pyridine derivatives are employed as
electron-acceptor and electron-donor units, respectively, to con-
struct butterfly-shaped multifunctional molecular systems via
BN coordination (Figure 1a). Scanning tunneling microscopy-
break junction (STM-BJ) techniques provide precise mechanical
control over the open and closed conformations of the butterfly-
shaped structures. In combination with first-principle calcula-
tions, the B« N interactions and charge transport mechanisms
are elucidated at the single-molecule level.?®! This approach,
utilizing dynamic regulation of multiunit stereo-conformations
via dative B«N bonds, significantly broadens molecular de-
sign possibilities and establishes a versatile platform for
realizing advanced molecular functionalities and enhanced
performance.
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2. Results and Discussion

2.1. Design of Butterfly-Shaped BN Structures

Multiunit molecules with dative B«N bonds are prepared by
the addition of boraacene and borapentacene-based precursors
with multiple 4-substituted pyridines.[?’”! Notably, an all-carbon
acene molecule is employed as a control to comparatively high-
light the necessity of boron sites in forming butterfly-shaped
structures with tunable stacking conformations.”®! The synthe-
sis and structural characterization of all precursors and control
molecules are provided in Schemes S1 and S2, and Figures S1-
S8 (Supporting Information), including 'H, *C, and 'B NMR
spectra. Notably, the !B NMR spectra provide clear evidence for
the successful formation of sp*-hybridized boron centers in the
BN adducted structures (Figures S9 and S10, Supporting In-
formation). Mass spectrometry is utilized to verify the forma-
tion of doubly incorporated B« N coordinated structures (Figure
S11, Supporting Information). Additionally, UV-vis absorption
spectroscopy titration (Figure S12, Supporting Information) and
pyridine concentration-dependent STM-B] experiments (Figures
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Figure 2. Single-molecule electrical measurements and theoretical analyses of DPA junctions. a) Schematic diagram of the DPA junction with gold
electrodes. b) 2D conductance-displacement histograms of DPA obtained from STM-BJ measurements. The color bar represents the number of counts.
) Representative single-molecule conductance traces of DPA, exhibiting two distinct conductance states. d) 1D conductance histograms of DPA junc-
tions, highlighting the bistable molecular states. The inset shows the normalized plateau-length distributions, measured in respective ranges. e) Relaxed
coordinate scan of the potential energy surface for DPA with varying sulfur-sulfur distances. The inset shows the schematic diagram of S1-DPA and
S2-DPA under exerted forces. f) Theoretical transmission spectra of S1-DPA and S2-DPA junctions, with triangles marking the transmission peaks

corresponding to p-HOMOs and p-LUMOs.

S13-S16, Supporting Information) are conducted to monitor the
addition dynamics of B«<~N molecules.

Using the dative BN bonds as flexible joints, a doubly B«N
embedded molecular structure with paired thiomethylphenyl-
gold contacts is further designed, which is expected to exhibit
two distinct stacking configurations under mechanical forces
(Figure 1b; Tables S1 and S2, Supporting Information). Un-
like covalent B—N bonds that are relatively rigid and weakly
polarized, the dative B«<N coordination features the moder-
ate bond strength with adaptability and pronounced polarity,
alleviating the intramolecular strain while providing the flexi-
bility required for reversible conformational switching (Figure
S17, Supporting Information). Specifically, 7—= interactions be-
tween the thiomethylphenyl rings induce the expansion of the
pyridine rings, mimicking a butterfly opening its wings. Upon
stretching the molecular backbone, the configuration transi-
tions to the other state where the pyridine rings stably stack,
analogous to a butterfly closing its wings (Figure S18, Sup-
porting Information).[??) The B<N coordinated structure pro-
vides a unique platform for exploring multiunit molecules with
intricate stereostructures and examining the impact of non-
covalent interactions on the stacking and electronic charac-
teristics of z systems (Figure S19 and Table S3, Supporting
Information).l")
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2.2. Exploring Charge Transport Characteristics of B—N
Coordinated DPA Junctions

