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Carborane-Decorated Siloles with Highly Efficient Solid-
State Emissions — What Drives the Photophysical

Properties?

Balazs Szathmari,” Déra Hessz,™ Déniel Zambd,"” Clemens Bruhn, Rudolf Pietschnig,™
Antal Udvardy,” Pal Szabo,” Tamas Holczbauer, Marcell J. Balogh,” and Zsolt Kelemen*®

In memoriam of Prof. lan Manners.

New hybrids were synthesised by linking carboranes and siloles,
both of which are known as aggregation-induced emission
active units. Although most of the newly synthesised systems
do not display notable quantum yield either in solution or in
the aggregated state, they emit strongly in the solid-state, and
a quantum yield of up to 100% can be achieved. The tailorable
quantum vyield can be attributed to the packing of the
molecules in the crystal lattice ruled by the carborane and

Introduction

Aggregation-induced emission (AIE) is a unique photophysical
phenomenon where compounds are found to be weakly or not
fluorescent in diluted solution but highly fluorescent when
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phenyl moieties according to the SC-XRD data. Our experimen-
tal results, complemented by density functional theory calcu-
lations, show that the silole moiety primarily influences the
photophysical properties. At the same time, the carborane
serves as a steric building block without direct responsibility for
the aggregation-induced emission property. The patterns of
substituents can alter the absorption and emission properties.

aggregated."? It can be considered an abnormal behaviour
since increasing the concentration of most luminogens (in
solution or in solid-state) drastically decreases the photo-
luminescence efficiency. Luminogens with AIE properties have
received intense current research interest due to their promis-
ing possibilities in material science and biological technology.”

2,3,4,5-tetraphenylsiloles are the archetype of AlE-active
systems, followed by several silole-based systems with diverse
functionalities.”’ Besides siloles, several new systems have
appeared during the last two decades.’*™ In most AIE active
systems, the intramolecular motions, especially the rotations of
the substituents, serve as a very efficient non-radiative decay
channel for its excited states in solutions. In aggregated or
solid-state, these motions are significantly suppressed, which
blocks the non-radiative relaxation channels and promotes the
radiative decay of the excited state. Therefore, the photo-
luminescence properties can prevail. For example, in the case of
the above-mentioned propeller-like silole derivatives, the
rotation of the substituents is mainly responsible for the AIE
properties. It should be noted that other mechanisms were
explored as well, such as J-aggregate formation, twisted intra-
molecular charge transfer, and excited-state intramolecular
proton transfer.”

Carboranes with fluorescent properties’® emerged as an
important “element-block” of light-emitting materials."” These
icosahedral clusters of formula C,B,oH;, (ortho, meta, and para
isomers can be distinguished according to the position of
carbon atoms) can enhance the rigidity of the conjugated
molecules and prevent the n-r interactions between them. As it
was demonstrated by Teixidor and Nufez, the photolumines-
cence properties strongly depend on the isomer of the
carborane unit>'® which acts as a strong electron-withdrawing
group. This effect is the strongest in the case of the o-

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. Left: parent siloles and carboranes systems, right: investigated
systems in this work.

carborane, where the photoinduced intramolecular charge
transfer (ICT) process can occur from the m-conjugated frag-
ments to the antibonding orbital mainly placed between the
two cluster carbon atoms. Due to the population of the
antibonding orbital, the C—C bond significantly elongates or
even breaks,""'? which is primarily responsible for the AIE
activity of these systems, which was experimentally verified by
Chujo.”™ This contrasts with silole derivatives, where the
rotation of the substituents is responsible for the AIE activity.
Despite the extensive research on AlE-active species, there
have been very few examples of incorporating more AlE-active
moieties within a single molecular system.”’* Kim, Son and
Kang reported phenyl-siloles with solid-state photochromism,
where the o-carborane moieties were introduced to the phenyl
substituents at 2,5-positions. The unique properties of the
systems were attributed to the interaction between the silole
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Scheme 2. Synthetic routes to compounds 1-7.
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and o-carborane units through the interconnecting phenyl
ring.” Due to the linker, the degree of the rotation freedom is
higher. Since the direct communication between 2D and 3D
moieties may have some limitations,?*** we planned to
investigate systems where the carborane units are directly
connected to the silole rings (Scheme 1). To further broaden
the scope and limitation, in addition to the well-studied phenyl-
substituted siloles, we examined systems with trimethylsilyl
groups introduced at the 2 and 5 positions, which are known to
quench effectively the fluorescence in both solution and
aggregated state®¥ It is worth considering whether the
introduction of the carborane unit can recover the fluorescence
of these systems.

