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ABSTRACT: Chirality, a fundamental attribute of nature,
significantly influences a wide range of phenomena related to
physical properties, chemical reactions, biological pharmacology,
and so on. As a pivotal aspect of chirality research, chirality
recognition contributes to the synthesis of complex chiral products
from simple chiral compounds and exhibits intricate interplay
between chiral materials. However, macroscopic detection
technologies cannot unveil the dynamic process and intrinsic
mechanisms of single-molecule chirality recognition. Herein, we
present a single-molecule detection platform based on graphene-
molecule-graphene single-molecule junctions to measure the
chirality recognition involving interactions between amines and chiral alcohols. This approach leads to the realization of in situ
and real-time direct observation of chirality recognition at the single-molecule level, demonstrating that chiral alcohols exhibit
compelling potential to induce the formation of the corresponding chiral configuration of molecules. The amalgamation of
theoretical analyses with experimental findings reveals a synergistic action between electrostatic interactions and steric hindrance
effects in the chirality recognition process, thus substantiating the microscopic mechanism governing the chiral structure—activity
relationship. These studies open up a pathway for exploring novel chiral phenomena from the fundamental limits of chemistry, such
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as chiral origin and chiral amplification, and offer important insights into the precise synthesis of chiral materials.

Bl INTRODUCTION

Chirality has garnered substantial attention owing to its
intrinsic properties’ and special reactions.” ® In pursuit of
introducing chirality into chemical reactions, several strategies
have been proposed: (i) introduction of chiral substrates”* and
asymmetric catalysts;’ ' (i) introduction of the external
chiral electromagnetic field;'”"* and (iii) introduction of chiral
auxiliaries,"> which refer to chiral molecules that are
temporarily added to control the stereochemical results of
synthesis.'”"” The introduction of a chiral auxiliary is a
powerful method for transferring chirality from pre-existing
chiral molecules to target molecules. The process often occurs
along with chirality recognition in the presence of specific ionic
pairs, hydrogen bonding pairs, metal coordination pairs, or
covalent bondings.'® However, the monitoring of the chirality
process is often limited to macroscopic tests such as circular
dichroism (CD) spectroscopy,'” and the internal mechanisms
of this process are difficult to observe owing to the ensemble-
averaging effect. Because the single-molecule detection plat-
form can considerably exclude the effects of ensemble
averaging, it is possible to clarify the microscopic underlying
mechanisms of the chirality recognition process by observing
the full details at the single-molecule level.

© 2024 American Chemical Society

WACS Publications 17765

In this study, in situ and real-time observations of chirality
recognition were achieved using a single-molecule platform
based on graphene-molecule graphene single-molecule junc-
tions (GMG-SMJs). Both theoretical analysis and experimental
evidence have consistently proved the synergistic action
between the dipole interaction and the steric hindrance effect
in chirality recognition. This synergy promotes strong
interactions between molecules of identical chirality involving
chiral alcohols and chiral tertiary amines at the single-molecule
level, which further modulates the chirality recognition
process. This work visualizes the detailed molecular-level
process of chirality fixation and recognition, which aids in
designing efficient chiral catalysts and novel nanomaterials as

well as elucidating the origin of chirality.
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Figure 1. Structure and characterization of single-molecule devices. (A) Schematic diagram of an HON-based single-molecule device with ethanol
adducted. The insets show different experimental conditions (alcohol type, deuterated conditions, and polarized light). (B) Electrical properties of
a single-molecule device rejoined by HON at 300 K, showing the current—voltage (I-V) curves before (black) and after reconnection (green and
orange colors represent HON before and after alcohol addition, respectively). The insets denote the structure of HON and an enlarged I-V curve.
(C) Reproducible IETSs for the same HON-based single-molecule device measured five times at 2 K. The lock-in second-harmonic technique is
adopted at an alternative current amplitude of 10.6 mV and a frequency of 661 Hz. The infrared and Raman spectra of HON (including the amide
bonds) are calculated as well. The peaks assigned to specific vibrational modes are marked in the IETSs (V = hw/e). The peaks of S(N—H) (~75
mV), v(C—0) (~140 mV), v(C=C) (phenanthrene) (~184 mV), v(C=C) (benzene) (~202 mV), v(C—H)(Al) (~369 mV) (for — CH, and —
CHj,), and v(C—H)(Ar) (~405 mV) (for —CH, and —CHj) should be assigned to the molecular bridge. The peaks of ¥(C=0) at ~224 mV and

v(N—H) at ~438 mV should be ascribed to the amide bond, respectively.

