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Stereochemistry has an essential role in organic synthesis, biological
catalysis and physical processes. In situ chirality identification and

asymmetric synthesis are non-trivial tasks, especially for single-molecule
systems. However, going beyond the chiral characterization of alarge
number of molecules (whichinevitably leads to ensemble averaging)

is crucial for elucidating the different properties induced by the chiral
nature of the molecules. Here we report direct monitoring of chirality
variations during a Michael addition followed by proton transfer and
keto-enol tautomerismin asingle molecule. Taking advantage of the
chirality-induced spin selectivity effect, continuous current measurements
through a single-molecule junction revealed in situ chirality variations
during the reaction. Chirality identification at a high sensitivity level
provides a promising tool for the study of symmetry-breaking reactions
and sheds light on the origin of the chirality-induced spin selectivity

effectitself.

Molecular chirality is well known for its key role in various chemical’,
physical’ and especially life processes’. The sensitive detection*’ of
the chirality of (bio)molecules is thus of great interest to the field of
drug development because of itsimportance in molecular recognition
and function®°. Furthermore, such sensitive detection canlead to the
recognition of asymmetric catalytic products, intermediates and even
transition states, thus enhancing our understanding of stereoselective
and chiral symmetry-breaking reactions.

Molecular chirality can be detected sensitively via polarized light
or spin current, with animportant example of spin current being the

chirality-induced spin selectivity (CISS) effect' "', whereby enantio-

mers provide different electrostatic potential barriers for the same
spin carriers. Therefore, when electrons move through a chiral mol-
ecule, their transportis spin dependent: the preferred spin orientation
is determined by the interplay between the chirality of the molecule
and the direction of carrier motion. The CISS effect is expected to
be applied to memristors”, non-dissipative transmission’, chirality
detection®and more'>'*", Although various theoretical models of CISS
havebeen put forward'®"”, in practice, chiral molecules show several
orders of magnitude more spin filtering than would theoretically be
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Fig.1|Monitoring of the Michael reaction ina molecular junctionsetup.

a, The Michael addition and subsequent proton transfer and keto—enol
tautomerism. b, Schematic of our single-molecule spin valve device for
identification of the chirality in the Michael addition. Cr (8 nm)/Au (60 nm) and

(+)
N\

AlL,O, (6 A)/Ni (80 nm) electrodes (with the latter serving as the ferromagnetic
electrode) are coupled via graphene flakes to the chiral moiety. The entire
junctionis placed in the reaction chamber, such that the electric current is
measured as the reactions take place.

expected, leading to the general agreement that the origin of the CISS
effect is largely unknown'®**, It is thus expected that the real-time
monitoring of chirality variations during chemical reactions via the
CISS effect could not only improve our understanding of how chiral
symmetry breaking takes place but also shed light on the physical
origin of the CISS effect.

Onefeasible route to achieving this goalis to use single-molecule
junctions (that is, single molecules trapped between two elec-
trodes)®. Such single-molecule electrical measurements have ena-
bled the detection of various effects (such as Coulomb blockade?,
quantum interference”, superconductivity®®, spin selectivity” and
other physical properties***°), the detection of chemical/biologi-
cal species® and other device functionalization®. The deciphering
of reaction pathways (not only the species)*>** and electron-** or
electric field-induced® catalysis mechanisms shows the ability of
single-molecule transport measurements to reliably elucidate the
dynamics at the single-molecule level, beyond the ensemble aver-
age’. Inthis Article, we push forward these abilities (including direct
observation of addition mechanisms via reaction trajectories, and
precise regulation of the energy profile by an electric field) and then
demonstrate in situ detection of the formation of a chiral molecular
moiety through a symmetry-breaking reaction.

Results and discussion

Electrical monitoring of the Michael addition

A classic example of a chiral symmetry-breaking reactionis the Michael
addition of 1,3-dicarbonyl compounds to maleimide®**. The attack of a
base-activated carbaniongenerates a chiral centre in the maleimide and
is followed by hydrogen transfer and keto-enol tautomerization—two
important processes in organic synthesis and biology (Fig. 1a). Deci-
phering this mechanism, clarifying the rate-determining step (RDS)
andidentifying and resolving chirality are essential steps to optimizing
the reaction yield and efficiency. To monitor such a reactionin situ,
we developed a hybrid single-molecule junction setup that includes
metal-graphene-molecule molecular nanocircuits with a particular
magnetized ferromagnetic electrode (see schematicin Fig. 1b).

