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of molecular materials

Zhikuan Zhou, *a Lizhi Gai, a Li-Wen Xu, a Zijian Guo b and Hua Lu *a

Disilanes are organosilicon compounds that contain saturated Si–Si bonds. The structural characteristics of

Si–Si single bonds resemble those of C–C single bonds, but their electronic structure is more similar to that

of C]C double bonds, as Si–Si bonds have a higher HOMO energy level. These organosilicon compounds

feature unique intramolecular s electron delocalization, low ionization potentials, polarizable electronic

structure, and s–p interaction. It has been demonstrated that the employment of disilane units (Si–Si) is

a versatile and effective approach for finely adjusting the photophysical properties of organic materials in

both solution and solid states. In this review, we present and discuss the structure, properties, and

relationships of novel s–p-conjugated hybrid architectures with saturated Si–Si s bonds. The application

of disilane-bridged s-conjugated compounds as optoelectronic materials, multifunctional solid-state

emitters, CPL, and non-linear optical and stimuli-responsive materials is also reviewed.
1. Introduction

Numerous studies exploring the chemistry of silicon, an element
that is abundant on our planet, have yielded a plethora of
important applications in modern chemistry and cutting-edge
materials, with a particular emphasis on functional organo-
silicon compounds.1–8Using silicon atoms as bridges within thep-
fused structures has emerged as an effective approach for creating
unique materials with remarkable electronic and photophysical
characteristics, which are typically challenging to attain using
carbon-based p-components.9–13 Among organosilicon
compounds, disilanes that contain saturated Si–Si bonds have
been studied for over 80 years.14–18 The s-bonds in saturated Si–Si
compounds are highly stable thermally and nonpolarized. They
are conformationally similar to C–C single bonds but have longer
bond lengths of 2.64 Å, a lower dissociation energy of 220–300 kJ
mol−1, and a lower torsional barrier of 1.0 kcal mol−1.19 Besides,
the electrons involved in the Si–Si s bond exhibit a striking ability
to delocalize throughout the silicon skeleton, resembling the
behavior of electrons in ap-conjugated system.20,21 This distinctive
phenomenon of s-electron delocalization is referred to as s-
conjugation.22 Interestingly, the highest occupied molecular
orbital (HOMO) energy level of a Si–Si s bond is comparable to
that of a C]C p-orbital due to the inherent electropositivity of
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silicon;23 thus a Si–Si single bond electronically behaves like a C]
C double bond and can be conjugated withp systems to construct
sophisticated s–p hybrid architectures.

Introducing Si–Si bonds into p-conjugated structures
provides an approach to adjust their electrochemical and pho-
tophysical characteristics, and bring novel functionality to
organic materials through the phenomenon of s–p conjuga-
tion.24 From an electronic perspective, efficient s–p conjugation
between s-orbitals of the Si–Si bond and p-orbitals of the
adjacent covalently linked aryl groups25 can manipulate the
functionality subtly (Fig. 1a).26 What can't be ignored is that
from a conformational aspect, the tetrahedral silicon and the
bulky and exible Si–Si unit are preferable for improving the
solubility and reducing intermolecular interactions.27 Thus, the
Si–Si s bond is crucial for the formation of stimuli-responsive
so crystalline materials.28 Additionally, the silicon atom's lip-
ophilicity makes them more effective in crossing membranes
and increasing their biocompatibility.29 The disilane bridge
tends to deliver enhanced uorescence, high solubility, and
crystallinity to the hybrid molecules. Therefore, disilane-based
molecular materials provide endless possibilities for applica-
tions in various frontier elds.

Disilane-bridged molecules are emerging as cutting-edge
functional organic materials.30 In light of the surging research
on disilane-bridged molecular materials, this review focuses on
the recent progress of structures, optical properties, and
applications of organic small molecules containing disilane
units (Fig. 1b). We introduce the general design of s-conjugated
molecules as high performance multifunctional organic mate-
rials. The aim is to give in-depth insight into the unique
molecular properties brought by a silane chain, and the rela-
tionship of material functions with molecular structures.
Chem. Sci., 2023, 14, 10385–10402 | 10385
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Fig. 1 (a) Schematic representation of s–p conjugation in aryldisilane. (b) The scope of this review. (c) Salt elimination reaction to synthesize
disilane-bridged architectures. (d) Pd-catalyzed cross-coupling reaction.
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2. General synthetic methods of
disilane-bridged systems

Si–Si bonds are generally stable to construct complex s–p

hybrid molecules. The commonly used synthetic approaches for
the design of disilane-based molecules are salt elimination and
Pd-catalyzed Si–C coupling (Fig. 1c and d). A salt elimination
reaction refers to the reaction of chlorosilane with the Grignard
or organolithium reagent, which has been widely used for
almost a century-long time.31 The starting materials are easily
accessible and the products can have symmetrical and unsym-
metrical structures. However, when preparing structurally
unsymmetrical molecules, there are usually byproducts with
symmetrical structures, and the yield and selectivity of the
products are unsatisfactory. The most challenging aspect of this
method is that aryl units with nucleophilic functional groups
are incompatible with the strongly active organometallic
reagents. This disadvantage limits the construction of well-
dened disilane-bridged architectures with diverse
functionalities.32

In the past three decades, the silylation of aryl halides with
hydrosilanes catalyzed by transition metals has emerged as
a prevalent method for synthesizing functional silanes.33 In
1997, Masuda et al. reported the rst example of palladium(0)-
catalyzed silylation of aryl halides with hydrosilane.34

Following this, several groups continued to develop a variety of
synthetically advantageous methods for the palladium/
rhodium-catalyzed silylation of arenes.35–42 Despite several
advantages of this method, such as mild reaction conditions
and good functional group tolerance, the silylation of aryl
10386 | Chem. Sci., 2023, 14, 10385–10402
iodides with hydrodisilanes was believed to be a rather tough
and intricate task due to the susceptibility of Si–Si bond
cleavage in the presence of transition metal complexes.2,43,44

Interestingly, in 2010, Yamanoi and Nishihara reported a pio-
neering approach for the silylation of arenes with tris(-
trimethylsilyl)silane or hydrodisilane catalyzed by Pd(P(tBu)3)2
to afford hypersilylated or disilylated aromatic products without
observation of Si–Si bond cleavage.45 Notably, this method can
tolerate a diverse range of functional groups, including tri-
uoromethyl, amino, hydroxyl, cyano, acetyl, and ester, thus
providing efficient access to novel scaffolds containing Si–Si
units. This method greatly enriched this class of compounds.

Beyond the above methods, a few reports have demonstrated
the feasibility of using electrochemistry for the synthesis of
disilanes since the late 1970s.46–48 However, these methods rely
on using dangerous electrode materials and can only produce
disilanes with alkyl substitutions. At present, it is not possible
to obtain disilanes with precisely dened structures incorpo-
rating organic chromophores as building blocks.
3. Disilane-bridged chromophores
3.1. Symmetric silane-bridged molecules

From a synthetic point of view, structurally symmetric diary-
ldisilanes are easier to prepare.49 As a distinctive characteristic
of Si–Si s bonds, the photophysical properties of the s–p

conjugated system are signicantly dependent on themolecular
conformation, specically the angles of torsion between the Si–
Si s-bond and the plane of the aromatic ring (u1) and rotation
around the Si–Si bond (u2, Fig. 2).25 The absorption spectrum of
aryldisilanes is a composite of the absorption spectra of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
different conformers present in the mixture, each with its own
population. Therefore, the conformation–property relationship
is one of the most important topics when investigating the
photophysical properties of aryldisilanes.

Due to the low ionization potentials of the Si–Si bond, it
behaves like an electron-donating chromophore with UV
absorption at around 200 nm.50 The HOMO energy level of Si–Si
is in close proximity to that of the phenyl group, and thus, there
is a strong s–p interaction in aryldisilanes with simply
substituted phenyl as the end-capping group. However, in
aryldisilanes with polycyclic aromatic hydrocarbons or other
large p-conjugated chromophores as the end-capping groups,
the difference between the HOMO energy level of Si–Si and the
large p systems is relatively larger. Hence, in addition to the s–
p conjugation effect, the photophysical properties of these s–p
hybrids depend more on the intramolecular interaction
between the two end-capping aromatic groups.