B RESULTS AND DISCUSSION

Preparation and Characterization of HON-based
GMG-SMJs. To elucidate the intricate process of single-
molecule chirality recognition, a target system composed of
chiral tertiary amines and chiral alcohols was chosen. The
inherent flexibility characteristic of chiral flipping within
tertiary amines facilitates the chirality recognition process.
First, a verification process was conducted to confirm the
molecular-level interaction between alcohols and tertiary
amines based on a phenomenon termed “chirality fixation”.
To facilitate this investigation, a single-molecule device (Figure
1A) was fabricated via a methodology outlined in a previous
protocol.””*" Briefly, graphene, which was grown by using
chemical vapor deposition, was transferred to a silicon wafer,
and it was then used to obtain a graphene-based field-effect
transistor via continuous lithography and thermal evaporation.
The dihydrodibenzo[a,c]phenazine-based molecule (abbrevi-
ated as HON) is a unique tertiary amine molecule with amino
terminations, which was designed and synthesized for this
study (inset of Figure 1B and Scheme S1).”*™>* The tertiary
amine HON was effectively linked to the prepared graphene
electrode through an amide reaction. Comprehensive details of
molecular synthesis (Schemes S1 and S2 and Figures S39—
S51) and the fabrication of the single-molecule device (Figures
S1 and S2) can be found in the Supporting Information. To
gauge the success of this connection between HON and
graphene electrodes as well as the consequent formation of a
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closed-loop structure, a comprehensive assessment of the
electrical properties, particularly the current—voltage (I-V)
characteristics of the device at different stages, was conducted.
The results (Figures 1B and S3) indicated the establishment of
a closed-loop structure. The results of the binomial distribution
analysis (Chapter S of the Supporting Information) showed
that approximately 35% of these devices exhibited successful
reconnections, and the proportion of single-molecule-connect-
ing devices to the overall reconnected devices was ~83%. To
provide further validation for the successful single-molecule
connection, an optical demonstration® (Figure S4) and
inelastic electron tunneling spectroscopies (IETSs) (Figure
1C) were conducted on HON-rejoined single-molecule
devices. The results of these tests again confirmed the
formation of a single-molecule connection.

Real-Time Measurement Before Chirality Fixation. A
comprehensive investigation involving temperature-dependent
and bias voltage-dependent tests was conducted on HON-
based single-molecule devices (Figures S6—S11). The testing
results indicated dominant transitions between the two
electrical conductance states. With an increase in both the
temperature and bias voltage, the frequency of these transitions
increased. To specify the origin of these conductance states, a
control molecule devoid of the phenazine center was
synthesized and integrated into the graphene electrodes
(Figure S12). Electrical tests conducted on the control
single-molecule device, under the same conditions, consistently
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Figure 2. Proposed mechanism for the fixation process in HON-based

single-molecule devices. (A) Proposed mechanism for HON-based single-

molecule devices before fixation in which HR and HS denote different flipping configurations of HON. (B) Current—time (I—t) curves of HON-
based single-molecule devices before fixation at 295 K with a bias voltage of 100 mV in the absence of alcohol. (C) Transmission spectra of two
chiral states, enlarged I—t curves, and corresponding histogram of HON-based single-molecule devices before fixation at 295 K with a bias voltage
of 100 mV; the blue inset denotes an enlarged histogram. (D) Proposed mechanism for HON-based single-molecule devices after fixation, in which
HR and HS denote different flipping configurations of HON, while HROH and HSOH denote the corresponding ethanol adducts of HR and HS.
(E) I—t curves of HON-based single-molecule devices after fixation at 295 K with a bias voltage of 100 mV in the presence of alcohol. (F)
Transmission spectra of four chiral states, enlarged I—t curves, and corresponding histogram of HON-based single-molecule devices after fixation at
295 K with a bias voltage of 100 mV; the blue inset denotes an enlarged histogram.