We prepared Ni/Al,O,/graphene/single molecule/graphene/Cr/Au
devices (Fig. 1b) by evaporating Ni and Au electrodes onto graphene
field-effect transistors. The detailed procedure for the preparation
of the graphene field-effect transistor and single-molecule device
is provided in Supplementary Figs. 1-3. Successful spin injection
and transport (up to temperatures of 200 K) from the Ni electrode
to graphene was verified using magnetoresistance measurements
betweentwo Nielectrodesinagraphene spin valve (see Supplementary
Figs. 4-6). The response of drain currents (/) versus source-drain
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Fig.2| Complete description of the Michael addition on aroutine Au/Cr/
graphene/single molecule/graphene/Cr/Au device. a, Main left, /-t curve of
maleimide at 0.3 V, before the reaction took place. Main middle, recorded /-¢
curveat 0.3 Vafter adding ethyl acetoacetate and base solution, showing current
fluctuations corresponding to different reaction states. Main right, magnification
ofthe shaded area of the middle curve (at-3.5 s). Far right, current histogram of

EEF strength (vnm™)

the10 s measurements. b, Calculated /-V curves of the four assigned species,
showing agood match with the observed current histogram. ¢, Potential energy
surface of the Michael addition and subsequent processesat 0 Vnm™.d, Top,
reaction rates versus bias voltage, extracted from the transport data. Bottom,
regulation of the reaction by the applied external electric field (EEF)—theoretical
calculation. PS, product state; RS, reactant state; TS, transition state.

voltage (V) (/-V curves) demonstrates the successful connection of
the molecular bridge (Supplementary Fig. 7). Under optimal condi-
tions, the connection yield reached approximately 22%: 16 out of the
72 devices onthe samesilicon chip showed the /-Vresponse. The differ-
encein currents among single-molecule junctions originates fromthe
different couplings between electrodes and molecules at the atomic
scale. Statistical analysis in the Supplementary Information (section
‘Single-molecule connection analysis’) shows that the current response
has a probability of resulting from only one molecular connection
between the Ni and Au electrodes of around 90%. The connection of
the target maleimide-functional molecular bridge can be character-
ized by the inelastic electron tunnelling spectrum (IETS) (Supple-
mentary Fig. 8a). Both stochastic optical reconstruction microscopy
and a high-resolution photoelectrical integration system previously
provided direct characterization of the one-maleimide connection’®.

For complete transport-based monitoring of the reaction, we
conducted current measurements over time (/~t measurements) ata
constantbiasvoltage (setat 0.3 V). To define areference, we started by
measuringthe current through a single maleimide (the reactant state
(state 1), supported by the IETS in Supplementary Fig. 8a), which was
foundtobe-158 nA. After addition of the reactant (ethyl acetoacetate;
1pM)andbase (ethanol sodium ethoxide; 1 pM) in ethanol, four distinct
current levels were observed, which can be seen in Fig. 2a (most notably
in the right panel, which is a close-up view of the shaded area in the

centre panel). The reactant state can be identified by comparing the
I-t curve with that of the bare maleimide. The control experiment of
the system without ethyl acetoacetate showed only one current level
with1/fnoise (SupplementaryFig.9), which supports that the discrete
current changes (regarded asrandom telegraph signals) originate from
chemical reaction (Supplementary Fig. 10). The three other states of
thereactionresolved by the /-¢plots canbe identified as follows. State 2
is attributed to the product state of the Michael addition (implied by
the time sequence relationship and the variation of the ratio between
states 1and 2 in reactant concentration-dependent measurements;
see Supplementary Fig. 11). State 3 corresponds to the charge-neutral
product state (H-PS) of the Michael addition, which can be inferred
by the fact that it always follows state 2, further corroborated by the
fact that replacing the reactant and base solution with pure ethanol
showed a stable state 3. More evidence for this assignment of state 3
results from the IETS analysis (Supplementary Fig. 8b). Finally, state 4
is the state at the highest current level, higher amounts of which are
seen in a lower-polarity solvent (see Supplementary Figs. 12 and 13).
Solvent-dependent measurements indicate that state 4 is the enol form
of H-PS (state 3 is the keto form), showing the reversible keto-enol
tautomerism.