Results and Discussion
Synthesis

In our approach to synthesise the desired silole-carborane
conjugates, the corresponding chloro-silole derivative was
planned to react with lithiated carboranes (Scheme 2). The
starting chloro-siloles and dichloro-siloles with SiMe; functional-
isation were prepared according to Tamao’s produce, while
the 1,1-dichloro-2,3,4,5-tetraphenylsilole was prepared from 1,4-
dilithio-1,2,3,4-tetraphenyl-butadiene and SiCl,.®® The coupling
of the silole and carborane moiety was monitored by 'H NMR
following the appreciable changes in C—H chemical shifts of the
carborane unit. First, two equivalents of lithiated o-carborane
were reacted with 1,1-dichloro-2,3,4,5-tetraphenylsilole in THF
at room temperature. Investigation of the obtained greenish
crystalline material by '"H NMR established the formation of the

T,
=
=
—
;
=
ne
o
s
e
0
- p

+ 2 eqv. Li-m-carborane /N / cl
R4=Ph, R,=Cl @
2 3
Ph Ph
+ 1 eqv. Li-m-carborane /Z/_\S\ )
a ) MesSi— ~gi” ~SiMes
R1=Me3S|, R2=C| - SN
- @; Cl
5
+ 1 eqv. Li-m-carborane Ph Ph
Ri=MesSi,R,=Ph /Z/—\S\
- Me3Si Sj SiMe3

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWIWOD BA11E81D 8]qeotjdde 8y} Aq pauIsnob ae sl VO ‘85N JO S9N Joj Alelq18UIIUQ AB]1/M UO (SUONIPUCD-PUB-SWSILIOY A8 | 1M ARed] 18U [Uo//Sdy) SUORIPUOD pue SWe | 841 88S *[5202/60/70] U0 Akeidi8uljuO A8]1M ‘Soluoucos pue ABojouyos | Jo AisieAlun 1sadepng Aq Z9vb0rz0g Weyd/zo0T 0T/10p/wod Ae i Akeiqputjuoadons-Ansiweyd//sdny wouy pspeojumod ‘9T ‘G0z ‘S9/LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202404462

0z 'S9.€12ST

desired product, but the reaction mixture also contains several
other byproducts. The compound continuously decomposed
during the purification (extraction, column chromatography,
crystallisation); therefore, its isolation and proper character-
isation remained unsuccessful. Despite these facts, a small crop
of single crystals from 1 suitable for SC-XRD analysis was
obtained, which verified the chemical composition of 1. Using
the same procedure but starting from lithiated m-carborane, we
were able to isolate the double-substituted compound (2). It is
worth to note, that we have obtained a small amount of side
product (3) during the workup, which can be assigned to the
corresponding monosubstituted counterpart with one of the
chlorines remaining at the silole unit.

In order to explore the role of the substituents at different
positions, we investigated the systems where the phenyl groups
were replaced by trimethylsilyl groups. They do not only act as
a bulky substituent but effectively quench the fluorescence of
the silole unit in any state.®® The question arises whether
introducing a carborane moiety can recover the fluorescence
properties of the parent silole unit. Starting from the 1,1-
dichloro-2,5-bis(trimethylsilyl)-3,4-diphenylsilole and using lithi-
ated o-carborane, the corresponding product (4) formed. On
the other hand, only monosubstituted counterpart (5) can be
isolated starting from lithiated m-carborane, which is in agree-
ment with the lower reactivity observed in the case of
tetraphenyl derivatives (3). All of our attempts to get the
corresponding double substituted compound - such as using
more equivalent of m-carborane or elevated temperature -
failed in our hand. These results suggest decreased reactivity of
the silicon centre after introducing one carborane unit, which
was further bolstered by the fact that 5 is air-stable despite the
presence of a Si—Cl bond. To investigate the effect of the
carborane moiety compared to a phenyl group,®” 1-carboranyl-
1-phenylsilole derivatives were synthesised (6, 7) as well using
1-chloro-2,5-bis(trimethylsilyl)-1,3,4-triphenylsilole as a starting
material. All new compounds (with the exception of 1 and 3)
were characterised by multinuclear ('H, ''B, "'B{'H}, *C{'H}, *Si
{'H}) NMR, IR spectroscopy and HR-MS as well (more details in
the SI). The IR spectra of all compounds verified the presence of
the carborane units, showing typical v(B—H) bands between
2561 and 2626 cm™". In the "H NMR, the carborane C—H peak
shows a downfield shift in the case of o-carborane but not in
the case of m-carborane derivatives (compared to the starting
carborane), which can be attributed to the relative positions of
the carbon atoms in the cluster. The ?°Si NMR chemical shifts of
the ring-silicon in the case of these compounds are in the range
from —1.1 to —19.5 ppm, which is typical of the mono- and di-
alkyl, aryl-substituted siloles.****” Finally, the chemical structure
of the obtained systems was also underlined by SC-XRD data.