Given the adaptive nature of butterfly-shaped B«N molecu-
lar structures, dynamic changes in molecular electronic char-
acteristics are anticipated and examined using the STM-B]
technique.*!l Single-molecule conductance (G) is measured in
a 1,2 4-trichlorobenzene (TCB) solution containing 0.1 mm of
target molecules, with the dynamic single-molecule junctions
formed by manipulating the tip. During repeated junction forma-
tions, conductance plateaus are found in individual traces, with G
values exhibiting a negative exponent of G, (where G, = 2e? h™!).
Figure 2a illustrates the chemical structure of the double 4-tert-
butylpyridine (t-BuPy) adduct of 1,4-dihydrodiboraanthracene
(DPA). Pyridines with larger steric hindrance are employed to
prevent the formation of dissociated pyridine dimers (Figure S20,
Supporting Information). Figure 2b presents the 2D conduc-
tance histograms constructed from ~9000 single traces of DPA.
In contrast to the exponential decay characteristics observed in
the 2D conductance-displacement histograms of pure TCB and
t-BuPy control experiments (Figures S21-S23, Supporting In-
formation), the 2D histograms of the molecular solutions dis-
play distinct single-molecule conductance plateaus. Representa-
tive individual traces at 0.1 V reveal two isolated conductance
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Figure 3. Charge transport characteristics of the bistable states of DPA. a, b) 2D histograms of normalized noise power versus average conductance
for S1-DPA (a) and S2-DPA (b), respectively. c) Molecular frontier orbitals of S1-DPA and S2-DPA (HOMO: lower insets; LUMO: upper insets) and
their energies with respect to the Fermi level of gold electrodes. d, €) 2D current-voltage (I-V) histograms for S1-DPA (d) and S2-DPA (e), respectively.
f) Fowler—Nordheim plots derived from the fitted I~V curves (black lines in Figure 3d,e). The transition voltages for both positive and negative polarities

are marked.

plateaus (Figure 2c). These plateaus can be identified through
Gaussian fitting in the 1D conductance histograms (Figure 2d).
Specifically, a shorter high-conductance state at ~4.0 x 10~ G,
(~31.0 nS) with a length of 0.22 nm (S1-DPA) and a longer low-
conductance state at ~1.0 x 10~ G, (~0.77 nS) with a plateau
length of 0.43 nm (S2-DPA) are observed.[*%]

To clarify the origin of the distinct molecular conductance
states, a relaxed potential energy surface scan between the sul-
fur atoms in the thiomethyl groups is performed to simulate
the forces applied between the Au-S contacts of junctions. Two
stable states, designated as S1 and S2 stacking modes of DPA,
are identified, displaying the butterfly-shaped closed and open
BN structures (Figure 2e). A side-by-side comparison between
the B«<N coordinated structures and the control analogues fur-
ther highlights the indispensable role of B« N bonds in enabling
such conformational transitions (Figure S24, Supporting Infor-
mation). In addition to the stacking stabilization, the variation
in B«<-N bond length also correlates with the energy profile of
the switching process, underscoring its flexible yet crucial role in
enabling conformational transitions (Figure S25, Supporting In-
formation). Notably, both plateau lengths of S1-DPA and S2-DPA
are shorter than the theoretical S-S distances, which may be at-
tributed to the combined effects of electrode snap-back and the
dynamic nature of butterfly-shaped molecular junctions.®?! The
transmission spectra of S1-DPA and S2-DPA molecular junc-
tions align well with the experimental electrical measurements
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(Figure 2f; Figures S26 and S27, Supporting Information). En-
ergy barrier analysis supports the feasibility of force-induced state
transitions between stereo-conformations, driven by the mechan-
ical force applied by the STM-BJ gold electrodes (Figure S28, Sup-
porting Information). The perturbed highest occupied molecu-
lar orbitals (p-HOMOs) of both S1-DPA and S2-DPA junctions
are found to be the dominant transport channels, as they are
positioned closer to the Fermi level of the gold electrodes.3233]
Theoretical transmission analyses of the precursors and other
byproducts show no bistable conductance states, further support-
ing that the distinct conductance states arise from dynamic tran-
sitions between butterfly-shaped closed and open B«N struc-
tures (Figures S29 and S30, Supporting Information).