exhibited the single conductance state (Figures S13 and S14),
underscoring that the difference in the electrical conductance
states within HON-based single-molecule devices can be
predominantly attributed to the presence of the phenazine
center, specifically the flexible tertiary amine center. Here, the
HON molecule was connected to the single-molecule device,
and the effect of input bias caused a potential drop along the
molecular junction,”® leading to the broken molecular
symmetry. Thus, the stochastic switching between the
electrical conductance states can be attributed to transitions
between two chiral flipping states of HON (termed HR and
HS) (Figure 2A). Furthermore, the transmission spectra
(Figure 2C) of these two distinct chiral states were in good
agreement with the conductance values in the test (Figure 2B).
Although the perturbed highest occupied molecular orbital (p-
HOMO) of HS is farther from the Fermi level of graphene in
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Figure 2C, it has a larger peak value, thus leading to a higher
conductance. It should be mentioned that the two sides of the
HON were connected to the fixed graphene electrodes through
molecular engineering (due to the static device structure),
which produced restricted chiral states in single-molecule
junctions. The restriction magnified the influence of different
chiral states on the transport structure (Figure S5), resulting in
molecular chirality being effectively distinguished by con-
ductance measurements. We also calculated the dipole
moments of the molecular bridges with different chiral states
used for the transmission calculation (Figure S5). The results
indicated that the different chiral states caused by flipping were
not completely symmetrical, whlch affects the transport. This is
different from a previous work,® where the chiral center was far
away from the main chain and we introduced a magnetic
electrode to generate spin currents to distinguish molecules
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Figure 3. Mechanism validation for the fixation process in HON-based single-molecule devices. (A) I—t curves, corresponding enlarged curves, and
histograms at 295, 300, 305, 310, and 315 K with an applied voltage of 100 mV, respectively. (B) Reaction degree of two processes (purple for HR
to HROH and orange for HR to HS) with different types of alcohols. (C) Reaction degree of two processes (purple for HR to HROH and orange
for HR to HS) with different ratios of deuterated ethanol/ethanol. (D) Regulations of different irradiation conditions (dark, nonpolarized UV, and
CPLs) on the chiral transformation. R and L denote R-CPL and L-CPL, respectively. (E) Plots of the thermodynamic parameters (HR to HROH)
based on the Van’t Hoff equation fitting. (F) Theoretical potential energy surface calculations of the whole procedure of HON-based GMG-SMJs.
Error bars in all figures were calculated from data obtained from three devices.

with different chiralities. In addition, it is observed that at
lower electric fields and temperatures the low conductivity
state predominates. With the increase of energy (electric field
and temperature), the high conductivity state gradually appears
(Figures S6—S11). This suggests that the higher conductance
state represents the structure with a higher energy, which is
consistent with the energy calculations of the predicted
conductance states in the potential energy surface below
(Figure 3F) (HS > HR). Therefore, the high and low
conductance states should be ascribed to HS and HR,
respectively.

Real-Time Measurement after Chirality Fixation. To
explore the chirality recognition process at the single-molecule
level, we needed to find a compound that could interact with
the prepared chiral single-molecule device. The amination
process of alcohols was chosen to construct a fixed chiral
single-molecule device. To achieve this, a liquid tank filled with
ethanol was added to the prepared HON single-molecule
device. I-V curves before and after the addition of alcohol
showed a notable increase in the conductance state types
(Figures 1B and S3). Note that the addition of alcohol
decreased the overall device conductance, as confirmed by
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control experiments using graphene transistors (Figure S15).
The devices switched from their initial two-state oscillation
behavior to a more complex process involving chirality fixation
and recognition between four distinct conductance states
(Figures 2E, 2F, and S16). Owing to the possible nucleophilic
interactions between alcohols and amines, the two newly
generated conductance states could potentially correspond to
adducts formed by the alcohol and amine, which are renamed
based on their structures as follows: HR, HROH, HS, and
HSOH (Figure 2D). The transmission spectra of these four
distinct states were in good accordance with the conductance
values in the test (Figure 2F left). In Figure 2F, p-HOMOs are
closer to the graphene Fermi level, which means that p-
HOMOs dominate transport in this condition. The p-HOMO
of HROH is more proximate to the graphene Fermi level than
that of HR, and thus the conductance of HROH is higher than
that of HR. Similarly, the conductance of HSOH is higher than
that of HS. Although p-HOMOs of HS and HSOH are farther
from the Fermi level of graphene than those of HR and
HROH, they have larger peak values, thus leading to higher
states. Therefore, the conductance of HS and HSOH is higher
than that of HR and HROH. In addition, the high reversibility
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Figure 4. Chirality recognition in HON-based single-molecule devices. (A) I—t curves (T = 295 K, V = 100 mV), enlarged curves, and
corresponding histograms of an HON-based single-molecule device with different ratios of S-BuOH to R-BuOH (0, 25, 50, 75, and 100%). (B)
Single-molecule enantiomeric ratio (SM-er, HS/HR) for chirality recognition with different ratios of S-BuOH to R-BuOH. (C) Electrical effect of
chirality recognition in HON-based single-molecule devices. The positive end of R-BuOH is far from the positive end of HR, indicating a low
electrical repulsion. (D) Hindrance effect of chirality recognition in HON-based single-molecule devices. The hindrance between methyl and
phenyl in R-BuOH and HR is less than that between ethyl and phenyl in S-BuOH and HR.