InFig.2a (right), we plot the current distributions of the four reac-
tion states described above (note that the contribution of state 1is very
low). Figure 2b provides the calculated /-V curves for the four species.
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The maxima of the distributions agree well with the theoretical calcu-
lations of the currents through states 1-4 (Fig. 2b and Supplementary
Figs.14-16), further corroborating the assignment of the different /-¢
signals to the different steps of the reaction. This clearly demonstrates
the capability of our setup to monitor the reaction pathsin detail and
inreal time.

Using a quantitative analysis of the reaction trajectories (time
sequences; Supplementary Figs. 17-19), we derived the kinetic and
thermodynamic parameters of the above process and found the
proton transfer step to be the RDS. Furthermore, the RDS can be
changed by increasing the voltage bias (independent of bias direc-
tion), thus allowing the manipulation of chemical reactions in the
single-molecule device (Supplementary Figs. 20 and 21and Fig. 2c,d).
The experiment-derived reaction rates at different biases are in good
agreement with the energy barriers calculated at different external
electric fields (Fig. 2d). The RDS shifts from the proton transfer to the
Michael addition with anincrease in the bias voltage (Fig. 2c and Sup-
plementary Figs. 22-24), while the signal corresponding to the faster
process vanishes due to the temporal resolution of the instrument
(~17 ps). Regulation of the reaction potential energy surface via the
bias voltage will have an important role in further detection of the
stereochemistry in this reaction (see below).

Detection of molecular chirality using the CISS effect

The single-molecule electrical monitoring platform allows acomplete
description of the Michael addition accompanied by proton transfer
and tautomerism. However, the emergence of chirality by the Michael
addition cannot be detected via the measurements described above.
To detect the chirality, we use the CISS effect, on the basis that differ-
entenantiomers display different /-V curves when the Ni electrode is
magnetized.

Chiral single-molecule products (H-PSs) with fixed configura-
tion (S) were prepared by reaction between maleimide and ethyl
acetoacetate catalysed by chiral 2-aminobenzimidazole (Fig. 3a) in
trifluoroaceticacid®. /-Vcurves were measured ata temperature range
from2-150 Kwith abare (unmagnetized) Nielectrode (Fig. 3b). The Ni
electrode wasthen magnetized by applying a+T magnetic field parallel
(and anti-parallel) to its axis, and the corresponding /-V curves of
the stable H-PS species were measured down to 2 K (Fig. 3c-g, dotted
lines; data shown for negative biases; see Supplementary Information
section ‘CISS effect of the Rand S configurations’). In comparison with
those of the unmagnetized Ni electrode, these /-V curves show a dis-
tinct signature of the CISS effect at low temperatures. Ata+2 T (-2 T)
magnetization, the currents were lower (higher) than in the absence
of amagpnetic field, pointing to the promotion (inhibition) of current
of majority (minority) spins. This difference was not observed when
an achiral maleimide was analysed under the same conditions (Sup-
plementary Fig. 25), and performing the same experiment with the R
enantiomer resulted in a permutation of the roles of the majority and
minority spins (Supplementary Figs. 26-31), thus providing direct
evidencethat thisspinfilteringisindeed due to the CISS effect. In addi-
tion, the Michael addition product (whichbears only one chiral centre)
from the reaction between maleimide and acetylacetone also shows
the spin-selective effect, indicating that CISS mainly results from the
chiral carbon of the maleimide moiety (Supplementary Figs. 32 and 33).