Single Crystal X-Ray Diffraction Study
Single crystals suitable for X-ray structural determination of
compounds 1, 2, 4, 5, 6, and 7 were obtained by slow

evaporation from acetone, dichloromethane, THF, or solvent
mixtures, respectively (more details in the SI). The molecular
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structures for all these compounds show a typical icosahedral
geometry. The X-ray structures of 1 and 2 contain one solvent
molecule, which was omitted for better clarity in Figure 1. The
Si—C_ bonds are in the range between 1.903 and 1.925 A, which
are much longer than the typical Si—C(sp®) bond (1.84 A),*"
however, it is similar to related carborane species featuring
Si—C, bonds (1.926+0.022 A, according to a Cambridge Struc-
tural Database search conducted on November 20, 2024). The
Cpn—Si—C. angle is around 115° in the case of all investigated
systems (in the case of 5, the CI-Si—C. angle is 107°),
demonstrating that both carborane moieties and the phenyl
ring have similar space filling.®¥ In the case of the o-carboranyl
substituents containing 1, 4, and 6, the C—C bond lengths are
slightly elongated (1.665-1.687 A) compared with the parent o-
carborane (~1.63 A),*? which can be attributed to the electron
donor character of the silole unit. Due to the presence of bulky
carboranyl and silyl substituents, a certain degree of steric strain
between these two sets of ligands can be observed in case 4.
The congestion decreases if one of the carboranyl substituents
is replaced by phenyl rings. In this scenario, the silyl
substituents are not in the plane of the silole ring, and the
C=Si,;,g—C=Sig;, dihedral angles are around 16°.

Photophysical Properties and DFT Calculations

The photophysical properties of 2, 4, 5, 6, and 7 were
determined by UV-Vis absorption and fluorescence spectro-
scopy in solvents with different polarity (acetonitrile, THF,
hexane) in a mixture of THF/water (v/v=1/99) to form
aggregates, as well as in the solid-state (Table 1 and Figure 2).
Unfortunately, in the case of compound 2, continuous decom-
position was observed in the solution. The impurities remain
invisible in '"HNMR spectra, but the proper photophysical
characterisation of 2 in solution is impossible. Investigating the
emission spectra (Figure S1 in the Sl), one may think about dual

Figure 1. Ball and stick representation of the molecular structure of 1, 2, 4, 5,
6, and 7. Hydrogens and solvent molecules are omitted for clarity.
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Table 1. Absorption/excitation wavelengths, emission wavelengths, and quantum yield values of compounds 2, 4, 5, 6, and 7 in THF solution, aggregated
state (THF/water v/v=1/99), and solid-state.
Compound THF solution Aggregated state Solid-state
Aabs (NM) Aem (NM) O (%) hexc (NM) hem (NM) o (%) Dexc (NM) Xem (NM) o (%)
2 - - - - - - 377 500 53
4 311 428 <1 315 442 4 304 412 9
5 291 - - 302 483 <1 302 449 55
6 308 - - 300 470 2 309 456 86
7 302 - - 302 484 2 302 459 100
[a] Relative quantum yield, reference is quinine-sulfate (0.1 M H,SO,, @ =0.54); [b] Absolute quantum yield.

emission at first glance, which was previously described in
related compounds,”*™ but thin-layer chromatography and
the excitation spectra verified the presence of impurities
possessing strong blue fluorescence (Figure S2-3 in the SI).

Compounds 4, 5, 6, and 7 have very similar absorption
spectra with a wide band around 300 nm, which can be
assigned to the corresponding n-n* transition of the silole
moiety. It is worth highlighting that the UV-Vis spectra of the
investigated compound do not alter by changing solvents
(Figure S4 in the SI). Therefore, it does not depend on the
polarity of the medium, suggesting a local excitation mode.
Investigating the photoluminescence emission properties of 4,
5, 6, and 7, it can be established that 4 shows very weak but
observable fluorescence (quantum yield is below 1%), 5, 6, and
7 do not exhibit any detectable photoluminescence in diluted
solution, indicating the emission is very effectively quenched.
Similar to the absorption photoluminescence (PL) emission
spectra, no solvent dependence was observed (Figure S4 in the
Sl).