2.3. Through-Space Versus Through-Bond Charge Transport
Mechanisms

To investigate the transport mechanisms of S1-DPA and S2-
DPA, their transport pathways are examined using flicker noise
analysis in combination with theoretical simulations. The hov-
ering ranges for S1-DPA and S2-DPA are set identically at G¢
(G20t ~42 for S1-DPA, and G258 for S2-DPA). Figure 3a
shows the power spectral density (PSD) for S1-DPA at N = 1.9,
while Figure 3b shows that of S2-DPA at N = 1.3 (Figure S31,
Supporting Information). These distinct PSD results indicate
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Figure 4. Multimodal regulation of charge transport in BN molecular junctions. a) Schematic diagram of B«<N junctions under piezo voltage-
controlled square-wave oscillations and other regulation strategies. b) 2D conductance-time histograms of DPA under square-wave oscillations at 20 Hz.
c) Representative single conductance-time trace of DPA under square-wave oscillations, with S1 and S2 states highlighted in different colors. Inset: Os-
cillation frequency ranges from 20 to 50 Hz, showing nearly identical switching behavior. d) 1D conductance histograms of DPA under electric fields
ranging from 0.05 to 0.25 V in 0.05 V increments. e) Energy components of S1 and S2 DPA, including exchange energy, induction energy, and total
interaction energy, calculated for different stereo-conformations under an external electric field using the symmetry-adapted perturbation theory. f) 1D
conductance histograms of various B«<—N structures with different pyridine substituents. Inset: relative binding energy differences between S1 and S2

DPA of pyridine with various substituents.

that the open butterfly-wing conformation of the S1-DPA junc-
tion is primarily governed by through-space transport, whereas
the closed butterfly-wing conformation of the S2-DPA junc-
tion is dominated by through-bond transport.[**3%! Frontier or-
bital calculations reveal that the different z—z stacking stereo-
conformations lead to the HOMOs of S1-DPA and S2-DPA being
primarily localized within the z—r stacked thiomethylphenyl ring
and the unfolded molecular backbone, respectively (Figure 3c).
This demonstrates that the transport pathways are regulated by
force-driven conformational changes, which are consistent with
the transmission eigenstates and transmission pathway analysis
(Figures S32 and S33, Supporting Information). Further theoreti-
cal analysis of the transition state reveals that the gradual unfold-
ing of the molecular backbone drives the switch from through-
bond to through-space charge transport (Figure S34, Supporting
Information).

To explore the electronic characteristics of the different B«N
stereo-conformations, current-voltage (I-V) measurements are
conducted. Figure 3d,e shows the 2D -V histograms of S1-DPA
and S2-DPA junctions, respectively. From the [-V and extended
conductance—voltage (G—V) measurements (Figure S35, Support-
ing Information), it is observed that the conductance of both S1-
DPA and S2-DPA exhibits values similar to those shown in pre-
vious analyses. As the bias voltage increases, the conductance of
both junctions rises, with S1-DPA displaying a higher rate of in-
crease. This may result from the recovery of z—z stacking sym-
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metry in p-HOMO of S1-DPA under an external electric field, as
evident in the molecular projected self-consistent Hamiltonians
(MPSHs) of the S1-DPA junction (Figures S36 and S37, Support-
ing Information).’”*8! The Fowler-Nordheim plots derived from
the [-V measurements indicate a transition voltage of ~ 0.74 V
for S1-DPA and ~ 0.86 V for S2-DPA (Figure 3f).'"3%) The orbital
energy of S1-DPA being more closely aligned with the Fermi level
than that of S2-DPA is consistent with the transmission spectra
(Figure 2e) and orbital energy profiles (Figure 3c). These results
reveal the intriguing, distinctive transport characteristics of B«N
structures.