Inmonitoring the differencesinthe/-Vcurves under Ni magnetiza-
tion, we observed that these differences (characterized by the so-called

CISS polarization p(V) = %) decrease with an increase in
(V)41

temperature, finally vanishing at 150 K (Fig. 3h). To explain these find-
ings, we point to the recently proposed spinterface mechanism for the
CISS effect?®?, in which the CISS effect is attributed to the spin-torque
interactionbetween the (spin-orbit-induced) surface magnetizationin
the metallic (Au) electrode and the spinimbalance in the chiral molecule,
prompted by the chirality-induced (solenoid) field in the molecule (see
the Supplementary Information section ‘Theoretical calculation of the
CISS effect’ for a full description). Although the chiral moiety is
non-helical and not within the main conduction path of the molecular
junction, it does break the symmetry and therefore allows for the CISS
effect. To fit the simulation model to the data, we started by fitting the
bare current (with no magnetization) with a simple model for current
through a molecular junction (namely, a Landauer formula,

JV) = % J T(E)(f, (E) — fr (E)) with a Lorentzian transmission function
T(E)= ﬁ;o)z),wherefmare the Fermi distributions for the left and
right electrodes, I" and ¢, are the molecular level broadening and
frontier orbital energy, and eand hare the electron charge and Planck
constant, respectively. These fits (Fig. 3b, solid lines) provide us with
the molecular parameter £, =—-0.34 eV and a phenomenological level
broadening I" (T) = 0.0015 + 0.002 79-23 eV (with Tin degrees K; see
the Supplementary Information section ‘Theoretical calculation of the
CISS effect’ and Supplementary Fig. 34).

Withthese molecular parameters, we then fit the spin-dependent
curves at 2K (Fig. 3¢, solid lines) using the spinterface theory, where
the extracted parameters were the Au spin-orbit coupling a, and
the spin-torque coupling «a; (see the Supplementary Information
section ‘Theoretical calculation of the CISS effect’). The fits yielded
a,=0.6 eV*° and a, = 2.2 meV. Using these parameters, we then simu-
lated the spin-dependent curves at T=10,20, 50 and 150 K (solid lines
in Fig. 3d-g) with no additional fitting (Supplementary Fig. 35). The
vanishing CISS effect with an increase in temperature is attributed to
bothtemperature-induced fluctuations of the surface magnetization
and broadening of the Fermi distributions®. Finally, the polarizations
P(V) at different temperatures showed a close fit between the data
and theory (dashed and solid lines in Fig. 3h). The excellent agree-
ment between the data and simulations (with no CISS-related fitting
parametersbeing necessary for the 7> 2 K data) strongly supports the
validity of our model and corroborates the spinterface mechanism
for the CISS effect. Note that the vanishing of the CISS effect with an
increase in temperature is consistent with previous literature'. How-
ever, itis rather atypical for the CISS effect to vanish completely well
below room temperature* ™, We attribute this result to the weakly
coupled nature of the molecular junction (as reflected by the smalllevel
broadening I, which is smaller than k; T at room temperature) and to
the smallvalue of the spin-torque coupling a; (which may arise due to
the effective distance between the metal electrode and the molecular
bridge, separated by the graphene electrode).

Real-time monitoring of molecular chirality

The measurement platform described here allows us to go beyond
the usual measurements of the CISS effect and to monitor—in situ
and inreal time—the changes in the chirality of the molecular moi-
ety. Such monitoring can be achieved by cooling down the reaction
system in the absence of a chiral catalyst (Fig. 4a). For a fixed Ni mag-
netization, flipping the molecular chirality reverses the roles of the
majority and minority spin carriers and leads to an abrupt change
incurrent.

Fig.3|Single-molecule spinfiltering and the CISS effect. a, Strategy

for preparing a fixed-configuration product of the Michael addition. TFA,
trifluoroaceticacid. b, Experimental (exp) and simulated (sim) /-V curves of the
single-molecule spin valve under different temperatures at O T. c-g, Experi-
mental and simulated /-V curves of the single-molecule spin valve at 2K (c), 10 K
(d),20K (e), 50 K (f) or 150 K (g) in amagnetic field of -2 T (marked with a minus

sign) or +2 T (marked with a plus sign). The clear differences between the curves
at+2 Tand -2 T are the hallmark of the CISS effect. Theoretical simulations
showed good agreement between data and theory; no additional fit parameters
were used for d-g. h, Experimental and simulated polarization versus bias
voltage at various temperatures.
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Fig. 4 | Real-time monitoring of chirality variations during the reaction.