Diphenyldisilanes 1–3 were employed as model compounds
to study the conformationally dependent intramolecular inter-
actions (Fig. 2).51 In compounds 2 and 3, butyl chains were
utilized to manually control the torsion angles u1 and u2 of
disilane units. u1 is considered as a measure of the degree of s–
p conjugation. 90° would be the ideal degree for the most
effective s–p conjugation.25 u2 mainly affects the stability of
Fig. 2 Symmetrical diaryldisilanes and partial crystal structures. Reproduc
56, Copyright 2003, American Chemical Society, from ref. 57, Copyrig
American Chemical Society, from ref. 26, Copyright 2020, Chinese Chem

© 2023 The Author(s). Published by the Royal Society of Chemistry
disilane compounds, and the preferred torsional angles are
180° (anti, A) and 60° (gauche, G).52 These two isomers cannot
interconvert. The UV absorption maxima of the trans isomer 3
slightly redshied by 4 nm compared to that of the cis isomer 2,
indicating a larger u1 being benecial for effective s–p conju-
gation.25 These results demonstrate that the conformationally
dependent s–p conjugation interaction can be effectively
controlled through the conformation constraint.53

Compounds 1, 4, and 5 are used to study the intra- and
intermolecular forces that enable molecules to exist stably in
the solid and gaseous states. The conformational exibility of
the disilane unit is highly advantageous for studying multiple
interacting forces.54 Terminal aryl groups with variable electron-
accepting strength were employed to examine aryl–aryl stacking
interactions in the gas phase and in the solid state through gas
electron diffraction (GED). The pentauorophenyl and penta-
chlorophenyl substituents are strong enough to force the
molecules to aggregate in the solid and gaseous states, while
unsubstituted phenyl cannot achieve this. London dispersion
forces contribute increasingly along the series 1 < 4 < 5. Among
the three compounds, 5 has the most intense intramolecular
interactions due to the pentachlorophenyl groups. Despite the
signicant distortion of the Si–C6Cl5 units, the syn conforma-
tion is the only one present in both gaseous and solid states.
ed with permission from ref. 54, Copyright 2020, Wiley-VCH, from ref.
ht 2018, Royal Society of Chemistry, from ref. 61, Copyright 2020,
ical Society, from ref. 63, Copyright 2022, Royal Society of Chemistry.
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These results demonstrate that u2 is largely dependent on the
interaction between terminal aryl groups.

Polycyclic aromatic hydrocarbon units such as anthryl,
naphthyl, and pyrenyl groups are different from the phenyl
group in that they readily form excimers in the excited state. In
compounds 6–8, naphthyl, anthryl, and pyrenyl groups were
linked through disilane chains to elucidate the effect of
excimer/exciplex formations and multiple intramolecular
interactions on the photophysical properties.55,56 These
compounds exhibit a combination of p–p interactions between
two aromatic groups and s–p interactions between the phenyl
group and the silicon chain unit. 6, and 7 were found to exhibit
the strongest excimer uorescence, which is different from their
carbon chain bridged analogues. Si–Si to aryl group s–p*

charge-transfer (CT) uorescence was observed in longer silane
chain bridged compounds. This interaction enhanced the
photostability of arylsilanes under UV irradiation.

Thienyl substituents are commonly recognized as electron
donors, and are frequently employed as electron reservoirs in p-
type carbon-based materials with a donor–acceptor (D–A)
structure. Oligothienyl catenated disilanes 9, and 10 were
synthesized.57 The nearly perpendicular Si–Si–C–CTh torsion
angle (92°) in 9 suggests that there is a nearly perfect s–p

conjugation between the Si–Si bond and the adjacent thiophene
fragments. Furthermore, the main UV absorption band of this
compound is noticeably red-shied in comparison to that of
simple aryl derivatives. In solution, compound 9 exhibits
emission spectra with intramolecular charge transfer (ICT)
character, while compound 10 displays both ICT and locally
excited (LE) bands. Photoluminescence quantum yields (PLQYs)
of 9, and 10 in DCM are 0.26, and 0.17, respectively.

A disilane unit was also employed as a spacer to connect
electronically active moieties to build model compounds for
investigating intramolecular electron transfer. In symmetric
disilane bridged bis-tetrathiafulvalenes (TTFs) 11,58 no elec-
tronic interaction was detected between the two TTF units.
However, in metallocene systems 12,59 electronic coupling via
both through-bond and through-space interactions may play
a crucial role when these systems are linked by saturated
bridges.60 Two distinctive reversible redox processes were
observed. In MeOH, the Si–Si bond underwent cleavage to yield
the methoxysilane derivatives upon photolysis. Other opto-
electronic functional organic chromophores were also
employed as terminal units in aryldisilanes. Carbazole end-
capped molecule 13 was reported.61 It retained most of the
emission color of carbazole; however, it showed high solubility
in common organic solvents, high thermostability, and
enhanced emission efficacy in the solid states (FF = 0.33). It
may have found potential application as deep-blue organic
emitters.62

Recently, a series of disilane bridged bis-TPE (tetraphenyl-
ethylene) 14 and bis-TPT (triphenylvinylthiophene) 15 were
developed by us to study the electronic and conformational
effect of a silane chain on the photophysical properties of
aggregation induced emission (AIE) luminogens.26,63 The
absorption spectrum proles of 14 and 15 were found to be the
same as that of terminal TPE and TPT, indicating that disilane
10388 | Chem. Sci., 2023, 14, 10385–10402
possesses excellent ability to maintain the original color. This is
benecial for constructing transparent functional molecular
materials. Compound 14 exhibited a distorted conformation in
its crystal structure, whereas compound 15 adopted an
extended all-trans conguration with both end aryl groups
parallel to each other (Fig. 2). The intermolecular interaction of
TPE and TPT was further inhibited by the silane chain and the
emission PLQYs of 14 and 15 in the solid state were 0.39 and
0.61, respectively.

The electron-donating nature, s-conjugation and the exi-
bility of an oligosilane chain presents new opportunities for
fabricating s–p hybrid models for analyzing the photophysical
process in charge-transfer. Acceptor–donor–acceptor (ADA)
model compound 17 featuring an electron-decient cyanovinyl-
substituted arene (A) on either side of a permethylated hex-
asilane core (D) was reported, which exhibits distinct charge
carrier mobilities compared with its alkane chain bridged
analogues 16.64 The unusual gauche conformation in the single
crystal structure of 17 causes the s-conjugation axis to face the
p plane of an adjacent molecule, which is believed to enhance
charge transport.65 The electronic structure of the hybrid
materials (16 and 17) is signicantly inuenced by the presence
of silicon. In compound 16, the HOMO and the lowest unoc-
cupied molecular orbital (LUMO) are situated on separate
aromatic rings and exhibit no orbital density on the alkane
chain. In contrast, in gauche-17, the HOMO is spread across the
silane chain, while the LUMO is localized on a single aromatic
ring (Fig. 3a). Additionally, the hybrid material's crystalline
lms deposited via solution showed a noteworthy enhancement
in mobility for space charge limited current (SCLC), up to 100-
fold higher than reported in the literature for photoinduced
hole transport in lms made of oligosilanes. The results of
steady state and ultrafast spectroscopic measurements indicate
that the charge separation (CS) process is asymmetric, which
means that it occurs directly aer light absorption.66 Femto-
second stimulated Raman spectroscopy (FSRS) was employed to
investigate the process of ICT in a system following photoexci-
tation. The results conrmed that the photoexcitation causes
ICT from the electron-rich silane unit to the electron-poor cya-
no(ester)vinyl group, as evidenced by the similarity between the
Raman spectrum of the excited silane and that of a reduced
acceptor unit. The observed asymmetric ICT is attributed to the
symmetry breaking of the excited state, which is inuenced by
the conformation of the central Si chain. Furthermore, the
degree of charge separation was found to increase with the
length of the silane chain.

Recently, a new series of ADA organosilanes 18–19 has been
developed.67 In these linear oligosilanes, disilane and tetrasi-
lane chains were used to control the electron-donating ability;
meanwhile, terminal groups with variable electron-accepting
strength were employed. All the studied compounds have
similar photoinduced ultrafast spectral dynamics, which
involve the relaxation of the excited state with CS, and subse-
quent return to the ground state through charge recombination
(CR). The rate of CR is dependent on the electron-accepting
strength, which governs the intensity of the electronic
coupling. Acceptors with weaker strength tend to have a larger
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) ADA type cyanovinylsilanes and their carbon analogues.
Reproduced with permission from ref. 64, Copyright 2015, Royal
Society of Chemistry. (b) Chemical and crystal structures of perphe-
nylated disilanes. Reproduced with permission from ref. 69, Copyright
2012, American Chemical Society. (c) Structures of cyclohexasilanes
and N-arylcyclosilazanes.
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electronic coupling, resulting in rapid recombination, whereas
stronger or moderately strong acceptors generate charge-
separated states that are more stable and have a longer lifespan.