2.4. Multimodal Dynamic Regulation of B«<N Structures

The butterfly-shaped B<N structures based on noncovalent
stacking interactions provide a unique platform to investigate
their response to external stimuli such as mechanical forces,
electric fields, and substituent effects, thereby enabling dy-
namic multimodal tuning. Figure 4a illustrates the versatile
strategies for dynamic control over the conductance states of
the butterfly-shaped B« N stereostructures. Direct switching be-
tween butterfly-wing open and closed conformations can be
achieved by applying mechanical forces on the anchoring atoms.
By applying square-wave mechanical oscillations via a piezo-
controlled STM tip, the 2D conductance-time (G—) histograms in
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Figure 4b display continuous conductance switching, with vari-
ations corresponding to the S1 and S2 states of DPA.['®] The
representative single trace exhibits conductance switching be-
tween ~1.6 X 107 G, (~124 nS) and ~7.9 X 10°° G, (~0.61
nS), achieving a high on/off ratio exceeding two orders of mag-
nitude (Figure 4c). This highlights its potential as a mechanically
controlled molecular switch.[*1 Moreover, the molecular conduc-
tance switching exhibits consistent statistical on/off ratios across
different oscillation frequencies (Figure 4c, inset), highlighting
the robustness of the B« N coordinated molecular switch.

In addition to direct mechanical regulation, electric fields have
been shown to significantly regulate z-stacking in supramolecu-
lar dimers.l'% To quantitatively assess the noncovalent interac-
tions between the orthogonal z-electron clouds of the two stereo-
conformations of DPA, voltage-dependent single-molecule elec-
trical measurements (Figure S38, Supporting Information) and
energy component analysis are conducted. Figure 4d presents the
1D conductance histograms of DPA under source-drain voltages
ranging from 0.05 to 0.25 V with a 0.05 V step size. Consistent
with previous I-V analyses, the molecular conductance shows
minimal shifts in the low-bias region. At 0.25 V, S1-DPA begins
to exhibit conductance enhancement. However, the conductance
peak area of S1-DPA significantly increases with the electric field,
rising from 0.26 to 0.51 relative to the total peak areas (Figure S39,
Supporting Information). This variation indicates that the stabil-
ity of the two stacking modes differs, with distinct interactions
between stacking regions and the boraacene center.

To further understand the origin of these distinctive char-
acteristics between different stacking structures, the interac-
tion energy decomposition into different physical components
is conducted using the symmetry-adapted perturbation theory
(Figure 4e; Figures S40 and S41, Supporting Information).[*#2]
As the electric field increases, the total weak interaction forces of
S1-DPA are distinctly higher than those of S2-DPA, which tend to
stabilize S1-DPA with the increasing electric field.**! Notably, S1-
DPA exhibits a significant increase in exchange energy between
the thiomethylphenyl dimer and boraacene due to the field-
enhanced spatial overlap between the z—z stacked dimers and
boraacene, demonstrating electronic coupling between orthogo-
nal r electron clouds.*!l In contrast, S2-DPA exhibits a stronger
increase in induction energy between the t-BuPy dimer and bo-
raacene, which can be attributed to the field-induced increase
in dipole moment within the B<N dative structures.[*’] These
analyses reveal the distinct roles of exchange- and induction-
dominated interactions in stabilizing the stereostructures of the
all-carbon-based stacking and B« N-coordinated stacking sys-
tems, respectively, under applied electric fields.