observed in the electrical tests (from HR to HROH or from
HS to HSOH) can be attributed to the weak reactivity of this
process, as demonstrated by macroscopic experiments.”’
Next, temperature-dependent (Figures 3A, S17 and S18)
and bias voltage-dependent experiments (Figures S19—S21)
were conducted on the fixed single-molecule devices.
According to the changes in conductance ratios of different
molecular states with different bias voltages, the attributions of
these conductance states under different bias voltages were
further confirmed (Figure S22). At low bias voltages, the
device predominantly displayed two conductance states: one
chiral state (HR) and its corresponding ethanol adduct state
(HROH). By increasing the bias voltage, another chiral state
(HS) emerged, and it was accompanied by its ethanol adduct
state (HSOH), ultimately leading to the emergence of all four
conductance states. Furthermore, with the increase in both
temperature (Figure $23) and bias voltage (Figure S24), the
extent and rate of the overall reaction (amination of alcohols
and chiral flipping) were progressively intensified. The
thermodynamic parameter of the reaction between tertiary
amines and alcohols (Figure 3E) was calculated according to
previous studies,”® and the result is in good accordance with
that of the simulated potential energy surfaces (Figure 3F).
The lifetime () of each species was determined via single-
exponential fitting of time intervals in idealized I—t curves
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(Figure S25) using QuB software. The determined lifetime was
then employed to calculate the conversion rate constant from
HR to HROH (k = 1/7). The equilibrium constant (K) of the
transition from HR to HROH was determined based on the
ratio of peak areas obtained from Gaussian fitting of the I—t
statistical histograms at five temperatures (295, 300, 305, 310,
and 315 K). The Van’t Hoff equation was then used to derive
the corresponding thermodynamic parameters (AH = 4.163 +
0.080 kcal/mol, AS = 8.464 + 0.260 cal/(mol-K), and AG =
1.624 + 0.157 kcal/mol) of the HR—HROH transition.
Chirality Fixation Mechanism Verification. To further
validate the proposed mechanism, a series of dependent
experiments (alcohol type-dependent, isotope-dependent, and
polarized light-dependent experiments) were conducted,
targeting the critical sites involved in the reaction mechanism.
In this hypothesized mechanism, alcohol substituents might
exert an influence on the reaction. Therefore, tests were
performed using different alcohols with distinct substituents
(MeOH, EtOH, n-PrOH, and i-PrOH) under uniform
conditions (295 K, 0.1 V) (Figures S26—S28). The slowest
reaction rate and the smallest reaction degree with HON were
obtained using the alcohol with the highest steric hindrance,
i.e., i-PrOH, whereas the highest values were obtained using
the alcohol with the lowest steric hindrance, i.e., MeOH. The
results of these tests indicated that alcohols with different steric
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hindrances notably impact the transition from HR to HROH
(Figure 3B), which unequivocally confirmed that there is some
interaction between alcohols and HON molecules to some
extent. With the increase in steric hindrance, the extent of
reaction (HR to HROH) decreased. To clarify the possibility
of hydrogen-bond interactions in the process, an isotope
experiment was also conducted under uniform conditions (295
K, 0.1 V) (Figures S29—S31). In these experiments, a mixed
solution of ethanol and deuterated ethanol was introduced by
systematically changing the concentration of deuterated
ethanol to perform the dependence test. The degree of
reaction between ethanol and HON increased with the
augmentation of the deuterated ethanol ratio (Figure 3C).
Deuteration of ethanol in the adduct can considerably improve
its stability. In addition, circularly polarized light (CPL)-
dependent tests (Figure $32) were conducted on a fixed single-
molecule device (Figures $33—S35). CPL can affect the chiral
materials® and regulate the chiral reaction.’® In these tests, a
circular polarizer is used in conjunction with an ultraviolet light
source (368 nm) to obtain CPL, which can excite the VIE
process of HON.** The vibrational relaxation process occurs in
excited states to obtain different vibrational ground states of
HON. The HR ratio increased under right-handed CPL (R-
CPL), whereas using left-handed CPL (L-CPL) increased the
HS ratio (Figure 3D). At the same time, it was found that
nonpolarized UV can promote the transition from HR to HS
slightly. The effective CPL modulation of the transition
process between chiral states (from HR to HS) proved that
changes in chirality occur during this process, confirming the
feasibility of the hypothesized mechanism.

