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Abstract: Through-space interaction (TSI), including through-space conjugation (TSC)
and through-space charge transfer (TSCT), has emerged as a promising strategy for
designing functional materials and constructing superior optoelectronic devices. Because
of the multichannel charge transport and structural flexibility, TSI-based devices often

exhibit high-performance optoelectronic properties, such as excellent photoluminescence,
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high charge carrier mobility, and outstanding device efficiency. In this review, the
principles and characteristics of TSI are briefly introduced. Then we mainly focused on the
recent progress of optoelectronic device applications based on materials with TSC and
TSCT. Various advanced optoelectronic devices, including organic fluorescence film
sensors, organic light-emitting diodes, single-molecule junctions, and photoswitches are
discussed in detail and possible breakthroughs are proposed for future molecular design

and efficiency enhancement.

1. Introduction

Organic n-conjugated materials have attracted a lot of attention and have been widely used
in organic optoelectronic devices.! The m-units in most m-conjugated materials are
connected by covalent bonds or fused aromatics,*® where electron delocalization and
charge separation happen. Besides, non-covalent interactions between aromatic rings can
produce effective electron interactions between closely packed aromatic rings and/or lone
electron pairs, which is also known as through-space interaction (TSI).!%!2 It is widely used
to regulate the photophysical properties of optoelectronic materials, such as emission color,
charge transport ability, and luminescence efficiency.!*! In addition, the twisted structures
of the molecules with TSI can prevent close intermolecular n—r stacking and subsequent
emission quenching effect in the aggregated and solid state. !¢

TSI can occur intermolecularly, which is commonly utilized in regulating optoelectronic

properties of crystals and aggregates.?*?> On the other hand, intramolecular TSI is observed
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in molecules possessing aromatic rings with a preferably face-to-face orientation by
different bridging units.?> 2> 2* The studies of the intramolecular TSI can be further
specified as (1) through-space conjugation (TSC), where uniform delocalization of -
electrons are emphasized; (2) through-space charge transfer (TSCT), where separations of
frontier orbitals between the spatially adjacent donor (D) and acceptor (A) groups are
essential (Figure 1). In view of photophysics, the investigations of TSCT focus more on

the D-A charge transfer in the excited states.

Through-space(conjugation  Through-space charge

Through-space interaction

Figure 1. The relationship among through-space interaction (TSI), through-space
conjugation (TSC), and through-space charge transfer (TSCT). Below are several kinds of

architectures.

Compared to conventional through-bond conjugation and charge transfer,?> 2 TSI is more

sensitive to the spatial distance and the degree of overlapping, which can be subtly
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regulated by different states (e.g. gas, dissolved, aggregated, or crystalline states) and
microenvironment (e.g. polarity, temperature, etc.). Additionally, the highly twisted
structures can strengthen intramolecular noncovalent interactions between D and A
moieties, leading to reduced nonradiative decays and improved device performance with
minimal efficiency roll-off. Therefore, organic functional materials with TSI have become
a hotspot in various optoelectronic applications.

In this review, we focus on the recent progress of device applications of organic functional
materials with intriguing intramolecular TSI. Organic fluorescent film sensors (OFFSs),
organic light-emitting diodes (OLEDs), single-molecule junctions, and photoswitches are
discussed in detail. In outlook and perspectives, we summarize the design principles and

advantages of organic optoelectronic devices based on TSI.

2. Device Applications of TSI-based Materials

2.1 Organic Fluorescent Film Sensor

Fast, selective, real-time, and sensitive detection of alkane is significant and challenging to
environmental and occupational safety. OFFSs are considered a promising choice for the
required vapor monitoring. Therefore, the performance of an OFFS is largely determined
by the innovative design of sensing fluorophore and optimization of adlayer structure.
TSCT molecular systems generally possess a rigid U-shaped configuration, where the
donor and the acceptor are in face-to-face alignment at a precisely controlled distance. For

gas sensing, this intriguing non-planar molecular structure would generate a significant
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amount of voids in the thin film layer due to the packing of the sensing fluorophores, which
is a prerequisite for fast and reversible sensing. Furthermore, the twisted molecular
structure and poor packing also provide the necessary space to accommodate analyte
molecules, thereby altering of excited state characteristics of the sensing fluorophores.
Therefore, TSCT molecular systems may be promising candidates for sensing fluorophores
to address challenging alkanes.