In addition to the modulation of external electric fields, sub-
stituent effects are proposed to tune the electronic properties
of B<N structures.*l STM-B] measurements on diverse 4-
substituted pyridine-adducted systems with different electron-
withdrawing and electron-donating structures (Figure S42, Sup-
porting Information) are performed. Figure 4f depicts the 1D
conductance histograms of BN structures with different sub-
stituents, which exhibit two conductance states that are desig-
nated similarly to the wing-opening and wing-closing confor-
mations of the previously discussed butterfly-shaped CMe,;-DPA
(Figure 2), respectively. Both S1 and S2 states of DPA with
electron-donating substituents, such as the trimethoxy methyl
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group (-C(OMe);), exhibit conductance behaviors comparable
to CMe;-DPA, with an enhanced conductance for S1. In con-
trast, electron-withdrawing substituents, such as trichloromethyl
(—CCl,) and trifluoromethyl (—CF,) groups, increase the stabil-
ity of higher conductance states, while reducing the overall con-
ductance. Further theoretical transmission spectra reveal that
electron-donating substituents increase molecular conductance
by shifting the p-HOMO closer to the Fermi level, consistent with
the experimental results (Figures S43-S46 and Table S4, Support-
ing Information). The trend is mainly attributed to electronic ef-
fects rather than steric hindrance (Table S5, Supporting Informa-
tion). In addition, the relative energy difference (Figure 4f, inset)
between S1 and S2 states reveals that electron-withdrawing units
reduce the stability of S2, likely due to increased repulsion be-
tween pyridine dimers.

2.5. Dynamic Regulation of BN Coordinated DPP Junctions

In comparison with boraacene, borapentacene exhibits stronger
conjugation, offering direct control over the electronic properties
and charge distribution of the BN structure.[*’] Introducing bo-
rapentacene as the acene core in the B« N structures enables the
investigation of how the orthogonal 7 electron clouds affect elec-
tronic properties and dynamic regulation.”’”] Similar to DPA, the
nucleophilic attack of t-BuPy on the borapentacene core forms a
BN dative bond, yielding the doubly pyridine-substituted bo-
rapentacene (DPP) structure (Figure 5a). While electrostatic po-
tential surfaces of DPP reveal a higher electron deficiency in the
borapentacene region in comparison with DPA (Figure S47, Sup-
porting Information), the 2D conductance histograms obtained
from STM-BJ measurements (Figure 5b) and the typical single
trace (fitting in Figure 5b; Figure S48, Supporting Information)
show two conductance peaks similar to those observed for DPA.
The corresponding 1D conductance histograms (Figure 5c) dis-
play two Gaussian-fitted peaks at 5.0 x 10~ G, (~3.9 nS) and
~2.0 x 107% G, (~0.16 nS), respectively. The -V characteris-
tics and Fowler—Nordheim plots of DPP are further analyzed in
Figures S49 and S50 (Supporting Information).

Analogous to the mechanically controlled switching between
wing-opening and wing-closing conformations observed in DPA,
DPP also exhibits a higher conductance state associated with
thiomethylphenyl z—r stacking (S1-DPP) and a lower conduc-
tance state involving ¢-BuPy z—r stacking (S2-DPP), as demon-
strated by the theoretical potential energy surface calculations
(Figure S51, Supporting Information). These stacking behaviors
are corroborated by MPSH and transmission eigenstate analyses
(Figures S52 and S53, Supporting Information). The molecular
conductance of both S1-DPP and S2-DPP is reduced compared to
their DPA counterparts. Notably, the HOMO distribution of DPP
is significantly more localized on the borapentacene region than
that of the boraacene region in DPA (Figure S54, Supporting In-
formation), which suggests a higher involvement of orthogonal
7 electrons in borapentacene during charge transport, therefore
accounting for the conductance decline. Flicker noise analysis
(Figure 5D, inset; Figure S55, Supporting Information) supports
this observation, revealing a more through-bond transport for S1-
DPP (N = 1.8) compared to S1-DPA (N = 1.9).34
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Figure 5. Single-molecule electrical measurements and theoretical analyses of DPP. a) Schematic diagram of borapentacene coordinated with pyridine
to form DPP structures. b) 2D conductance-displacement histograms of DPP obtained from STM-B) measurements, with a color bar indicating the
number of counts. A typical single trace of DPP, displaying two distinct conductance states, is highlighted. The inset shows 2D histograms of normalized
noise power versus average conductance for the higher conductance state (S1) of DPP. ¢) 1D conductance histograms of DPP junctions, with an inset
presenting the normalized plateau-length distributions measured within respective ranges. d) Theoretical transmission pathways of p-HOMOs in S1-
DPA and S1-DPP and junctions, with the color bar indicating forward (blue) and backward (red) transmission. Dashed outlines highlight the boraacene
and borapentacene regions, which contribute to constructive and destructive quantum interference, respectively. e) Transmission spectra of S1-DPP
and S2-DPP, with triangles marking the transmission peaks corresponding to p-HOMOs and p-LUMOs. f) Typical conductance-time trace of DPP
under square-wave oscillations, with S1 and S2 states indicated by different colors. The inset depicts a schematic of DPP undergoing stretching and