As a next step, we have prepared samples to investigate
aggregated states; THF solutions of 4-7 were diluted one
hundred times by water, obtained turbid mixture. Investigating
the photophysical properties of these samples, it can be
established that the absorption spectra do not change signifi-
cantly; the common broadening can be observed. Investigating
the emission spectra, it can be stated that the fluorescence of
4-7 can be recovered. Despite the quantum yield increasing,
indicating aggregation-induced emission properties, it re-
mained negligible (< 5%) in the aggregate state for compounds
4, 6, and 7. This observation may be attributed to the presence
of SiMe; substituents at the silole units in cases 4, 5, 6, and 7,
which effectively quench the fluorescence even in the aggre-
gate state.*”

In order to better understand the photophysical properties,
DFT calculations were performed at the M06-2X/6-31G* level of
theory, which is a method that has been suggested for
carborane-based systems recently.*® Despite the relatively small
basis set, this level of theory provides results similar to those
obtained with the def2-TZVP basis set (Table S1 in the SI).
Investigating the Kohn-Sham molecular orbitals, it can be
recognised that the shape and the order of the highest
occupied molecular orbitals (HOMO—1 and HOMO) and the
lowest molecular orbital do not depend on the substitution
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pattern in the case of all investigated systems (Figure 3 and
Figure S5 in the SI). However, the energy levels of the orbitals
are shifted upon changing the substituents, especially in 2 and
5 positions on going from the phenyl to the trimethylsilyl
group.” While the HOMO energy level of 2 is —7.24 eV, it
decreases to —8.38 eV in the case of 4, whereas the respective
LUMO energies are —1.50eV and —1.80eV. The increased
HOMO-LUMO gap is in complete agreement with the blue-
shifted absorption observed for 4. It is worth to mention that
the energy level of HOMO and HOMO-1 are quite close in the
case of 4 with the energy difference being only 0.08 eV.
Replacing the phenyl with o-carboranyl substituents at the
silicon has a minor impact on the energy levels of the orbitals.
It is important to highlight that the carborane moieties do not
contribute to these orbitals, which indicates that they act
electronically as an innocent unit. Based on the localisation of
the frontier orbitals and the TD-DFT results, the silole unit is
responsible for the observed AIE properties, as there is no
transition towards the carborane units, which may cause
effective quenching."**®*! TD-DFT calculations revealed that
the observed absorption maxima are predominantly due to the
first excited state (Figure S6), which involves the HOMO-LUMO
and HOMO-1-LUMO transitions and their combinations (as
shown in Table S2-9 in the SI). Indeed, these transitions possess
a low charge transfer character, which was in complete agree-
ment with the observed solvent-independent absorption and
emission spectra. TD-DFT optimisation on S1 states was
performed. During the optimisation, no significant structural
change can be noticed, which fully agrees with the local
excitation mode. Since the carborane moieties do not have
contributions to the orbitals in the frontier orbital region, they
do not have active electronic contributions to the photo-
physical properties. In the optimised excited states, we have
not observed cage opening in support of any carborane AIE
activity (Figure S7-12). Therefore, it can be established that the
silole unit is solely responsible for the aggregation-induced
emission property of these compounds. As a next step, we
investigated the emission properties of powders of 2, 4, 5, 6,
and 7. While compound 2 (which seems to be stable in the
solid-state) exhibits a 53% quantum yield, the replacement of
the phenyl substituents at 2,5 positions (compound 4) leads to
a relatively low quantum yield (9%) even in the solid-state.
Even compound 5, where one chlorine remained at the silicon

© 2025 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Absorption and emission spectra of 2, 4,5, 6 and 7 in ~10~° M THF

solution (top), in THF/water v/v=1/99~10"°> M aggregated state (middle)
and in solid-state (bottom).

atom, strongly emits (¢p=55%). Very high quantum yields
(above 85 %) were measured for compounds 6 and 7; practically
100% quantum yield can be achieved in the case of 7. At first
sight, the relatively low quantum yield of compound 4 may be
attributed to the presence of SiMe; groups. However, this
would contrast with the strong emission observed in com-
pounds 6 and 7, suggesting that despite the reported®”
quenching ability of the trimethylsilyl group. At this point, it is
important to highlight that the fluorescence was not quenched
by —SiMe; or —GeMe; in the case of the related phosphole
derivatives.”®*" Nevertheless, in order to try to understand the
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HPS 4 6

Figure 3. Selected Kohn-Sham molecular orbitals of 1,1,2,3,4,5-hexaphenylsi-
lole (HPS), 4, and 6.