a, Schematic of the chiral Michael addition reaction measured at the molecular
junction. b, Potential energy surface of the Michael additionat 2.57 V nm™.

c-i, Real-time monitoring of the current during the chiral Michael addition at

temperatures of 60 K (c), 70 K (d), 80 K (e), 90 K (f), 100 K (g), 110 K (h) and 120 K
(i).j, Atypical time sequence of the electrical signal at 110 K and at high temporal
resolution. The maleimide is an inevitable intermediate between the R and

S configurations.

Thereal-time monitoring of chirality is compromised by tempera-
ture in two ways: (1) by the vanishing of the CISS effect at ~120 K; and
(2) by the reduction of the reaction activity at low temperatures (at
least at low bias voltages; see Supplementary Fig. 20). However, the
reaction can be pushed to lower temperatures by applying a strong
bias voltage. Benefiting from the ensuing external electric fields at high
voltages, the transition state of the Michael addition can be reduced
(Achichaeladdition =~2.2 kcal mol™and AG;tretroMichaleladdition =~10.6 kcal mol™
at2.57 V nm™; Fig.4band Supplementary Fig. 24). The use of arelatively
large bias voltage allowed us to lower the temperature to -60 K and still
observe the reaction.

We then recorded /-t curves of the reaction system at 60-120 K
with a +2 T magnetization of the Ni electrode and a 0.3 V bias voltage
(Fig. 4c-i). The centre column of Fig. 4c-i is a magnification of the
shaded area shown in the left column, whereas the right column of
Fig. 4c—i shows a histogram of the current levels. At 60 K, the meas-
urement clearly shows the two enantiomers, thus proving our ability
to detect the chirality flipping. We corroborated this by showing that
the two signals could be recorded at a flipped Ni magnetization in
the same device (-2 T; marked as device 1in Supplementary Fig. 36),
whereas no asymmetry was found in the absence of Ni magnetization

(O T; Supplementary Fig.37). These phenomena could be reproducibly
observed onother devices (devices 2-4 in Supplementary Figs.38-46).

Direct conversion between the Rand S configurations of the stud-
ied product (chiralinversion at one carbon atom) is essentially impos-
sible due to steric hindrance. Instead, R-S conversion must go through
the achiral maleimide intermediate, which by itself is unstable and
shortlivedat 60 K (as seenin Fig. 4j on afast time resolutionbutnotin
Fig. 4c because of temporal resolution). This implies that each of the
conversions between R and S represents a pair of reverse and forward
reaction trajectories. The actualnumber of reaction trajectories might
be higher than the number of R/Sbinary switching events because the
same configuration may be obtained among adjacent reverse/forward
reaction event pairs.

The temperature-dependent /-t measurement sheds further
light on the Michael addition. As the temperature increases, faster
R/S switching indicates a higher reaction rate (Fig. 4c-i), which isin
line with the Arrhenius equation. Meanwhile, the maleimide state
(Fig. 4h-j;low-current spikes) appears gradually (Fig. 4g-i),implying
ashiftinthe equilibrium. This can be illustrated clearly at alower bias
voltage (0.05 V, where the Michael additionis the dominating process)
from 278-318 K because of the statistical significance (Supplementary
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Fig. 47). The Arrhenius (Supplementary Fig. 48) and Van’t Hoff plots
(Supplementary Fig. 49) are indicative of an exothermic Michael
addition, which supports the occupancy variations of the maleimide
at60-120 K.

Conclusions

As demonstrated above, the real-time monitoring of currents in
single-molecule junctions allows us to follow the individual steps
of complex (multi-step) chiral symmetry-breaking reactions and to
determine the resulting chirality of the chemical product. This was
exemplified with a Michael addition (one of the classical reactions in
organic synthesis*) in which the different steps of the reaction were
characterized by aspecific current-voltage response, which could be
detected electrically.

