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Photo-induced carbocation-enhanced charge
transport in single-molecule junctionsy
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We report the first example of photo-induced carbocation-enhanced charge transport in triphenylmethane

junctions using the scanning tunneling microscopy break junction (STM-BJ) technique. The electrical
conductance of the carbocation state is enhanced by up to 1.5 orders of magnitude compared to the
initial state, with stability lasting for at least 7 days. Moreover, we can achieve light-induced reversible

conductance switching with a high ON-OFF ratio in carbocation-based single-molecule junctions.
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Theoretical calculations reveal that the conductance increase is due to a significant decrease of the

HOMO-LUMO gap and also the enhanced transmission close to the Fermi levels when the carbocation
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Introduction

Since its inception, molecular electronics has aimed for func-
tional electronic devices using individual molecules." Under-
standing and investigations of charge transport through single
molecules provide critical information for the design of molec-
ular-scale devices.>® Various molecular species are being
employed in single-molecule devices for regulating charge
transport properties in single-molecule junctions, for instance
oligoynes,® oligo(phenylene ethynylene),” organic radicals,® DNA,°
and peptides. Although carbocations have been widely found in
many chemical reactions,"™* to date, the applications of carbo-
cation-based molecules as building blocks to fabricate stable and
highly conductive molecular devices remain highly challenging
due to the intrinsic instability of a majority of carbocations.

On the other hand, an external stimulus for tuning charge
transport through molecular junctions also plays a key role in
the fabrication of single-molecule devices. Previously several
external stimuli such as light," pH,* electric fields,'® mechan-
ical forces,'” solvents,' and electrochemical gates® were used to
tailor the electronic properties of single-molecule junctions.
Among these stimuli, light has an advantage in terms of its
remote manner, non-invasiveness, and high spatiotemporal
resolution.”® Therefore the utilization of light to tune charge
transport may provide a unique strategy for creating new
conceptual molecular devices.
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forms. Our findings encourage continued research toward developing optoelectronics and carbocation-
based devices at the single-molecule level.

Triphenylmethane leuco derivatives are well-known photo-
chromic molecules, which dissociate into ion pairs under
ultraviolet irradiation, producing stable carbocations in the
form of triarylmethane dyes and hydroxide ions.>*">* The stable
carbocation dyes have re-emerged as a highly efficient Lewis
acid catalysts for a variety of organic transformations. Investi-
gations of this reaction have revealed that the dissociation
processes are very fast and proceed with high quantum yields.*
Such prominent changes in pH have received wide interests as
light-induced pH-jump reactions for many applications,**** and
also offer potential opportunities to study carbocation-based
charge transport properties at the single-molecule level.

In the present work, we selected malachite green leucohydr-
oxide (MGOH) molecules as carbocation emitters to explore laser-
induced charge transport in single-molecule junctions. Using the
scanning tunneling microscopy break junction (STM-BJ) tech-
nique, the single molecule conductance of MGOH and the
corresponding junction elongation can be evaluated (Fig. 1a). The
dimethylamino moieties at both ends of MGOH serving as the
anchoring groups are used to build efficient transport junctions.
In the presence of 302 nm UV light, MGOH produces, with high
efficiency, malachite green carbocations (MG') and hydroxide
ions, thus inducing a minor structural change where the orbital
hybridization of the central carbon atom of initial states changes
from sp’ to sp”. Such a photo-triggered structural transformation
shifts the HOMO-LUMO gap and we demonstrate that the car-
bocations significantly enhance the conductance and the
conductance switching could be highly reversible. The large
enhancement in single-molecule conductance suggests that the
transport pathway of charges in the carbocation state is markedly
different to that of initial states, and it is further supported by the
DFT calculations that Breit-Wigner resonance occurs in the car-
bocation state, leading to a large ON-OFF ratio in the junctions.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Schematic of the scanning tunneling microscopy break
junction (STM-BJ) setup and photo-induced carbocation forms.
MGOH shows the low-conductance state. Upon illumination with 302
nm light, carbocation states were formed and exhibited high
conductance. (b) Time-dependent evolution (with 3 min intervals) of
the UV-Vis absorption spectra recorded during the reactions from
MGOH to MG™ upon illumination.