In 2022, Fang et al chose o-carborane as a molecular scaffold to connect PBI and
anthracene (AN) to establish a U-shaped TSCT molecular system (Figure 2).2” The
interlocked, face-to-face alignment between the donor and acceptor favors the mass
transport of volatile organic compounds (VOCs) in the film state. The fabricated OFFS
showed an experimental detection limit of ~10 ppm for n-pentane with less than 5 s
detection time. Meanwhile, the sensor is small (~3.7 cm?), power-saving, and workable at
room temperature. Therefore, such an on-site and real-time gas monitoring technique with
negligible interference reveals the effectiveness of the design strategy. It is the first and
only report of a high-performance OFFS for the alkanes with TSCT molecule as the sensing
fluorophore until now. Considering their great potential, it is anticipated that more TSCT-

based OFFSs will be investigated and reported in the near future.
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Figure 2. (a) The molecular structures of CB-AN-PBI, CB-PH-PBI, CB-PBI and CB-AN.
(b) Schematic description of the sensory unit of the home-made sensing platform. Inset:
Photograph of the sensory unit. (¢) Fluorescence responses of the CB-AN-PBI-based film
sensor to n-pentane, n-hexane, and various potential interferences, error bars represent the
standard deviation of five measurements. (d) Real-time responses of CB-AN-PBI-based
film sensor to saturated n-pentane in more than 90 repeated sensing cycles at 298 K. e¢) An
enlarged sensing cycle for analysis of the response and recovery time. (f) Fluorescence
responses of CB-AN-PBI-based film sensor to n-pentane at different vapor concentrations,
where each measurement was repeated three times (upper). The experimentally obtained

and linearly fitted responses of CB-AN-PBI-based film sensor to n-pentane at different
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vapor concentrations (bottom) from ref.?” Copyright 2022 American Chemical Society.

2.2 Organic Light-Emitting Diodes

The third-generation OLEDs based on thermally activated delayed fluorescence (TADF)
are expected to be widely used in lighting, smartphones, flat panel displays, and flexible
displays owing to efficient exciton utilization and luminescence quantum yields.?*-*’ In this
regard, TSCT-based TADF emitters are one of the most promising luminescent materials
because the spatial interaction that occurs between the D and A can result in a very small
AEst and limited rotation.*® 3 Therefore, it is beneficial to realize fast reverse intersystem
crossing (RISC) and fabricate high-performance OLEDs by changing the donor and
acceptor units and controlling their relative positions.*°

In 2017, Swager and Baldo ef al.!! designed and synthesized three D-A molecules with a
U-shape TSCT structure. The crystal structures confirmed the cofacial arrangement of the
donor and acceptor groups at distances (3.3-3.5 A), which allowed for efficient CT without
producing a strong ground state « interaction (Figure 3a). Moreover, typical Aggregation-
Induced Emission (AIE) properties of these materials were observed (Figure 3b). To
explore the device fabrication and evaluation, XPT and XtBuCT were used as emissive
dopants in OLED devices by vacuum evaporation process. The device architecture and
performance are shown in Figures 3¢ and 3d. The electroluminescence (EL) spectra
displayed peaks at 584 nm for XPT and 488 nm for XtBuCT devices that were red-shifted

relative to the photoluminescence (PL) determined in the toluene solution. The maximum
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external quantum efficiency (EQE) of XPT devices was 10%, which exceeded the
theoretical limit of 6% expected for a simple fluorescent OLED indicating XPT was
efficiently converting triplet excitons into emission through the singlet pathway by the