difference between the quantum vyields of 4 and 6-7 in solid-
state, we have further investigated the supramolecular struc-
tures for these molecules in their solid structures. It immediately
emerges that H--H contacts dominate the supramolecular
structure; based on the analysis of the Hirshfeld surfaces (see
Table S10 in the S, for this analysis the experimental XRD data
were used), the contribution of H--H contacts around 90% in
the case of 6 and 7 and 95% in case of 4. The rest of the
interactions belong to H--C(n) covtacts. In cases 6 and 7, the
phenyl substituent at the silicon atom is positioned between
the two phenyl groups located at the 3 and 4 positions of the
adjacent molecule, allowing C—H-vm interaction, where the
distance of the C—H--7t is around 2.9 A. It may hinder the motion
of phenyl rings at the 3 and 4 positions of the silole rings,
thereby preventing the highly effective quenching mode of
siloles. Meanwhile, in the case of 4, the rings at the 3 and 4
positions can interact with one of the B—H vertices of the
adjacent molecule. Due to the hydride character of the H in the
BH vertices, the B—H--C(xn) interaction should be much weaker
than the corresponding C—H---C(xn) interaction (Figure S13 in the
Sl). Therefore, the motions of the phenyl rings are less
restricted, providing a more efficient quenching pathway even
in the solid-state. These results showed that the silyl groups
play a less important role during the quenching of the
fluorescence of this compound.®?

Finally, we have analysed the fluorescence decay in both
aggregated state and solid-state (Table 2). In the case of the
aggregated state of compounds 4-7, a biexponential fit of the
fluorescence lifetimes reveals one fast component varying
between 2.8 and 8.4 ns and one slower component varying
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Table 2. Time constants for 2, 4, 5, 6, and 7 in aggregated (THF/water v/
v=1/99) and solid-state. Excitation wavelength: 441 nm (2), 280 nm (4-7).

Compound Aggregated state Solid-state
Aem Time constants Aem The time constant
(nm) (ns) and their (nm) (ns) and their
relative relative
contributions contribution
2 - - 500 10.0 (100%)
4 440 2.8 (62%) 412 1.0 (36 %)
24.3 (38%) 8.5 (64 %)
5 483 4.5 (62 %) 449 15.5 (100 %)
18.2 (38 %)
6 471 8.4 (26 %) 456 31.1 (100 %)
35.5 (74%)
7 484 6.6 (35%) 459 35.1 (100 %)

29.1 (65 %)

between 18.2 and 35.5 ns. Meanwhile, a monoexponential fit
(except 4) of the fluorescence lifetime can be observed in the
solid-state. This aligns with the general understanding that
reduced molecular mobility in the solid-state leads to more
stable fluorescence characteristics and less variation in decay
rates. The lifetimes of excited states in the solid-state increase
in the order 4<2<5<6<7, reflecting a similar trend in the
quantum yields in the solid-state of these compounds. This is
understandable, as assuming minimal non-radiative processes
in solid-state, a longer fluorescence lifetime generally leads to a
higher quantum yield.

Conclusions

A series of air-stable carborane-silole conjugates were synthes-
ised and structurally characterised. Their chemical structures
were confirmed by X-ray diffraction as well. Investigating their
photophysical properties, revealed that both their absorption
and emission spectra show no solvent dependence, indicating a
local excitation mode. It was supported by the TD-DFT
calculations, which demonstrated that the absorption bands
mainly involve m-n* transitions of the silole moiety, and the
carborane units do not contribute to excitations. The photo-
physical properties do not change significantly when the o-
carboranyl substituents are replaced with the meta-carborane
counterparts. The new compounds show no or weak
fluorescence in solution, which can be attributed to the silole
units in view of experimental and TD-DFT results. On the other
hand, their fluorescence can be recovered; they display strong
emission in solid-state. Systems 6 and 7, which contain only
one carborane unit have the highest quantum vyields reaching
up to 100%. The high emission efficiency of these two
compounds can be attributed to the unique packing in their
solid-state structures, which restricts the motion of the phenyl
groups compared to other investigated derivatives. All of these
properties make the new hybrids excellent candidates as
luminescent materials.
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Supporting Information Summary

Supporting Information (SI) available from the Wiley Online
Library: Description of synthetic procedures, NMR and IR
spectra, crystallographic data, DFT and TD-DFT calculations and
xyz coordinates of the optimised structures. Sl contains further
references.”>*" Deposition Numbers 2395439 (for 1), 2395432
(for 2), 2401434 (for 4), 2402095 (for 5), 2395433 (for 6), and
2395434 (for 7) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.
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