Chirality Recognition on HON-based GMG-SMJs.
Chirality recognition is an essential chiral phenomenon that
represents the information transfer process between chiral
materials, allowing a deep understanding and manipulation of
chirality. Herein, the chirality recognition process between
HON and added alcohol was studied. Having established that
alcohols can effectively interact with HON molecules at the
single-molecule level, a mixed alcohol solution comprising (R)-
2-butanol (R-BuOH) and (S)-2-butanol (S-BuOH) was used
to react with HON (Figures 44, S36, and S37). Experimental
results showed that alcohols with different chiralities could
regulate the HON chiral properties differently (Figure 4B).
HS/HR (denoted as a single-molecule enantiomeric ratio, SM-
er) is the chirality status of a HON. For example, R-BuOH
selectively promoted a HON to exhibit an R configuration and
decreased SM-er, indicating that the interaction between R-
BuOH and R-chiral HON (HR) is higher than that between R-
BuOH and S-chiral HON (HS). Similarly, S-BuOH interacted
more favorably with S-chiral HON (HS), inducing an increase
of the S-chiral HON and uplifting SM-er. Thus, this
phenomenon confirms the chirality recognition process
between chiral alcohols and chiral tertiary amine molecules
at the single-molecule level.

Based on these results and the theoretical calculations of the
molecular structures, a mechanism of chirality recognition was
proposed. The dipole moments of different chiral HON (HR
and HS) and different chiral alcohols (R-BuOH and S-BuOH)
were simulated, and their dipole—dipole interactions were
separately calculated (Figure S38 and Table S1). The dipole—
dipole interaction between HR and R-BuOH was approx-
imately three times higher than that between HR and S-BuOH.
The electrostatic potential diagrams, which were aligned along
the reaction directions of HON and alcohol, indicated that the
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distance of the positive region between R-BuOH and HR is
longer than that between S-BuOH and HR, and the first pair
exhibited a smaller electrostatic repulsion (Figure 4C and
Chapter 19 in the Supporting Information). These calculations
demonstrated that molecules with identical chiralities are likely
to interact with each other. Furthermore, the refined molecular
structure modeling and comprehensive evaluation of spatial
positional distributions proved that the binding hindrance
between molecules sharing the same chirality is notably
smaller. As depicted in Figure 4D, the hindrance between
HR and R-BuOH was less than that between HR and S-BuOH,
which can be attributed to the difference in the hindrance
between the methyl or ethyl and benzene ring. These
experimental phenomena and theoretical proof provide a
profound understanding of the synergistic action between
electrostatic interactions and steric hindrance during the
intricate process of chirality recognition. This provides a
deep understanding of the microscopic mechanism of chirality
recognition, allowing effective use of the chirality recognition
process to produce efficient chiral drugs.

B CONCLUSIONS

Herein, in situ monitoring of chirality fixation and recognition
on a single-molecule detection platform was successfully
achieved. This real-time chirality fixation process, observed at
the single-molecule level, establishes a robust experimental
foundation for chirality recognition investigations. Systematic
chirality recognition experiments demonstrated that chiral
alcohols tend to interact with HON of the same chirality.
These experimental findings and theoretical analyses clearly
unveiled the intrinsic mechanism that the synergistic action
between electrostatic interactions and steric hindrance occurs
during the intricate chirality recognition process. The
observation and mechanistic elucidation of chirality recog-
nition at the single-molecule level enrich the understanding of
this process and open a new avenue for generating chirality and
synthesizing chiral compounds. Collectively, these findings
contribute to a deeper understanding of chiral phenomena and
provide practical prospects for the generation and utilization of
chirality, driving innovation and advancement in chemistry,
biology, and materials science.
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