TADF mechanism (Figure 3e).
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Figure 3. (a) Crystal structures of XPT (d = 3.423 A), XCT (d =3.375 A), and XtBuCT (d
=3.299 A). The d below each structure represents the distances shown by the black dashed
lines from ref.!! (b) PL spectra of XPT in THF/water mixture and the change of normalized
PL peak intensity with different water fractions; inset: PL images of XPT with different
water fractions under 365 nm UV light from ref.!' (c) OLEDs device structure from ref.!!
(d) EL spectrum of the devices from ref.!! (¢) EQEs of the OLEDs as a function of current

density from ref.!" Copyright 2017, American Chemical Society.

Furthermore, OLEDs based on exciplexes have reached impressive EQEs exceeding 16%

during the past few years.*! Liao and Friend et al.** in 2020 proposed a TSCT molecular
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design strategy to enhance exciplex-type TADF emission. As shown in Figure 4a, the
donor and acceptor units were connected through rigid linkers, which confined them in a
tightly arranged coplanar conformation. The optoelectronic performance of the OLEDs
was tuned by changing the connection position and conjugation strength of the acceptors.
Quantum-chemical calculations showed that the TSCT molecular design strategy is
beneficial for the creation of an intramolecular exciplex with pure CT character. In order
to fabricated OLED devices by solution processing techniques, TSCT molecules need to
have good solubility. So Jiang and Xie et al.'* introduced solubilizing groups to the C7-site
of the bridge linker part and kept the other side of the fluorene away from the acceptors in
2021. The single-crystal structure shown in Figure 4b illustrated that for C6-DMB and
tBu-DMB, the distances between the TRZ plane and the triphenylamine plane connected
to the bridge fluorene are 3.03 and 3.05 A, respectively, which were smaller than that of
DM-B (3.16 A). These DM-B derivatives have smaller D/A distances in a face-to-face
manner, resulting in better spatial interactions. The maximum EQEs of the solution-
processed devices with C6-DMB and tBu-DMB were 21.0% and 21.7% shown in Figure
4c. The results indicated that C6-DMB and tBu-DMB had outperformed the solution-

processed TSCT TADF emitters.
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Figure 4. (a) Chemical structures of DM-B, DM-Bm, DM-G, DM-X and DM-Z and their
molecular counterparts (DMTPA donor and TPZ acceptor); the distribution of the HOMOs
and LUMOs and the analysis for the distribution of the hole (blue) and electron (purple)
for S1 and T1; the contribution ratio (n) for the electron transition from donor to linker,
donor to acceptor and linker to acceptor at the S1 excited state from ref.*> (b) Crystal
structures of C6-DMB, tBu-DMB, and DM-B from ref.!* (c) EQE to current density curves

of doped devices from ref.'"* Copyright 2020 2022, Nature.
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To further explore efficient TSCT for TADF applications, Jiang et al.*® first suggested the
creation of a multilayer D/A/D conformation to ensure multiple TSCT. Multiple n-stacked
molecules enabled more parallel D/A configurations through the introduction of additional
donors, which yielded smaller singlet-triplet energy split (AEst), faster RISC processes,
and higher device efficiencies (Figure 5a). As shown in Figure 5b, DM-BD1 exhibited a
double-layer quasi-parallel structure in the D/A/D configuration. DM-BD2 possessed a
typical sandwich D/A/D structure because the spatial site barrier does not allow for cis-
conformations. DM-BD1 and DM-BD2 have almost perpendicular torsion angles of 81°
and 87°, respectively, at the single bond connection between the fluorene bridge and the
TPZ. Combined with the orthogonal spiro connection between the donor and the fluorene
bridge, the TPA and TPZ units can form a face-to-face D/A spatial conformation. Compared
to their previous work, both D/A/D-based DM-BDI1 (28.0%) and DM-BD2 (26.2%) got
higher EQEs than the D/A-based analogs DM-B (27.4%), and DM-Bm (21.7%) in Figure
5b. The DM-BD2-based device achieved a greater increase in EQE than DM-Bm because
the dual donors in the sandwich conformation played a better role in maintaining a parallel
face-to-face D/A/D conformation, which could further limit the free motion of each layer
to prevent energy loss. DM-BDI had a slight conformational change in D/A interactions
compared to DM-B, but the EQE was still increased due to the shorter D/A distance induced
by the additional donor. These device properties suggested that this multilayer molecule
with TSCT and dense D/A/D was conducive to the realization of highly efficient devices.