Results and discussion

To confirm the formation of the carbocations, we performed
UV-Vis absorption spectroscopy of MGOH before and after UV
illumination as shown in Fig. 1b. Before illumination, MGOH
exhibits a single peak at 299 nm. After illumination at 25 °C, two
prominent peak bands at 416 nm and 610 nm appeared and
their intensities progressively increased with time, which
correspond to the characteristic of the triphenylmethane car-
bocation.''® In situ photo-radiation of MGOH results in the
orbital hybridization of the central carbon atom changing from
sp® to sp®. The formation of the carbocation states is also
confirmed by "H-NMR spectra (Fig. S1 in the ESIf) and ESI-MS
results (Fig. S2 and S3 in the ESIT).

To investigate the charge transport properties through the
single-molecule carbocation-based junctions, we utilized
a home-built STM-BJ technique for trapping single molecules in
the mixed solvent of THF and TMB, (1 : 4, v/v) (see the ESIf for
more details of single-molecule conductance measurements
and Fig. S47 for the STM-BJ setup and Fig. S5 for blank
experiment results of the pure solvent). Fig. 2a presents typical
conductance-distance traces obtained from MGOH and carbo-
cations. Before illumination, a low conductance at ~10~*%" G,
(0.8 nS) with a plateau length of ~0.5 nm is observed, indicating
the formation of single-molecule junctions comprising MGOH,
where G, (equals 2¢*/h, 77.5 uS) corresponds to the conductance
quantum of a single gold-gold atomic junction. After illumi-
nation with 302 nm light for 15 min, a higher conductance of
~107** G, (28.8 nS) with a similar step length is observed.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Typical conductance-distance traces of MGOH (orange)
and carbocations (green). (b) 1D conductance—displacement histo-
gram results constructed from thousands of individual traces for
MGOH (yellow) and carbocations (green). 2D conductance-
displacement histograms versus the plateau relative displacement
distributions of MGOH (c) and carbocations (d).

To ensure these features are statistically reproducible, we
repeated the measurements thousands of times and compiled
the traces into one-dimensional (1D) and two-dimensional (2D)
conductance histograms. From the 1D conductance histograms
in Fig. 2b, we observed that the molecular conductance peak for
MGOH appeared at ~10~*°" G, (0.9 nS), while the molecular
conductance for MG at ~107**° G, (30.9 nS) is 34 times higher
than that of MGOH. The corresponding 2D histograms for
MGOH and carbocations are displayed in Fig. 2c and d. Both
molecules exhibit distinct molecular plateaus and intensity
clouds. The junction elongations for both molecular states
show the approximate length of around 0.5 nm (insets of Fig. 2¢
and d), suggesting the structural change of molecular junctions
while the binding configuration of the molecular junctions
remained similar. We also calculated the formation proba-
bility** for both molecular junctions, and the results show that
the junction formation probabilities are between 40% and 50%
(Fig. S6 in the ESI{), indicating that the anchoring ability of
both molecule species to Au electrodes is similar.

Control experiments were carried out by measuring the
conductance of 4,4’-bis(dimethylamino)triphenylmethane leu-
cohydroxide (LMG). It is found that photo-irradiation of a solu-
tion of LMG does not induce any detectable change of
conductance within the uncertainty of the measurements
(Fig. S7 and S8 in the ESIt). These results present unambiguous
evidence that the prominent increase of the conductance in
triphenylmethane junctions after illumination is ascribable to
the photo-induced formation of carbocations. We noted that
LMG has a higher conductance compared to MGOH, and the
rigorous and fully theoretical explorations on the high-
conductance for LMG need further study.

Chem. Sci., 2020, 11, 6026-6030 | 6027
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To study the stability of the carbocations, we measured the
time-dependent conductance evolution of carbocations in
a low-polar solvent (THF/TMB, v/v =1 : 4, 0.1 mM) that we used
and found it was stable for at least 7 days (Fig. 3a). The ESI-MS
results and UV-Vis spectrum further indicate that the material is
not completely photo-degraded after 7 days (Fig. S9-S12 in the
ESIT). The high stability of MG" is probably due to the fact that
sulfonated triphenylmethyl carbocations and hydroxide ions
form loose ion pairs in a low-polar solvent.”**® Previous studies
reported that triphenylmethyl carbocations aren't stable and
can only exist in water (high-polar) for dozens of minutes.>** To
further probe the effect of solvent polarity on carbocation
stability, we dissolved MGOH molecules in water (0.1 mM),
illuminated it with UV light and measured its single-molecule
conductance. It is found that the high conductance states lasted
for only 60 min (Fig. 3a) in aqueous solution, which is consis-
tent with previous reports, suggesting the stability of carboca-
tions is affected by solvent polarity. By tuning the solvent
polarity, the switching could be designed to be irreversible or
reversible. In aqueous solutions, the in situ light-induced reac-
tions involving carbocations are reversible and at least three
cycles of conductance switching can be achieved as shown in
Fig. 3b (Fig. S13 in the ESIY). Carbocation-based junctions in
low-polar environments with high stability can serve as con-
ducting interconnects for durable electrical circuits, while car-
bocation-based junctions with low stability in high-polar
environments can act as a light-reversible single-molecule
switch. These results suggest carbocations are one of the
potential multifunctional building blocks for molecular elec-
tronics. Compared with the molecular devices constructed by
common molecular systems such as spiropyran® and azo-
benzene,* this work based on carbocation molecular species of
interest broadens the scope of building blocks in molecular
electronics.