compression, leading to bistable state switching.

In addition to the orthogonal z-electron localization, the cal-
culated transmission spectra reveal that the reduced conduc-
tance in both states of DPP is also due to destructive quantum
interference (DQI), which lowers the transmission probability
near the Fermi level (Figure Se; Figure S56, Supporting Infor-
mation). DQI occurs when electron tunneling through discrete
molecular orbitals results in out-of-phase wavefunction superpo-
sition, leading to diminished conductance.?>#¢] The origins of
DQI in DPP junctions are further understood by transmission
pathway analysis of p-HOMOs, as shown in Figure 5d.144%] In
the p-HOMO transmission pathways of S1-DPA, the boraacene
region is less involved in charge transport. In contrast, the bo-
rapentacene region of S1-DPP exhibits strong backward trans-
mission, which contributes to DQI and hinders charge trans-
port efficiency.¥’*] The transmission pathways of both the p-
HOMO and p-LUMO in S2-DPP corroborate this pattern (Figures
S57 and S58, Supporting Information). These findings highlight
the versatility of B« N-coordinated molecules in enabling quan-
tum effects through modulation of the central boron-containing
acenes.

DPP can also be used to fabricate mechanically controlled
reversible molecular switches. Under a 20 Hz square-wave os-
cillation, the typical single trace of DPP exhibits conductance
switching between 5.0 x 107> G, (~3.9 nS) and ~3.2 x 107°
G, (=0.25 nS) (Figure 5f). The corresponding 2D G- histograms
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for the square-wave oscillation are exhibited in Figure S59 (Sup-
porting Information). The observed switching behavior high-
lights the stability and versatility of dynamically regulated B«N
stereostructures, thereby supporting their potential for adaptive
molecular device applications.

3. Conclusion

We propose a general strategy for multiunit molecular de-
sign via B«N coordination and achieve dynamic regulation of
the butterfly-shaped stereostructures. By combining STM-BJ ex-
periments and first-principles calculations, through-space and
through-bond transport mechanisms under different conforma-
tions are demonstrated with single-molecule precision. Mechan-
ical control facilitates robust single-molecule switching with
on/off ratios exceeding 100. Moreover, external electric fields and
substituent effects further tune the electronic characteristics and
transport efficiency of the B« N stereostructures. Expanding the
acene core and interacting z-electron clouds introduces quantum
interference effects, which alter transport pathways and enhance
molecular functional versatility. These findings underscore the
significance of dynamic regulation of multiunit B« N molecules
in achieving tailored molecular properties, which exhibit robust
and multimodal responses to external stimuli, paving the way
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for advanced applications in molecular electronics and smart
materials.

4. Experimental Section

Materials and Characterization: The gold substrates utilized in the
STM-BJ experiments were prepared using a magnetron sputtering system.
Silicon wafers with SiO, surfaces were first coated with a 10 nm chromium
layer to enhance contact quality, followed by the deposition of a 200 nm
gold layer. The STM gold tips were fabricated from 99.99% pure gold wires
(0.25 mm in diameter, purchased from ZhongNuo Advanced Materials,
Beijing) through electrochemical etching at an applied voltage of 1.2 V. All
solvents, obtained from Shanghai Aladdin Biochemical Technology Co.,
Ltd., were used as received without further purification.