TADF molecules with multiple TSCT properties are scarce due to difficulties in molecular
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design and synthesis.

Different from the molecular design of D/A/D structures, Tang and Li et al.*

reported a
simple and versatile method to construct a three-dimensional mismatched dislocation
sandwich A-D-A conformation of TADF molecules with multiple TSCT properties in 2022.
As shown in Figure 5S¢, the scaffold of 2PXZ-2TRZ had high structural rigidity, multiple
TSCT, very small AEst, high photoluminescence quantum yields (@rL), and fast RISC rate
constants (krisc). Therefore, OLEDs employing the molecule as a dopant could achieve a
maximum EQE of 27.1% and good efficiency stability at high brightness (Figure 5d). In
addition, 2PXZ-2TRZ in the polymerized state allowed AIE, leading to a maximum EQE

of up to 10.2% for the non-doped device. These results indicated that large PAHs with

multilocked structures have great potential for efficient multiplexed TSCT-TADF emitters.
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Figure 5. (a) Spatial D/A/D molecules of TPA-QNX(CN)2, S-CNDF-D-tCz, and DM-BDI,

DM-BD2 from ref.** (b) Single-crystal structures (hydrogen atoms are omitted) of DM-
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BD1 (left) and Dm-BD2 (right); EQE of DM-BD1 and DM-BD2 from ref* (c)
Representative TSCT-TADF materials and the design strategy for the dislocated twin-
locking configuration from ref.** (d) EQE versus luminance of devices with various
concentrations of 2PXZ-2TRZ doped into the PPF host from ref.** Copyright 2020 2022,

Wiley.

At the same time, the differences between through-bond charge transfer (TBCT) and TSCT

L 45

molecules in OLED were comparatively studied. Qiu et al.* designed a series of U-shaped

TSCT molecules and L-shaped TBCT molecules to compare the effect of CT between

different aromatic units on TADEF,> 46

and second-order nonlinear optics (NLO). The U-
shaped and L-shaped molecules are shown in Figure 6a. The experimental results showed
that the U-shaped molecules emit delayed fluorescence in the solid state. Whereas the
polarization effect led to an increase in the L-shaped compounds’ hyperpolarizability
values (fwt) values, which was favorable to improving the performance of NLO
applications. To have a clear understanding of the effects of TSCT and TBCT on the emitter
PL and EL properties of OLED with TADF properties, a direct comparison between these
two types emitters was carried out by Tang and Zhao et al.?* The higher EQE and smaller
efficiency roll-off, which is shown in Figure 6b, suggested that the introduction of TSCT
may be more effective than linear TBCT in creating efficient TADF emitters, especially for

molecules with long conjugated backbones, resulting in better EL performance. Zhu and

Qi et al** designed and developed a series of AlE-active TADF emitters adopting
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triphenylamine as a donor and phenyl ketone as an acceptor unit were designed and
developed as shown in Figure 6c¢. Via controlling the position of the donor and acceptor,
the evolution of the charge transfer category from through-bond to through-space was
achieved. Furthermore, in comparison with TBCT emitters, the TSCT displayed enhanced
AIE properties due to the strongly suppressed non-radiative decay resulting from both
highly twisted structures and restricted intramolecular motion between the donor and the
acceptor. The comparative studies of these TSCT and TBCT molecules have advanced the
further development of the theory of spatial conjugation and have shown them to be

promising in a range of optoelectronic materials and devices.
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Figure 6. (a) Molecular structures of 1-L~5-U; conventional conjugated D—A (L shape)
and U-shaped space-through architecture (U shape) from ref.*> (b) The comparison of
external quantum efficiency (EQE) and efficiency roll-off between v-PXZTRZ and I-