The photophysical properties of silane-bridged compounds in
the solid state are highly inuenced by the type of organic
substituents they possess (specically, their s–p conjugation) and
the molecular geometry. In aryldisilanes, the substituents on
silicon atoms not only have an effect on the frontier molecular
orbitals but also control the conformation and intramolecular
interaction of the parent silanes. Until now, the most reported
aryldisilane compounds employ peralkylated disilanes as linkage
units since they are easy to synthesize and energetically stable.
Aryl substituted disilane bridged compounds are rarely reported
although they should exhibit different properties compared to
peralkylated disilanes. Geometric isomers of perphenylated dis-
ilanes 20–21 were obtained indirectly through the reactions of
diarylacetylenes with a dinickel complex bearing bridged silyl
ligands.68,69 Their X-ray crystallography conformations were clas-
sied into two types depending on the substituents on terminal
phenyl groups. Compounds with substituents of H, Me, and CF3
adopt a structure as 20b, which involves a C–H/p interaction
between the vinylic C–H groups and the aryl group bonded to
a different Si atom. Compounds with substituents of the strong
electron accepting group CN adopt a structure as 21a, which has
an intramolecular C–H/p interaction and p–p stacking between
an aryl group of the C]C double bond and the phenyl ring
bonded to Si atoms. Interestingly, a compound with an OMe
© 2023 The Author(s). Published by the Royal Society of Chemistry
substituent exhibits the structures of two distinct molecules that
are independent of each other within the unit cell as determined
by crystallography. All compounds exhibited a uorescence
maximum at 393–488 nm in the solid state. The phenyl groups on
the silicon atoms serve to promote proximity between the terminal
chromophores, thereby facilitating interactions such as electron
and/or energy transfer in the excited state. These interactions are
responsible for the exceptional emission properties of the
compound.

cis-1,4-Disubstituted cyclohexasilane 22 70 was reported and
the cyclohexasilane ring adopts a boat-like conformation in the
crystal structure. Subsequently, a family of N-arylcyclosilazanes
23 were designed.71 The cyclosilazane molecule exhibits a twist
boat geometry, wherein the two nitrogen atoms are positioned
in a trigonal planar conformation. The terminal substituent
systematically perturbs HOMO energies. It can be inferred that
the cyclosilazane rings have varying degrees of electron richness
in comparison to a six-membered all-silicon ring.
3.2. Disilane-bridged donor–acceptor chromophores

The unique properties of a Si–Si bond prompted the design of
novel disilane-bridged donor–acceptor molecules as an archi-
tecture for the creation of nonlinear optical materials. The Si–Si
bridge may reduce but not fully cancel ICT between D and A
moieties owing to s conjugation, s–p interaction, and low
electronic polarizable energy. Early in the 1990s, a series of
substituted diphenyldisilane and diphenylhexasilane 24,72 25,73

26 74 having a dicyanovinyl acceptor and various donors have
been synthesized via a salt elimination reaction. As for
compounds 24c and 25, the optical rst-order hyper-
polarizability b increases 1.7 times with an elongated Si chain.
The b value of compound 25 exceeds the maximum value re-
ported for p-nitroaniline in methanol by 1.6 times. This is
a good example for generating transparent material with
excellent nonlinear properties. As for disilane-bridged
compounds, the b values increased with the increasing donor
strength (26 < 24a < 24b < 24c).

More than 20 years later, a set of disilane-bridged donor–
acceptor architectures 27–32 were synthesized through Pd-
catalyzed arylation of hydrosilanes and aryl iodides.75 The
electron donating substituents are p-N,N-dimethylamino,
methoxyl and phenoxyl, while the electron-withdrawing
substituents are carbethoxy and o-/m-/p-cyano. Both linear and
non-linear optical properties were investigated in detail. The
compounds displayed a purple-blue luminescence with an
emission wavelength range of 360–420 nm and exhibited high
quantum yields with a maximum PLQY of 0.81 (32b) in their
solid state.

The crystal structure of 27a suggests that the two aryl groups
are oriented in a parallel manner (Fig. 4a). The crystal structure
of 28 is asymmetric due to steric hindrance. As a result, the
compound exhibits a signicant dipole moment between the
donor and acceptor groups. Density functional theory (DFT)
calculations unveiled that the luminescence behavior of the
compound is inuenced signicantly by both LE states and ICT
excited states.
Chem. Sci., 2023, 14, 10385–10402 | 10389
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Fig. 4 (a) Molecular structures of the unsymmetrical 1,2-diaryldisilane derivatives containing various electron-donating and -withdrawing
groups. Photographs showing appearance and emission colors of 27–32 in daylight and under 365 nm UV light. Reproduced with permission
from ref. 75, Copyright 2015, American Chemical Society. (b) D–A structures contain ferrocenyl, TPE donors and BODIPY acceptors. Reproduced
with permission from ref. 77, Copyright 2018, Royal Society of Chemistry, from ref. 78, Copyright 2021, Royal Society of Chemistry. (c) Structures
and the time-resolved EPR spectrum of disilane bridged zinc porphyrin-fullerene molecules. Reproduced with permission from ref. 82,
Copyright 2009, American Chemical Society.
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The above pioneering studies have focused on the unique
photoluminescence, electroluminescence and nonlinear optical
properties of the D–s–A system using a smallp system as terminal
units. Disilane-bridged D–s–A architectures based on larger p

conjugated chromophores were investigated recently. A redox
active ferrocenyl group was used as a donor in disilane-bridged D–
A structures (Fig. 4b).76 The redox potentials of the Fe center are
mildly affected by the different aryl substituents. For instance,
replacing the most electron-donating substituent (NMe2) with the
most electron-withdrawing substituent (CH]C(CN)2) leads to
a shi in oxidation potential by 30 mV. The hyperpolarizabilities
of complexes 33b and 33c closely resemble those of their corre-
sponding substituted benzenes, except for compounds 33a and
33d, which contain the most electron-withdrawing substituents
(p-Cl and p-CH]C(CN)2).

A series of disilane-bridged boron dipyrrolmethane
(BODIPY)-based D–s–A architectures were reported by us, in
10390 | Chem. Sci., 2023, 14, 10385–10402
which a BODIPY core was employed as the electron acceptor
unit (Fig. 4b).77 The s–p conjugation between s-orbitals of the
Si–Si bond and p-orbitals of BODIPY slightly extend electron
delocalization and result in 15–31 nm red-shis in absorption
compared with the precursor BODIPY core. Crystals of
compounds 34a revealed a rather folded conformation.

Subsequently, our group designed several disilane-bridged
compounds 35 consisting of TPE (Fig. 4b).78 Spectroscopic
analysis revealed that these compounds showed the same
absorption proles as that of TPE with less than 8 nm redshi;
thus, they are highly optically transparent. In the structure of
35c, the angles of torsion between the Si–Si s-bond axis and the
plane of phenyl rings are 65.87 and 84.21°, implying that the s-
p conjugation is highly effective. Loose molecular packing
caused by multiple intermolecular CH–p interactions and the
steric-hindrance effect of Si may be attributed to the relatively
lower PLQY of 35c in the solid state compared with that of 35d.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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By virtue of the increased polarizability of the Si backbone and
s–p conjugation, these compounds exhibited strong reverse
saturable absorbance (RSA) responses when doped in poly(bi-
sphenol A carbonate) (PBC) thin lms.