To detect the chiral products, we used a spin valve setting of the
molecular junction. This setting, applied at different temperatures
(inarange of 2-150 K), allowed us to quantify the response of the dif-
ferent enantiomers to an applied voltage via the CISS effect. The data
successfully fit a model based on the spinterface theory for the CISS
effect”, shedding new light on the (highly debated) origin of the CISS
effect. Finally, we demonstrated that the CISS effect could be used to
track chirality changes in situ at the molecular junction.

Future studies will be aimed at using the spin current generated by
the CISS effect to drive asymmetric catalysis directly, thus avoiding the
need to carefully design suitable asymmetric catalysts. The ability to
covalently fixthe molecular chiral reaction centre in molecular nanode-
vices willbecome key to linking the spin orientation and the molecular
frame, so as to achieve direct asymmetric catalysis by spin currents.
Our setup will also allow us to deepen our understanding of the CISS
effect by performing additional experiments aimed at discriminating
between the different theories onits origin, forinstance replacing the
Au electrodes with other metals and using chiral molecular moieties
with a repeating unit, among others®. Finally, in situ synchronous
characterizations of single molecules in combination with other spec-
troscopies (such as Raman spectroscopy** and photoemission electron
spectroscopy*’, which provide more definitive structure-related infor-
mation) are worth pursuing, as these will increase the ability to relate
currentvariations to chemical and structural variations, thus allowing
us todecipher and regulate more complex reactions.
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maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-023-01212-2.
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Methods
Device fabrication and molecular connection
High-quality single-layer graphene was grown on a 25-um-thick cop-
per sheet by high-temperature chemical vapour deposition. This
graphene was then transferred toal.5 cm x 1.5 cm silicon wafer with
a 300 nm SiO, layer after etching the copper. Then, the graphene
was protected by a mask and etched by oxygen plasma to obtain a
20-pm-wide graphene sheet. The array of drain electrodes (0.6 nm Al
(post-oxidation to Al,05), 80 nm Ni and 40 nm SiO,) was evaporated
successively using the template method. Similarly, the array of source
electrodes (8 nm Cr, 60 nm Au and 40 nm SiO,) was evaporated suc-
cessively using the template method. To prepare the array of graphene
nanosized gaps between pairs of source and drain metal electrodes, a
dashed-line pattern was designed with150 nm length and 5 nmwidth
and prepared on pre-spin-coated polymethylmethacrylate (PMMA)
by electron beam lithography, where the beam current was -0.17 nA
and the area dose was ~2,600 pC cm™. Graphene exposed from the
dashed-linewindow was then etched by oxygen plasma. By exploiting
the gradual etching of PMMA and isotropous broadening, we achieved
a series of narrow gaps (-1-10 nm) with carboxyl terminals between
indented graphene point contacts (-210 pairs). Complete cutting of
graphene electrodes was characterized by an open circuit between
the corresponding metal electrode pairs (this was not present before
cutting). Theincompletely etched graphene was checked by /-Vscan-
ning and then electrically burned (from 0-10 V) to ensure that the
subsequent current recovery originated from molecular junctions.
To integrate one molecule into the electrode pairs, freshly pre-
pared graphene devices with a point electrode array were added to a
pyridine solution containing 0.1 mM of the molecular bridge (depro-
tection of Boc by CF;COOH) and 1 mM 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride®. After 48 h, the devices were
removed from the solution and rinsed with deionized water, followed
by drying with flowing N,. Finally, the molecular bridge (which fit the
nanogap) was integrated into graphene electrodes viaamide bonds.

Electrical characterization

The single-molecule device was placed in a vacuum cryogenic probe
station (Lake Shore TTPX for routine measurements) or Physical Prop-
erty Measurement System to perform the chirality measurements.
The/-Vcurves were measured using an Agilent 4155C semiconductor
parameter system. The auxiliary output of a UHFLI lock-in amplifier
gave a constant bias for the /-t measurement. The current signal of
the molecular loop was amplified using a DL1211 amplifier and then
recorded with a high-speed acquisition card from NI DAQ at a rate of
57,600 samples per second.

Data availability

Additional discussions and data supporting this article are available
in the Supplementary Information. Source data are provided with
this paper.
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