PXZTRZ from ref.?* (c) Molecular structures and design strategy of the targeted TADF
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emitters 1TCPM and 1TCPM-Cz from ref.** Copyright 2018, wiley; Copyright 2021,

Elsevier; Copyright 2021, Royal Society of Chemistry.

2.3 Single-Molecule Junctions

Single-molecule-level electronic devices, also known as single-molecule junctions, have
very significant importance in exceeding the intrinsic limitations of silicon-based
electronic devices. The rational design of robust molecular wires capable of constructing
reliable single-molecule junctions is fundamental to molecular electronics.*”*3 Inspired by
nature's efficient utilization of n-n stacking for directed long-range electron transport, it is
believed that synthetic molecular wires incorporating n-r stacking will be available for use
as new electronic materials or as components of molecular devices.*">°

The artificial single-molecule can be broadly categorized into two main groups based on
completely different modes of affixation: (1) rod-like molecules by TBCT, such as fully
conjugated oligo(phenylene vinylidenes) (OPVs),’! and (2) para-cyclophanes representing
TSC between benzene rings with n-stacking.’>>* Breslow et al. in 2011 were able to
experimentally determine, for the first time, the single-molecule conductance of a synthetic
molecular line with multiple tightly n-n stacking aromatic rings as shown in Figure 7a.>*
A new family of folders consisting of an increasing number of anthracene units that fold
through a combination of intramolecular hydrogen bonding and aromatic interactions was

reported by Alonso et al. in 2017.3 As shown in Figure 7b, this folding process opened an

efficient TSCT channel on the interacting anthracene part. The ultraviolet-visible electronic
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spectra showed typical features of anthracene derivatives with four vibrational bands on
the major electronic absorption in Figure 7¢ (left). The electronic interactions between the
anthracene parts could be observed since the absorption bands appeared increasingly red-
shifted along with the increasing number of anthracene units in the oligomer.
Intramolecular aromatic interactions between anthracenes were also evidenced by
ultraviolet-visible PL studies in Figure 7¢ (right). The presence of the anthracene excimer
in the PL spectra evidenced the existence of a face-to-face overlap phenomenon between
anthracenes in solution.

Up till now, experimental studies of intramolecular charge transport in molecular materials
and electronic devices have been limited to conjugated systems involving n-n stacking

interactions. Hong and Yang et al.>®

demonstrated that 6-c stacking interactions between
neighboring nonconjugated molecules provided an efficient pathway for charge transport
through supramolecular junctions. The conductance of o-¢ stacked molecular junctions
formed between two non-conjugated molecules was comparable to that of n-m stacked

molecular junctions formed between m-conjugated benzene rings and exhibited TSCT

properties (Figure 7d).
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Figure 7. (a) Molecular wires with up to four n—n-stacked benzene rings from ref.>* (b)
Schematic representation of the folding and anchoring processes needed to obtain n-folded
molecular junctions from a representative member of the foldamer family from ref.> (c)
Absorption (left) and PL (right) spectra of the NHBoc foldamer series at 25 °C from ref.>
(d) Break junction measurements of m-conjugated benzenethiol and non-conjugated
cyclohexanethiol from ref.’® Copyright 2011, American Chemical Society, Copyright 2017

2022, Nature.