Porphyrin–fullerene dyads have been extensively researched
and have demonstrated intricate photochemistry that is highly
sensitive to the environment.79 Their ability to achieve charge
separation via photoinduced intramolecular electron transfer
processes makes them a highly promising candidate for use in
photovoltaic and photocatalytic applications.80 Oligosilanes
possess unique s electron delocalization properties, making
them highly suitable for studying complex photophysical
processes within molecules. For example, D–A structures of zinc
porphyrin (ZnP)–fullerenes utilizing oligosilane chains (silicon
number n = 1–5) as bridges were synthesized.81 The attenuation
factor of electron transfer was evaluated based on the Si bridge
length-dependent CS rate, and it was found to be 0.16 Å−1. This
value is consistent with those observed for other bridges that
are s-conjugated carbon-based units. In further study, a specic
folded geometry of disilane-linked porphyrin–fullerene dyad 36
as well as its electronic properties were characterized
(Fig. 4c).82,83 In the photoinduced CS state of the folded mole-
cule, the singly occupied molecular orbitals (SOMOs) are found
to be mutually orthogonal. This orbital conformation prevents
the energy-wasting CR despite ZnP and C60 being in close
contact. The conformation of the tetrasilane linkers has little
effect on the lifetimes of the CS states, and the degree of s-
conjugation has minimal impact on the CR rate.84 These are
markedly different from the p-conjugated linkers, where ET
rates are unequivocally dependent on the nature of the linker.
This disparity is one of the distinguishing features of silicon
linkages.

Advanced stimuli responsive materials have raised signi-
cant concerns regarding the use of donor–acceptor–donor
luminophores. A series of disilane-bridged D–A–D and A–D–A
molecules were synthesized through Pd-catalyzed arylation of
monohydrodisilane precursors with aryl diiodides.85 The
molecules exhibited broad UV/vis absorption bands attributed
to both ICT and p–p* transitions upon excitation. In the solid
state, all compounds showed moderate to strong uorescence
with a FF up to 0.85 (37a). This was due to the efficient inhibi-
tion of intermolecular interactions, along with the suppression
of non-radiative relaxation pathways and the photoinduced
electron transfer (PET) effect.

Compounds 37d–37f, and 38d–38f contain triarylamine
derivatives as donor units and benzothiazole or thienopyrazine
as electron withdrawing groups.86 In the solid state, their
emission peaked at wavelengths between 485 and 547 nm, while
in solution the maximum emission was observed at 480–
670 nm. The compounds showed high uorescence efficiency,
with quantum yields (FF) as high as 0.25 for compound 38d.
The single-crystal X-ray diffraction analysis of 37e revealed that
the suppression of intermolecular p–p interactions resulted in
strong emission in the solid state and hindered the intra-
molecular rotation of the donor and acceptor units. These
ndings indicate that the intense emission observed in the
solid state is attributed to the aggregation-induced emission
© 2023 The Author(s). Published by the Royal Society of Chemistry
enhancement (AIEE) effect. 37g and 38g exhibit dual emissions
in all solvents tested.87 They also exhibited solid-state uores-
cence andmechanochromic luminescence. The single-crystal X-
ray analysis of 37h revealed a buttery-quasi-equatorial
conformation, which is responsible for its unique emission
properties (Fig. 5b).88

BODIPY-based D–s–A–s–D architectures 39 exhibit inter-
esting dual uorescence.77 Typically, taking 39b as an example,
two separate absorption bands were observed at 523 nm and
556 nm in toluene. One can assign the uorescence at 523 nm to
either the BODIPY core or to the LE state with pp* character,
which is not signicantly affected by the solvent or substituents.
In contrast, the uorescence at 556 nm is attributed to the CT
excited state, which is strongly inuenced by both solvent and
substituent effects. Two other p–s–p–s–p compounds 40 (ref.
57) and 41 (ref. 78) were reported during the research on D–s–A
compounds. The p units in these molecules are all electron-
donating chromophores, and thus, no obvious ICT effect was
observed in spectroscopic measurement. The PLQYs of 40 in
DCM and 41 in the solid state are 0.76 and 0.92, respectively,
both of which are higher than that of all their unsymmetrical D–
s–A analogs 9 and 34 under the same conditions.
3.3. Macrocyclic compounds incorporated with a disilane
bridge

[2.2]paracyclophane and phanes based on it have been
prepared, and their structures, reactions and applications have
been investigated in detail since 1949.89,90 Replacement of the
C–C bridges of phanes by Si–Si is of particular interest in
chemistry because the extensive mixing of s–p orbitals results
in through-bond conjugation and longer Si–Si bonds lead to
more strain to phanes.91 The rst tetrasila[2.2]paracyclophane
42 was reported in 1986 by Sakurai using the synthetic method
of Grignard reagent.92 Tetrasila[2.2]paracyclophane displayed
a s(Si–Si)–p ICT band at 231 nm, and a smaller bending angle
of the phenyl ring of 4.3° and a larger distance of 3.46 A°
between phenyl rings than that of [2.2]paracyclophane (Fig. 6a).
In the last three decades, various kinds of phanes with Si–Si
bridges were reported,91,93 and most were synthesized using
organometallic reagents with low yields. The relationship
between structures and UV absorption was investigated thor-
oughly via spectral measurement and DFT calculations.
However, efficient methods to access unsymmetrical disilane-
bridged cyclophane are challenging. Meanwhile, almost no
luminescent properties in the solid state and applications were
reported for these interesting phanes.

In 2017, Nishihara’s group reported a series of tetrasila[2,2]
cyclophane 42–51 through Pd-catalyzed dehalosilylation
(Fig. 6b).94 Notably, this method is particularly useful for
diversity and functionalization of unsymmetrical Si–Si bridged
cyclophanes, which are reported for the rst time. Interestingly,
these donor–acceptor molecules featuring a spatially separated
HOMO and LUMO have potential for application as multi-
functional uorescent materials. Unsymmetrical tetrasila[2.2]-
cyclophanes 45–51 exhibited blue-green emission arising from
ICT. A ipping motion between syn and anti conformations was
Chem. Sci., 2023, 14, 10385–10402 | 10391
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Fig. 5 (a) Molecular structures of disilane-bridged D–A–D and A–D–A compounds. (b) Single crystal structures of partial disilane-bridged
D–A–D compounds. Reproduced with permission from ref. 85, Copyright 2016, Wiley-VCH, from ref. 88, Copyright 2022, American Chemical
Society, from ref. 87, Copyright 2021, Wiley-VCH. (c) Molecular structures of disilane-bridged p–s–p–s–p compounds.
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observed for compound 43; this conformational mobility can be
restricted by the macrocycle host molecules.

Polycyclic aromatic hydrocarbons bridged by disilane link-
ages were also reported. In 2010, Isobe developed a disilanyl
double-pillared bisanthracene 52 as an OLED carrier transport
material using a similar synthetic method reported by
Sakurai.95,96 Compound 53 is the isolated syn conformer of 52.
Disilanyl linkers can modulate structure and electrical proper-
ties for bipolar materials using a balanced combination of p
and s systems, which enables delocalization of charge and spin
of radical ions throughout the whole molecule. Subsequently,
they extend the substrate using tricyclic heteroarenes to form
Si–Si bridged bisheteroarenes 54–56,97,98 and their uctuating
structure between anti and syn conformers in solution was
observed due to the uniqueness of longer Si–Si bonds, which
may contribute to special molecular devices with dynamic
structures. Inspired by the hole transport of disilanyl double-
pillared bisanthracene, the same group developed silacyclo-
phane using naphthylene to form Si–Si bridged bisternaphthyl
57,99 which displayed interfused packing structures with a novel
p-stack motif and herringbone. The unique packing mode
made the structure rigid and recorded amoderate ability of hole
transport. The use of 1,2-dichlorodisilane in the silylation of
10392 | Chem. Sci., 2023, 14, 10385–10402
b,b-dilithiated Ni(II)-porphyrin resulted in the formation of
Ni(II)-porphyrin dimer 58, which features double b-to-b disilane
bridging.100 Spectral analysis and DFT calculations revealed the
weak yet distinct interporphyrinic interaction through s–p