STM-BJ Measurement: The STM-B) technique measures the electri-
cal conductance of single molecules by repeatedly forming and breaking
Au-molecule-Au junctions with a stepper motor and piezoelectric stack.
The process began with bringing a sharp STM tip and the gold elec-
trode into proximity with a molecule at room temperature and atmo-
spheric pressure. As the electrode was retracted, the gold junction nar-
rowed, and the molecule stretched, forming an anchor-to-anchor molec-
ular junction before breakage. Conductance was recorded as a function
of tip displacement just prior to junction rupture. Thousands of individ-
ual traces containing molecular conductance data were collected to con-
struct 2D conductance-displacement histograms, which were further an-
alyzed to extract 1D conductance histograms and plateau lengths. The
data collected during the tip’s approach to the substrate plays a criti-
cal role in subsequent analyses. The data analyses were conducted us-
ing the open-source software available at https://github.com/Pilab-XMU/
XMe_DataAnalysis.[°%] All experiments were performed at room tempera-
ture using the Xtech STM-B| instrument developed by Professor Wenjing
Hong's research group at Xiamen University.

|-t and I-V Measurements:  As the STM tip approached the molecular
junction, its motion was halted once a stable conductance plateau was es-
tablished within a predefined range, ensuring junction stability. With the
bias voltage held constant, /-t data were collected in this “hovering” state
to monitor conductance as a function of time. The /-t data were then con-
verted to G—t data for further analyses. To analyze flicker noise, power spec-
tral densities were calculated by squaring the discrete Fourier transform of
conductance traces recorded during the break-junction process. The spec-
tra were integrated over 100-1000 Hz and normalized by the square of the
average conductance. This allowed the construction of a 2D histogram
plotting normalized noise power versus average conductance, enabling
comparison of noise characteristics across different transport regimes.

Once the molecular junction stabilized, a square wave voltage signal
was applied to the piezoelectric actuator between the STM tip and sub-
strate. This oscillation alternated between high and low voltage states, in-
ducing periodic stretching and retraction of the molecular junction. During
these oscillations, the junction’s conductance was continuously recorded
over time, facilitating the generation of 2D conductance-time histograms.

In the stabilized hovering state, -V measurements were performed
by applying a bias voltage between the tip and substrate, sweeping from
—1.0 to 1.0 V in increments of 0.5 mV. This voltage sweep enabled a de-
tailed current-voltage analysis of the molecular junction’s electronic prop-
erties, represented as 2D current-voltage histograms. The |-V data were
further analyzed to derive Fowler-Nordheim (FN) tunneling plots, provid-
ing deeper insights into the electronic transport behavior of the molecular
junction.

Theoretical Calculations: DFT calculations were performed using the
Gaussian 16 package to optimize the geometric structures of all target
molecules. The B3LYP hybrid functional with a 6-31G(d) basis set was
employed, incorporating dispersion corrections at the GD3(B)) level.l>152]
Relaxed coordinate scan and binding energies were calculated with the
same precision. Orbital visualization and analysis were conducted us-
ing GaussView, while graphics were generated using Multiwfn and VMD
software.l>3 SAPT calculations were performed using PSI-4 software, as
detailed in the Supporting Information.[4?]
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Charge transport properties of the molecular junctions were investi-
gated within the DFT-based non-equilibrium Green’s function (NEGF-
DFT) formalism, implemented in QuantumATK.[#] The interfacial confor-
mation between molecules and gold electrodes was optimized using the
L-BFGS algorithm. NEGF-DFT calculations employed FHI pseudopoten-
tials and a double-zeta polarized atomic orbital basis set, with exchange-
correlation effects treated at the GGA-PBE level. Self-consistency was
achieved when Hamiltonian and density matrix elements converged be-
low 107> atomic units. Transmission spectra were computed with a 15 X
15 k-point sampling. Molecular energy spectra, molecular projected self-
consistent Hamiltonian (MPSH) spectra, transmission eigenstates, and
transport pathways near the gold Fermi level were analyzed to elucidate
dominant charge transport channels.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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