Many of the single-molecule junctions in the literature were single-channel conductors
realized by bonded or spatially conjugated molecules. However, due to the lack of powerful
molecular wires, materials that have complementary multiple conductive channels that can

enhance the conductivity and stability of molecular devices are very rare. A series of studies
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on multichannel single-molecule wires have been carried out by Tang and Zhao et al. Two
folded molecules were designed and synthesized with intramolecular n-m stacking
interactions between a pair of biphenyls in 2015,%” which were used for constructing single-
molecule junctions with the simultaneous presence of two conductive channels in one
junction (Figure 8a). Due to the insufficient contribution of spatial conduction channels,
folded single-molecule wires only provided conductance similar to their conventional
linear counterparts. Therefore, they proposed novel single-molecule wires based on
hexaphenylbenzene (HPB) with typical TSCT structures in 2018 (Figure 8b).’® The strong
toroidal TSCT formed between the ring face-to-face aligned phenyls was significant and
compensated for the excessive conductance loss of the weakened TBCT. Multichannel
conductivity modeling by integrating space and bond conjugation may be a promising
strategy for further design of robust single-molecule wires with advanced conductivity and
stability.

In 2020, Tang and Zhao et al developed novel folded molecules with two parallel-aligned
aryl chains,*® in which the TSCT resulting from effective n-m interactions between the aryl
chains could act as a complementary conduction channel to compensate for the loss of
conductance when the TBCT channel was poor. They also presented a novel TSCT single-
molecule parallel circuit (f~4Ph-4SMe) comprised of a pair of closely parallelly aligned p-
quaterphenyl chains tethered by a vinyl bridge and end-capped with four SMe anchoring
groups. As shown in Figure 8c, when four SMe groups were in contact with two electrodes

at the same time, the through-bond and through-space conduction channels worked in
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concert to produce a conductance, which was much larger than that of a similar molecule
with two SMe groups or the sum of two p-quaterphenyl chains. This system was an ideal
model for understanding electron transport through parallel n-stacked molecular systems
and could serve as a key component of integrated molecular circuits with controllable
conductance.

The single-molecular potentiometer based on ortho-pentaphenylene was further developed
in 2021.%° The ortho-pentaphenylene derivatives that were orthogonal and with anchoring
groups adopted a multiple folded conformation and underwent conformational
interchanges in solution. Solvent-sensitive multiple conductances originating from
different conformational isomers were recorded by scanning tunneling microscopy break
junction techniques. Tang and his colleagues designed single-molecule potentiometers
based on ortho-pentaphenylene (Figure 8d).° The ortho-pentaphenylene derivatives with
anchoring groups adopt multiple folded conformers and undergo conformational
interconversion in solutions. Solvent-sensitive multiple conductance originating from
different conformers is recorded by scanning tunneling microscopy break junction
technique. These pseudo-elastic folded molecules can be stretched and compressed by
mechanical force along with a variable conductance by up to two orders of magnitude,
providing an impressively higher switching factor (114) than the reported values (ca. 1~25).
These findings contributed to the exploration of robust single-molecule potentiometers
based on helical structures and to the fundamental understanding of charge transport in

higher-order helical molecules.
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Figure 8. (a) Chemical structures and representation of circuits of f~TPE-PPy and /-TPE-
PPy anchored onto gold electrodes from ref.’” (b) Schematic representation of circuits of
HPB(OM)3-SM anchored onto gold electrodes from ref.’® (c¢) The electron-transport
mechanism in f-4Ph-4SMe, f-4Ph-2SMe-A, and f-4Ph-2SMe-B. A controllable
multichannel-molecular-device model was depicted based on the single-molecule parallel
circuit /~4Ph-4SMe from ref.”® (d) Schematic illustration of a mechanical single-molecule
potentiometer based on 0-PP-2SMe from ref.®® Copyright 2015 2020, wiley; Copyright

2018, American Chemical Society; Copyright 2021, nature.