conjugation.
Strained metallocenophanes furnishing an oligosilane chain

offer a convenient route to organometallic polymers that consist
of alternating organosilicon and p-conjugated units through
ring-opening polymerization (ROP).101 Besides, these metal-
locenophanes are highly intriguing due to their potential for
exploring reactivity, including alkene insertions and Si–Si bond
cleavage via transition metal catalysts.102 Compared with
a monosilane bridge, oligosilane bridges may release ring strain
to metallocenophanes (Fig. 7a). Substituted ferrocenes 59 and
61a with intramolecular disilane and trisilane bridges were rst
synthesized in 1972 by Kumada et al. through a salt metathesis
reaction.103 No spectroscopic and electrochemical properties
were reported then. Subsequent electrochemical investigations
of compounds 59 and 61a revealed partially reversible behavior
on the timescale of cyclic voltammetry for the former, while the
latter showed complete reversibility.60 In contrast to carbon-
bridged ferrocenophanes, where a two-carbon bridge cannot
withstand the distortions that occur upon oxidation and no
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Chemical structures and crystal structures of [2.2]paracyclophanes bridged by ethylene and disilane. Reproducedwith permission from
ref. 90, Copyright 2020, Wiley-VCH. The data in the table are summarized from ref. 92. The structures of disilane bridged paracyclophane are
composed of (b) simple aromatic hydrocarbons and (c) polycyclic aromatic hydrocarbons. Reproduced with permission from ref. 94, Copyright
2017, American Chemical Society, from ref. 95, Copyright 2010, Wiley-VCH, from ref. 99, Copyright 2014, Wiley-VCH, from ref. 100, Copyright
2015, Wiley-VCH.
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Fig. 7 (a) The structures of metallocenophanes containing a silane chain and the illustration of bond angles in metallocenophanes. Reproduced
with permission from ref. 108, Copyright 1999, American Chemical Society. (b) Other cyclic compounds with intramolecular Si–Si bridges.
Reproduced with permission from ref. 110, Copyright 1999, American Chemical Society, from ref. 115, Copyright 2000, American Chemical
Society.
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reversibility is observed, the results obtained from these
compounds show a different behavior. The increased revers-
ibility observed for 59 can be attributed to the longer bridging
distance provided by the disilyl group.104 Unexpectedly, its
asymmetric unit contains four crystallographically independent
molecules which are rotamers and distinctly different from
each other conformationally. The projections of Newton-type
structures along the central Si–Si bonds exhibit diverse
conformations, which span from completely eclipsed to
differing degrees of gauche. With an elongated silane chain,
trisilane bridged complex 61b adopted a nonstrained
conformation.105

The center transition metals and the Si number of the silane
chain play signicant roles in controlling the ring strain, which
is a key factor affecting the reactivity and cleavage of the Si–
C(ipso carbon) bond. Regarding compound 59, where an iron
center is present with a d6 conguration, all the occupied
molecular orbitals mainly composed of d orbitals exhibit
binding properties. On the other hand, compound 60 has a d7

cobalt center, and the additional electron occupies a molecular
orbital with signicant antibonding character, leading to
a decrease in the strength of the M-C5H4 bond. This effect has
been reported for the derivative containing a hydrocarbon
bridge.106 Among the disilane bridged compounds, cyclo-
pentadienyl–cycloheptatrienyl–chromium complex 62 (ref. 107)
exhibits the least ring strain with a tilt angle of 2.6°. In disilane-
bridged o-carborane 63,108 the Si–C(carborane)–C(carborane)
bond angle is 99.0°, less than the ideal angle of 121.7°, which
demonstrated its symmetric and strained conformation. Unlike
its organic counterpart o-(disilanyl)-phenylene, the reaction of
63 with ethanol results in the breaking of a Si–C bond instead of
10394 | Chem. Sci., 2023, 14, 10385–10402
a Si–Si bond. Like other cyclic disilanes, when a solution of 63 is
exposed to oxygen, an oxygen atom is inserted into the Si–Si
bond.

Disilanobithiophene (DSBT) that bears an intramolecular Si–
Si bridge was employed as a donor for designing donor–
acceptor polymers.109 The efficient conjugation along the poly-
mer chains is suggested by the red-shied UV-vis absorption of
the polymers. TiO2 electrodes were modied by using DSBT–
pyrazine alternating polymers and were subsequently used in
dye-sensitized solar cells. The highest power conversion effi-
ciency of 0.89% was achieved. Dithienosilole derivatives 64a
and 64b (ref. 110) adopted twisted bithiophene units with
angles of 20.2° for 64a and 24.6° for trans-64b between two
thiophene rings. Despite the small twisting angles, these
compounds maintain a high level of planarity. In triple-layer-
type electroluminescent (EL) devices, 64b displays remarkable
electron-transporting capabilities.

The absorption spectra of silauorene 65 with a disilane
moiety were found to red-shi by 90 nm compared with that of
silauorene with a monosilane bridge,111 indicating that the
introduction of a Si–Si bond at the 4,5-positions of 9-sila-
uorenes can expand the conjugation system via s–p (s*–p*)
conjugation. Large Stokes shis of more than 220 nm were
observed for 65, which means substantial structural variations
between the ground and excited states. The energy level of the
HOMO, which was concentrated on the biphenyl unit and the
Si–Si s bond, was increased, while that of the LUMO, which was
distributed over the biphenyl unit and the Si atoms but not the
Si–Si s bond, was decreased accordingly. Synthesis of other
disilane-bridged biphenyls 66,111 and 67–68(ref. 112) was also
reported without property investigation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The UV-vis absorption and photoluminescence bands of
disilane-bridged bipyridyl 69 blue-shied compared with that of
monosilane-bridged bipyridyl, probably due to the more twisted
bipyridyl units.113 Complex polymer 69-Cu exhibited phospho-
rescent properties. Themore exible and distant disilane bridge
induces a moderate degree of twisting in the bipyridyl systems,
thereby reducing the propensity to form aggregates in the solid
state. The OLED devices that were constructed using 69-Cu
emitted yellow light, and their emission peak was at around
600 nm, while the maximum luminance that they achieved
was120 cd m−2. Dinuclear Cu complex 70 was prepared by using
disilanylene bridged bispyridine ligands.114 Analysis using
single-crystal X-ray diffraction demonstrated that the size of the
disilane linker moiety hindered the intermolecular p/p

interaction. The complex displayed yellow-green phosphores-
cence with an emission band at 519 nm, PLQY of 0.60 and
lifetime of 11 ms in the solid state.

The above mentioned disilane-bridged cyclic compounds
exhibited weak to moderate intramolecular ring strain. In 2000,
highly strained rings 71 and 72 consisting of a disilane linker
and binaphthyl were synthesized.115 The crystal structure
revealed that the silicon atom is substantially deformed from
the tetrahedral geometry. Take 71 as an example, the Si–Si–
C(methyl) bond angle is enlarged to 119.0°. However, in the six-
membered ring the Si–Si–C(naphthyl) bond angle is unusually
restricted to 92.47°, which is signicantly smaller than the
idealized value of 109.5° for sp3-hybridized silicon. The signif-
icant strain imposed by the reduced bond angle in the dis-
ilanylene moiety of 71 suggests that its Si–Si bond is highly
reactive compared to that of other disilanylene-bridged
compounds (59–63).
4. Applications

The unique conformational and electronic structure of a satu-
rated Si–Si bridged s–p hybrid endows compounds with func-
tional properties. The typical application elds of disilane-
bridged molecules include but are not limited to molecular
electronics, nonlinear optics, AIE materials, CPL, electrolumi-
nescence, stimuli responsive materials, etc. In this section, we
introduced the applications of the above mentioned aryldisi-
lanes with emphasis on novel properties brought by silane
linkages.
4.1. Electroluminescent materials

To achieve superior performance of organic emissive chromo-
phores in OLEDs and other optical devices, addressing the issue
of inadequate luminescence efficiency of dyes in the solid state
is of utmost importance.116 p-conjugated bipolar D–Amolecular
systems are widely employed as organic emitters; however,
there are some drawbacks originating from the intrinsic
molecular design. Usually, the donor and acceptor units are
planar chromophores with large p systems, which are prone to
aggregate in the solid state due to close intermolecular p–p

interaction, resulting in lower uorescence capacity. The elec-
tronic ground and excited states of the D–A structures are
© 2023 The Author(s). Published by the Royal Society of Chemistry
energetically closer, which signicantly increases the proba-
bility of internal conversion, owing to the higher probability of
vibrational coupling. This makes it challenging to obtain
organic uorescent materials with high solid-state emission
efficiency in the visible region. Meanwhile, the intramolecular
charge transfer character of D–p–A architectures red-shied the
emission band and made the construction of pure blue and
deep-blue luminophores a great challenge.117