To understand the charge transport properties of initial and
carbocation states, we turned to density functional theory (DFT)
calculations. We first calculated the Au-N binding energies in
both molecular junctions and the results show that the Au-N
binding energies for MGOH and the carbocations are respec-
tively —0.89 eV and —0.41 eV (see Fig. S14 and S15 in the ESIY),
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Fig. 3 (a) Measured single-molecule conductance results of the car-
bocation-based junctions in different solvents with different polarities
as a function of time. The green line suggests the long-term stability of
the single-molecule conductance of the carbocation states. (b)
Reversible switching in conductance of carbocations in aqueous
solution.
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which imply that dimethylamino moieties in both molecular
species can bind to gold electrodes for stable molecular junc-
tions. Next, we calculated their transmission spectra using the
non-equilibrium Greens function (NEGF) formalism with
DFT.*'"** Fig. 4a shows the transmission spectra for MGOH and
carbocations, which represent the probability that an electron
with given energy will transmit through the molecule between
the electrodes (see the conformations of both molecules in
Fig. S16 in the ESIT). DFT calculations indicate that the HOMO-
LUMO gap changes from 4.65 eV for MGOH to 2.59 eV for MG"
when the carbocation forms (see frontier molecular orbitals and
their energy levels in Fig. S17 and Table S1,t and carbocation-
based molecular conformations with different counter-ions and
different positions and corresponding transmission spectra in
Fig. S18 and S19 in the ESIT), which is also confirmed by the red-
shift of the UV-Vis spectra in Fig. 1b. Moreover, it is also found
that carbocations create a new resonance in the energy level
close to Fermi levels (Eg), which is responsible for the boosted
conductance phenomena through carbocation-based transport
junctions. We also note that this resonance in the transmission
spectra has a line-shape of the Breit-Wigner distribution.?***
The transmission for carbocation states at the Fermi level is
more than one order of magnitude higher than that for MGOH,
which is in good agreement with the experimental observation.
Fig. 4b shows a schematic energy diagram of the position of
molecular orbitals of carbocations respective to Er of the two

electrodes before and after light illumination. Before
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Fig. 4 (a) Transmission as a function of energy for the MGOH (orange)
and carbocations (green) at room temperature. E¢ is the Fermi level of
the junction based on the DFT calculations. (b) Schematic diagram
showing the position of the DFT resonances for carbocations
respective to the two electrodes before and after light illumination.
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illumination, the energy-level between molecular orbitals of
MGOH and Er is not aligned, suggesting a large energy barrier
in charge transport through the HOMO; while a resonance peak
is highly aligned to Ey in carbocation-based junctions after
illumination, which reduces the energy barrier in charge
transport and enhances the conductance through LUMO energy
lifting. Together, the overall experimental and theoretical
studies demonstrate that the in situ light-induced approach
produces carbocations, which greatly enhance charge transport
in triphenylmethane single-molecule junctions.

Conclusions

In summary, we have demonstrated that carbocations induced
by light greatly enhance charge transport in triphenylmethane
junctions using the STM-BJ technique. The electrical conduc-
tance of the carbocation state is enhanced by up to 1.5 orders of
magnitude compared to the initial state and the conductance
switching could be reversible. The stable and conductive
triphenylmethane carbocations may serve as promising
building blocks for future molecular electrical devices. DFT
calculations reveal that the conductance increase is due to
a significant decrease of the HOMO-LUMO gap and also the
enhanced transmission close to the Fermi levels when the car-
bocation forms. The large conductance enhancement by a light-
induced strategy in carbocation-based molecular junctions may
be useful for single-molecule optoelectronics and carbocation-
based molecular devices.
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