2.4 Photoswitches
TSCT shows the advantages of flexibility and tunability in multidimensional charge
transport. Therefore, it has become a hot research area for optical drive applications. The

donors and acceptors in most molecules are usually locked in coplanar configurations,
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resulting in charge recombination that destroys the energy conversion efficiency. On the
contrary, configuration change will help to regulate the charge dynamics at the excited state
to ensure charge separation. The charge transfer process can be efficiently induced by
changing the molecular configuration in a specified manner.®'*> Photoswitches, which can
undergo significant geometrical configuration changes upon light-induced isomerization
and provide a non-contact way of adjusting the molecular structure, can serve as ideal
dynamic linkers.®*% Zhang and He et al.®’ chose bridged azobenzene (BAB) as the
photoswitch, which was exactly suitable for dynamic control of the TSCT process. At the
ground state, it prefers the compact Z isomer to the extended £ isomer. As shown in Figure
9b, Z isomer will turn to E isomer upon exposure of blue light (370400 nm); and E
switches back to Z in the condition of green light (480-550 nm) irradiation.®® They
developed a donor-switch-acceptor (DSA) model with a framework similar to the reported
donor-linker-acceptor molecular system,> !! which worked by TSCT. However, the
structure of the switch is sensitive and adaptive according to the light. To make TSCT occur
in the DSA molecule, the frontier orbital energy levels of each unit (i.e., D, S, and A) need
to follow a specific arrangement. As shown in Figure 9a, the highest occupied molecular
orbital (HOMO) energy levels of D, S, and A were decreasing in order, and the lowest
unoccupied molecular orbital (LUMO) energy levels were, in the descending order of
S>D>A. In this case, the electrons would be excited from their HOMO (corresponding to
donor units) and transferred to the LUMO (corresponding to donor units) rather than to S.

The structure of donors and acceptors, and the energy levels of frontier orbitals of selected

https://doi.org/10.26434/chemrxiv-2023-4q2v2 ORCID: https://orcid.org/0000-0001-7743-4518 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-4q2v2
https://orcid.org/0000-0001-7743-4518
https://creativecommons.org/licenses/by-nc-nd/4.0/

donor, switch, and acceptors were also collected in Figure 9a. The Z isomer of BAB
facilitated n-m stacking of D-A pairs with a specified arrangement of frontier orbitals to
ensure TSCT, whereas the £ isomer of BAB disrupted this stacking and inhibited charge
recombination. It demonstrated the potential of using specific photoswitches within
stacked 7 systems for photochemical conversion.

The most common method for realizing single-molecule photoswitches is photo-induced
switching.%®-"2 The switching process can be induced by irradiation to induce changes such
as photoisomerization,”® intramolecular energy transfer,’*, and intersystem crossing to the
triplet state.” The application of external electric field (EF)/potential could also be used to
modulate the photon emission properties of molecular systems. Different from
photoinduced switching, the application of EF in the integrated design of functional single-
molecule switches may be more convenient because EFs are available in biased metal

nano-junctions. Luo and Tian et al.”®

proposed a new mechanism using in single-molecule
photoswitch. The EF in a biased metal nano-junction controlled emission from molecules
with TSCT excited states. The EF-induced Stark effect was able to flip the order of the
bright non-charge transfer state and the dark TSCT state, resulting in the desired switching
behavior. A schematic picture of the considered model system and the optimized geometry
of the NDIC-Ome molecule are depicted in Figure 9¢. The molecule was placed in a
nanocavity formed by the STM tip and substrate, with the bottom NDI chromophore

attached in parallel to the substrate. Owing to the weak coupling limitation, the electron

tunneling process could be described by sequential tunneling (SET). If it was assumed that
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the tunneling process was triggered by an electron penetrating out of the occupied
molecular orbital tunnel to the substrate, the tunneling-induced molecular lepton and

photon emission processes could be described by the minimal three-state model”’