For designing pure blue and deep blue organic electrolu-
minescent materials, D–s–A architectures have natural advan-
tages.75 Owing to the large atomic radius and tetrahedral
conformation, organic Si–Si centered substituents are regarded
as preferable bulky building blocks for the prevention of strong
intermolecular p–p interaction. Their easy accessibility and
chemical stability make it possible to install them on various
sites of organic chromophores. The incorporation of Si
substituents appropriately could manipulate the conforma-
tional and electronic properties of classic luminophores and
liberate the emissive nature of the ones that are non-uorescent
in the solid state. Moreover, the bulky Si–Si substituents as p

linkers would force the generation of twisted intramolecular
charge transfer (TICT) in the D–A plane, which is benecial for
the design of highly emissive blue emitters.118

The quantum yields of D–s–A–s–D type compounds 37d–
37f, and 38d–38f are low in DCM solution (F: 0.003–0.072).86

However, their quantum yields in the solid state increased
drastically (F: 0.040–0.247). Compound 38d exhibits
aggregation-induced emission enhancement (AIEE) properties.
It emits sky-blue color in solution with a low quantum yield of
0.016, while the emission was enhanced in the solid state with
a relatively high quantum yield of 0.247. Undoped LED devices
using compound 38d as the emitter exhibited green electrolu-
minescence with an external quantum efficiency that reached
a maximum of 0.65% (Fig. 8b). In addition, an OLED with 48-
doped dpVBi as an emissive layer was fabricated.94 Tetrasila[2,2]
cyclophanes possess high thermal stabilities and luminescence
quantum yields in the solid state. This device showed blue-
green luminescence at 495 nm with an external quantum effi-
ciency of 0.36% on the preliminary study of electrolumines-
cence indicating that tetrasila[2,2]cyclophanes are a good
material for OLEDs.
4.2. Nonlinear optics

To create molecules belonging to the D–p–A class, organic p-
systems can be capped using both an electron donor and an
electron acceptor. The donor and acceptor units interact,
leading to the formation of a low-energy p molecular orbital
(MO) that spreads throughout the entire D–p–A system. In
addition, the ICT induces polarization of the chromophore,
resulting in a non-zero dipole moment.119 The combination of
these two features results in a non-zero rst hyperpolarizability,
which leads to a nonlinear response to the electric eld of light.
It is important to acknowledge that the transition from
a molecular chromophore to a material necessitates further
considerations, such as mechanical robustness, optical trans-
parency, resistance to photodamage, and other criteria.
Chem. Sci., 2023, 14, 10385–10402 | 10395
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Fig. 8 (a) Application of 38d in an electroluminescence device. Reproduced with permission from ref. 86, Copyright 2018, American Chemical
Society. (b) Z-scan data of the PBC polymer thin films doped with 35 and 41, respectively. Reproduced with permission from ref. 78, Copyright
2021, Royal Society of Chemistry. (c) The relationship of crystal packing and SHG activities of isomers of 28. Reproduced with permission from
ref. 120, Copyright 2020, American Chemical Society. (d) CPL performance of 51. Reproduced with permission from ref. 94, Copyright 2017,
American Chemical Society.
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When a Si–Si s bond is used to replace the p-conjugated
linkage of a carbon-based D–A molecule, a D–s–A molecule can
be obtained. The Si–Si s bridge serves to weaken, but not sever,
the ICT between the donor and acceptor units. A D–s–A system
enables molecules with signicant NLO responses while
retaining the transparency of materials in the solution and solid
state, since Si–Si s conjugation and s–p conjugation are much
weaker for electron delocalization.

D–s–A type disilane 28 was rst reported to display solid-
state second harmonic generation (SHG).75 It possesses
a signicant transition dipole moment due to the presence of
strong donor (–NMe2) and acceptor (–CN) moieties connected
by a Si–Si s-conjugated linker. Molecules with extended p-
conjugated structures usually exhibit strong absorption in the
visible light region. In contrast, the Si–Si s-conjugated mole-
cules mentioned above do not show absorption in the visible
light range. When exposed to Nd:YAG laser radiation (l = 1064
nm), the compound exhibited a SHG efficiency that was 2.9
times greater than that of a urea crystal.

A subsequent investigation of compound 28 revealed an
interesting phenomenon that this compound crystallized in two
distinct polymorphic forms, 28-a and 28-b, under different
crystallization conditions (Fig. 8c).120 Distinct
10396 | Chem. Sci., 2023, 14, 10385–10402
noncentrosymmetric (Cc; a-crystal) and centrosymmetric (P21/c;
b-crystal) space groups were formed due to multiple CH-p
interactions that resulted in different crystal packing arrange-
ments. The noncentrosymmetric crystal 28-a packing in
a parallel manner exhibited SHG activity with an intensity 2.1
times higher than that of urea, while the antiparallel arrange-
ment of centrosymmetric 28-b showed no SHG activity. The
control of SHG activity depends primarily on the crystal packing
mode and orientation of the dipole moment. The modulation of
SHG activity was achieved by controlling the formation of a- and
b-crystals via phase transitions from supercooled liquid-to-
crystal and crystal-to-crystal states.

Limiting the optical power, which is a major area of interest
in nonlinear optics (NLO), is an effective method for safe-
guarding against high-intensity laser exposure. Disilane
bridged D–s–A architecture offers a possibility to fabricate
multifunctional materials integrating solid-state emission,
optical transparency, and NLO properties such as optical power
limiting (OPL). The OPL properties of TPE based disilanes 35
and 41 doped on poly(bisphenol A carbonate) (PBC) thin lms
were investigated.78 As expected for an optical power limiter,
a powerful reverse saturable absorbance (RSA) response was
detected, causing the normalized transmission rate to drop to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Chemical structures of DAD and ADA aryldisilanes. (b)
Photographs of the photoluminescence of 38a in various THF/water
mixtures under 365 nm UV irradiation. Reproduced with permission
from ref. 85, Copyright 2016, Wiley-VCH. (c) The absolute fluores-
cence quantum yields of compounds 37–38 and 73–75 in DCM
solution and the solid state. The data in the figure are from ref. 85. (d)
High-resolution photographic images of a LFP after treatment with 14
solution, showing level 1–3 details when excited with a 365 nm UV
lamp. (e) False-color fluorescence image of the developed LFP
showing adhesion of 14 aggregates to ridges. Reproduced with
permission from ref. 26, Copyright 2020, Chinese Chemical Society.
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approximately 0.2 at the laser's focal point (Fig. 8b). Further-
more, the output uence (Iout) attained a plateau as the input
uence increased. Due to the utilization of 7 ns laser pulses with
a Gaussian laser pulse time prole, the observed RSA response
may include contributions from excited state absorption origi-
nating from the S1 and/or T1 states, in addition to two-photon
absorption, which would be dominant on a femtosecond
timescale. The limiting threshold intensity (Ilim) values of 35
and 41 were estimated to be 2.6, 2.3, 3.0, 2.4 and 2.7 J cm−2.
None of the compounds displayed signicant OPL properties
when dissolved in THF, and there was no noticeable RSA
response detected for the TPE-doped PBC thin lm. Disilane-
bridged structures have the potential to be ideal choices for
creating organic–inorganic hybrid materials that exhibit
a desirable balance between optical transparency and optical
nonlinear properties in the solid state.

Due to their distinctive pull–push electronic properties and
distorted structures, disilane-bridged BODIPYs 34 and 39 are
likely to exhibit signicant optical nonlinear properties. The
largest two-photon absorption cross section (s) determined by
the open-aperture Z-scanmethod was 422990 GM for 34c, which
is superior to those of BODIPYs containing a carbon-based p-
spacer (up to 103 GM) and comparable to those of porphyrin
derivatives121 (up to 6 × 105 GM) under identical measurement
conditions.122

4.3. CPL materials

The value of the glum factor of small organic molecules for
circularly polarized luminescence (CPL) tends to be relatively
low (10−5 to 10−4). Therefore, development on simple organic
molecules showing a high g value is necessary for potential
application in advanced materials. Since tetrasila[2,2]cyclo-
phanes 51 containing a thiadiazole fragment are not racemized
due to large steric hindrance, the optical resolution could be
achieved with a chiral column.94 Rac-51 displays broad
absorption with the maximum band at 370 nm and green
luminescence at 490 nm. A mirror image of the circular
dichroism spectra of (S)-51 and (R)-51 was observed with clear
Cotton effects. In addition, the CPL spectra display opposite
signals with glum values of 1.7 × 10−3 and 1.6 × 10−3 at 500 nm.
The emission exhibited equivalent polarization in opposing
directions, and the magnitudes were similar to those docu-
mented for molecules possessing helical and axial chirality.
This skeleton can be further extended by structural modica-
tion and thus opens an avenue for the development of advanced
chiroptical materials.

4.4. AIE and a dual-state emitter

Dual-state emissive (DSE) molecules are specically designed
substances that have the ability to emit strong uorescence
both in solution and in the solid state. These molecules are
expected to have a diverse array of possible applications in
various elds, such as energy, analytical chemistry, and
molecular biology.123 It is highly possible for organosilicon
compounds to become dual-state emissive molecules due to the
unique features of silicon.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In the disilane-bridged D–A–D and A–D–A molecular
systems, the uorescence quantum yields are primarily deter-
mined by the central aryl groups. Most compounds exhibit low
quantum yields in dichloromethane (F: 0–0.10) due to the
nonradiative relaxation caused by the molecular exibility.
However, most of their PLQYs in the solid state are higher than
0.20, indicating their AIE nature. Compound 37a shows the
highest quantum yield (F= 0.85) in the solid state, and exhibits
an obvious AIE effect in THF/H2O mixtures (Fig. 9b).
Compounds 73a, 73b, 74b, 75a, and 75b are good DSE materials
showing moderate quantum yields in both solution and the
solid state. A–D–A molecule 75b adopts an anti-formed straight
crystal structure, and no intermolecular p–p interactions were
found to inhibit the nonradiative transition. The HOMO and
LUMO of 75b were both localized on the bithiophene unit and
Si–Si linkages, and its HOMO–LUMO transition represents the
HOMO–LUMO p–p* excitation. Consequently, the uorescence
of 75b can be attributed to p*–p transitions, which is different
from the ICT emission of 73b and 74b. These results indicate
that installing a disilane bridge between D–A moieties is an
efficient design strategy for achieving highly uorescent DSE
materials.

In oligosilane-bridged bis-TPE compounds 14,26 the solid-
state emission efficiency increased 1.6–2.8 times relative to
that of TPE. The high lipid affinity of a silane chain makes it
possible to use these silane-bridged compounds as latent
ngerprint (LFP) development agents. Through simply drop-
ping the CH3CN/H2O mixture of compounds on ngerprint
surface, these bis-TPEs selectively adsorbed on the ridge of the
Chem. Sci., 2023, 14, 10385–10402 | 10397
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ngerprint and emitted strongly. Level 1 to level 3 ngerprint
information including the core, island, ridge ending, bifurca-
tion, and even sweat-pore are clearly visualized (Fig. 9d). The
uorescence microscope images in Fig. 9b exhibit a conspic-
uous difference between the uorescent ridges and nonuo-
rescent furrows, indicating that the compounds have a strong
tendency to aggregate selectively at the ngerprint ridges.
Fig. 10 (a) Plausible mechanism for fluorescence in crystalline and
amorphous states of 38g. Reproduced with permission from ref. 87,
Copyright 2021, Wiley-VCH. (b) The structural difference between the
two isomers of 76. (c) Microscopy images show the thermosalient
effect of 76-a or 76-b undergoing (up) cooling and (down) heating
processes between 30 and -196 °C. The crystals that exhibit the
thermosalient effect are highlighted using red arrows. Reproduced
with permission from ref. 125, Copyright 2020, American Chemical
Society. (d) Structures of disilane and tetrasilane bridged ligands 77 and
78. (e) Monolayer segments and view of sheet stacking as seen down
the stacking direction for the 77-CuMOF (left) and 78-CuMOF (right).
(f) 77-Cu and 78-Cu MOFs are composed of 2D sheets with solvent-
dependent stacking arrangements. Reproduced with permission from
ref. 126, Copyright 2020, Wiley-VCH.
4.5. Stimuli responsive materials

Materials that are stimuli-responsive have the ability to react to
external stimuli, including but not limited to mechanical stress,
heat, and exposure to solvents, in a reversible and highly
sensitive manner. They promote fast advancements in
biomedical and optoelectronics elds.124 The exibility and s-
electron delocalization of disilane bridges enable the control of
stimuli-responsive behaviors of dyads and confer multi-
functionality to materials.

Phenothiazine is a typical mechanochromic unit used in
optoelectronic materials. In disilane-bridged compound 38g,87

the reversible uorescence observed under external stimuli is
mainly attributed to factors such as the packing mode in the
crystalline state, conformational variation of phenothiazine,
and the morphological differences between the crystalline and
amorphous phases. In the solid state, compound 38g exhibited
a photoluminescence change that is both reversible and
responsive to mechanical and thermal stimuli.88 This can be
explained by the intermolecular CH/p interaction, a relatively
weak interaction that is prone to disruption and subsequent
restoration in response to external stimuli. As shown in Fig. 10a,
the conformer of 37g and 38g in the crystalline state facilitates
the effective separation of the HOMO and LUMO between the
phenothiazine donor and the thienopyrazine acceptor, which
are connected by the disilane linker. Thus, the HOMO–LUMO
energy transition is prohibited. The emission observed in the
crystalline state corresponds to a LE state involving a LUMO /

HOMO−1 transition. In the amorphous state, the presence of
quasi-axial and quasi-equatorial conformers enables the trans-
fer of energy from the predominant quasi-equatorial
conformers, thereby facilitating ICT emission. The crystal
packing of 37h is mainly governed by weak CH/p interactions,
which are weak interactions that can be easily disrupted and re-
formed under external stimuli, leading to the observed dual
emission. In contrast, 37i displayed strong p–p interaction
between two phenoxazine moieties in its crystalline packing.
Furthermore, the (pseudo)planar structure of phenoxazine
precludes the presence of conformers such as quasi-axial and
quasi-equatorial isomers.

So crystals are characterized by a single crystal-to-single-
crystal (SCSC) transition that occurs in response to heat, light,
or pressure.28 External stimuli can induce changes in the
conformational, mechanical, photophysical, and electro-
chemical performances of so crystals, thereby enabling tuning
and switching of their functionalities. Recently, Nishihara's
research group prepared disilanyl macrocycle 76 consisting of
four p-phenylenes connected in a circular manner via four
exible disilane bonds.125 Although this structure was
10398 | Chem. Sci., 2023, 14, 10385–10402
synthesized 30 years ago by an alternative method, photo-
physical and conformational studies other than UV spectral
analysis were scarcely reported.91 Thorough investigation of the
aged compound led to a novel discovery. Single crystals of 76
exhibited a reversible thermal SCSC phase transition between
two crystal phases 76-a and 76-b induced by cooling and heat-
ing. Interestingly, remarkable mechanical motion accompanied
with SCSC (thermosalient effect) was observed. The exibility of
the parallelogram-shaped disilanyl architecture was evidenced
by the varying y/x ratio observed in different crystals (Fig. 10b).
The collective structural transformation of the macrocycles in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the crystal (known as a parallel crank motion) was facilitated by
the packing mode of the molecules, which relies on relatively
weak intermolecular interactions. This transformation led to
a SCSC phase transition, accompanied by anisotropic
shrinking/elongation of the cells, ultimately resulting in the
thermosalient effect.

Another example of using an oligosilane chain to construct
“so crystal” smart materials was reported recently. Novel
MOFs that respond to chemical stimuli were synthesized using
Cu paddlewheel nodes and disilane and tetrasilane linkers 77
and 78.126 They possess the unique ability to attain multiple
crystalline and amorphous states. The stacking arrangement of
the layers in the 2D MOF networks is determined by the identity
and polarity of the solvent trapped within. By manipulating the
solvent through exchange, the crystalline state can be reversibly
transformed between various crystalline and amorphous phases
(Fig. 10f). Under thermal activation, these MOFs are capable of
undergoing additional structural transformations. The
increased exibility of the four silicon chains in the 78-CuMOF
makes its phase transition more energetically favorable, allow-
ing the MOF to transition more rapidly and achieve a more
stable conguration.

5. Conclusions

Over the past decade, s-conjugated systems with disilane
bridges have emerged as a versatile class of materials for
molecular electronics and optoelectronics. s-p hybrid archi-
tectures combine organic conjugated molecules with organo-
silicon units, resulting in novel physical and chemical
functionalities that are hardly achieved using p-conjugated
systems. The introduction of disilane linkages into p-conju-
gated units can regulate the optoelectronic properties due to the
following features: (1) s-electron delocalization along the Si–Si
bond; (2) comparable HOMO energy with most p systems and
the resulting s–p conjugation effect; (3) electron-donating
ability caused by low ionization energy; (4) the bulkiness and
exibility of a saturated Si–Si unit. As a result, disilane-bridged
s-conjugated systems exhibit several unique properties that are
not always present in p-conjugated systems. Disilane bridged s-
conjugated molecules are usually highly emissive in the solid
state, and are optically transparent; they are widely used in
photoluminescence materials, electroluminescence devices,
NLO, AIE, CPL, and stimuli-responsive materials.