(Figure
9¢), where the green and red arrows represent the charge transport and photon emission
processes, respectively. According to the strength of the applied field, the EL process
involved three excited states, i.e., two TSCT states, CTm and CTp, and one non-CT state
nCT. The charge transfer characteristics of the two TSCT states can be identified clearly.
Due to the small overlap between the molecular orbitals involved, the oscillation strengths
of both TSCT states were much smaller than those of the non-CT state. Without considering
the EF effect, the EL energy (3.22 eV) and intensity were the same under both EFs, as in
Figure 9d. The EL spectra were the same under -4.114 V, with or without considering the
effect of EF. These results indicated that in sifu EF in single-molecule junctions could play

an important role in the optical properties of the molecules and facilitate the design of

single-molecule optoelectronic devices.
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Figure 9. (a) Fragmental frontier molecular orbital energy level diagram in D-S-A for
TSCT; the structural formula of selected electron donors and acceptors; HOMO-LUMO
gap diagrams for chosen donor, switch, and acceptors and three D-S-A complexes from
ref.%” (b) BAB enables TSCT via E/Z isomerization from ref.®’ (¢) Schematic drawing of
the setup for the investigated STM-EL measurement with the NDIC-OMe molecule under
the in situ electric field; optimized geometry of the NDIC-OMe molecule; energetic
diagram for the electron tunneling process in the sequential tunneling regime; model
describing the tunneling-induced electronic state transitions and the photon emission
process from ref.”® (d) Major molecular orbital transitions for the three excited states that

are involved in the photon emission process; bias polarity dependent EL of the NDIC-OMe
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molecule from ref.”® Copyright 2021, American Chemical Society.

3. Outlook and Perspectives

As one of the most important ways of electron interaction, TSI is characterized by non-
covalent bonding between overlapping aromatic rings at a close distance. Owing to its
unique flexibility and tunability in multidimensional charge transport, it has various
attractive advantages in organic optoelectronic devices.

The development of high-performance OFFSs based on TSCT is a promising area of
research due to unique molecular structural features. The precisely controlled distance and
face-to-face alignment between the donor and acceptor would not only create abundant
gaps in the adlayer of the film, but also provide a space to accommodate VOCs. However,
organic fluorophores are very scarce for ultrasensitive alkane sensing. Considering the
volatility and chemical inertness of alkanes, further exploration of various TSCT-based
sensing fluorophores is challenging but rewarding. Innovative molecular design and
optimization of adlayer structure are expected to further promote the development of high-
performance OFFSs.

For OLED, highly twisted molecular TSCT structures can increase spatial conjugation and
enrich intramolecular interactions. This can reduce the overlapping between HOMO and
LUMO, realizing small AEst values. Moreover, the steric hindrance caused by twisted
molecules can reduce the vibration and rotation of molecules, thus reducing non-radiative

decay and improving the utilization of triplet excitons. Intramolecular noncovalent
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interactions between the donor and acceptor further suppress the nonradiative decay,
avoiding the dropping of quantum yield caused by intermolecular n-m interactions in the
solid state and improving the device performance by reducing the efficiency roll-off.

In terms of single-molecule wires, long-range electron transport depends not only on the
chemical structure of individual molecules and the intrinsic properties due to m-stacking,
but also on the spatial structure of these molecules. Enhanced spatial interactions will
expand the jump dipole moment and spin-orbit coupling, which will further accelerate the
upconversion process and create additional charge transfer channels. The strong toroidal
TSI formed between the face-to-face groups is significant and compensates for the
excessive conductance loss of the weakened through-bond counterpart. Multichannel
conductivity modeling by integrating space and bond conjugation may be a promising
strategy for further design of robust, stable, and conductive single-molecule wires.
Regarding photoswitches, the selection of them as linkers between donors and acceptors in
TSCT molecules can effectively direct charge transfer within n-stacking systems to realize
the potential for photochemical conversion. Moreover, using the new mechanism of in situ
photoswitch to bias the EF in the metal nanoconjunctions can control the photon emission
from molecules with TSCT excited states. The EF-induced Stark effect can flip the order
of the bright non-charge transfer state and the dark TSCT state, resulting in the desired
switching behavior. These results indicate that the molecular structure with TSI plays an
important role in the optical properties of the photoswitches and facilitates the design of

organic optoelectronic devices.
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