Thanks to the continuous development of the C–Si bond
construction method, the above-mentioned molecules with
unique properties can be synthesized and used to study struc-
ture–performance relationships. Linear disilanes and macro-
cyclic molecules with distinctive structures can be obtained.
The rational selection of end-capped chromophores and
connection manner of disilanes have proved to be key factors
for regulating material functions.

In the future, disilane-bridged D–s–A systems are likely to
continue to gain research interest in the elds of multifunc-
tional optoelectronics, especially smart materials. Many struc-
turally impressive disilane bridged compounds have been
reported in the past few decades. Unfortunately, research on
© 2023 The Author(s). Published by the Royal Society of Chemistry
physical and chemical properties other than absorption and
uorescence is still relatively supercial and highly worthy of
being further explored. This is an important research area in
disilane-bridged architectures, just as the saying goes, “An old
tree can still sprout new owers.” In addition, synthetic
methods still need continuous innovation since the structural
diversity of D–s–A molecules is still insufficient for funda-
mental and applied research. Although the transition metal
catalyzed mono Si–C bond-forming reaction has been exten-
sively explored, novel catalytic reactions for constructing Si–Si–
C bonds are rare since the Si–Si bond is easily broken in tran-
sition metal-catalyzed reactions. During the Pd(0)-catalyzed Si–
Si–C coupling reaction, we can still observe the breaking of Si–Si
bonds.127 Moreover, longer silane chain (more than two Si
atoms) bridged D–s–A molecules are essentially unexplored.
Recent studies have shown that the electrochemical method
based on chlorosilanes as raw materials has the potential to
become a mild and universal new pathway for Si–C coupling.48

Hence, through synthetic chemistry innovation, disilane-
bridged architectures would nd more applications in prac-
tice and behave even better than their p linker-bridged molec-
ular counterparts in certain aspects.
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C. Strohmann and N. Avarvari, Dalton Trans., 2008, 4866–
4876.

59 S. C. Jones, S. Barlow and D. O'Hare, Chem.–Eur. J., 2005, 11,
4473–4481.

60 V. V. Dement'ev, F. Cervantes-Lee, L. Parkanyi, H. Sharma,
K. H. Pannell, M. T. Nguyen and A. Diaz, Organometallics,
1993, 12, 1983–1987.

61 S. Feng, Z. Zhou, X. Xiang, H. Feng, Z. Qu and H. Lu, ACS
Omega, 2020, 5, 19181–19186.

62 M. Shimizu and T. Sakurai, Aggregate, 2022, 3, e144.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1007/978-981-16-1892-5_17
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02690f


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
11

/2
02

4 
20

:4
1:

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
63 C. Zhou, Z. Zhou, F. Yu, W. Xie, W. Zhang, Q. Yang, X. Xu,
L. Gai and H. Lu, J. Mater. Chem. C, 2022, 10, 18182–18188.

64 S. Surampudi, M. L. Yeh, M. A. Siegler, J. F. M. Hardigree,
T. A. Kasl, H. E. Katz and R. S. Klausen, Chem. Sci., 2015,
6, 1905–1909.

65 C. Marschner, J. Baumgartner and A. Wallner, Dalton
Trans., 2006, 5667–5674.

66 J. Zhou, C. P. Folster, S. K. Surampudi, D. Jimenez,
R. S. Klausen and A. E. Bragg, Dalton Trans., 2017, 46,
8716–8726.

67 B. J. Barrett, D. Jimenez, R. S. Klausen and A. E. Bragg, J.
Phys. Chem. B, 2021, 125, 8460–8471.

68 M. Tanabe, R. Yumoto and K. Osakada, Chem. Commun.,
2012, 48, 2125–2127.

69 M. Tanabe, R. Yumoto, K. Osakada, T. Sanji andM. Tanaka,
Organometallics, 2012, 31, 6787–6795.

70 V. E. M. Kaats-Richters, T. J. Cleij, L. W. Jenneskens,
M. Lutz, A. L. Spek and C. A. van Walree, Organometallics,
2003, 22, 2249–2258.

71 C. P. Folster, P. N. Nguyen, M. A. Siegler and R. S. Klausen,
Organometallics, 2019, 38, 2902–2909.

72 G. Mignani, M. Barzoukas, J. Zyss, G. Soula, F. Balegroune,
D. Grandjean and D. Josse, Organometallics, 1991, 10, 3660–
3668.

73 G. Mignani, A. Kramer, G. Puccetti, I. Ledoux, G. Soula,
J. Zyss and R. Meyrueix, Organometallics, 1990, 9, 2640–
2643.

74 G. Mignani, A. Kramer, G. Puccetti, I. Ledoux, J. Zyss and
G. Soula, Organometallics, 1991, 10, 3656–3659.

75 M. Shimada, Y. Yamanoi, T. Matsushita, T. Kondo,
E. Nishibori, A. Hatakeyama, K. Sugimoto and
H. Nishihara, J. Am. Chem. Soc., 2015, 137, 1024–1027.

76 H. K. Sharma, K. H. Pannell, I. Ledoux, J. Zyss, A. Ceccanti
and P. Zanello, Organometallics, 2000, 19, 770–774.

77 X. Zheng, W. Du, L. Gai, X. Xiao, Z. Li, L. Xu, Y. Tian, M. Kira
and H. Lu, Chem. Commun., 2018, 54, 8834–8837.

78 H. Feng, Z. Zhou, A. K. May, J. Chen, J. Mack, T. Nyokong,
L. Gai and H. Lu, J. Mater. Chem. C, 2021, 9, 6470–6476.

79 A. A. Strelnikov, A. S. Konev, O. V. Levin, A. F. Khlebnikov,
A. Iwasaki, K. Yamanouchi and N. V. Tkachenko, J. Phys.
Chem. B, 2020, 124, 10899–10912.

80 H. Imahori and S. Fukuzumi, Adv. Funct. Mater., 2004, 14,
525–536.

81 M. Sasaki, Y. Shibano, H. Tsuji, Y. Araki, K. Tamao and
O. Ito, J. Phys. Chem. A, 2007, 111, 2973–2979.

82 Y. Kobori, Y. Shibano, T. Endo, H. Tsuji, H. Murai and
K. Tamao, J. Am. Chem. Soc., 2009, 131, 1624–1625.

83 Y. Kobori, M. Fuki and H. Murai, J. Phys. Chem. B, 2010, 114,
14621–14630.

84 Y. Shibano, M. Sasaki, H. Tsuji, Y. Araki, O. Ito and
K. Tamao, J. Organomet. Chem., 2007, 692, 356–367.

85 M. Shimada, M. Tsuchiya, R. Sakamoto, Y. Yamanoi,
E. Nishibori, K. Sugimoto and H. Nishihara, Angew.
Chem., Int. Ed., 2016, 55, 3022–3026.

86 T. Usuki, M. Shimada, Y. Yamanoi, T. Ohto, H. Tada,
H. Kasai, E. Nishibori and H. Nishihara, ACS Appl. Mater.
Interfaces, 2018, 10, 12164–12172.
© 2023 The Author(s). Published by the Royal Society of Chemistry
87 T. Nakae, M. Nishio, T. Usuki, M. Ikeya, C. Nishimoto,
S. Ito, H. Nishihara, M. Hattori, S. Hayashi, T. Yamada
and Y. Yamanoi, Angew. Chem., Int. Ed., 2021, 60, 22871–
22878.

88 H.Miyabe, M. Ujita, M. Nishio, T. Nakae, T. Usuki, M. Ikeya,
C. Nishimoto, S. Ito, M. Hattori, S. Takeya, S. Hayashi,
D. Saito, M. Kato, H. Nishihara, T. Yamada and
Y. Yamanoi, J. Org. Chem., 2022, 87, 8928–8938.

89 C. J. Brown and A. C. Farthing, Nature, 1949, 164, 915–916.
90 Z. Hassan, E. Spuling, D. M. Knoll and S. Bräse, Angew.
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