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A set of o-carborane-appended n-conjugated fluorophores and
their light-emitting properties in the solid state are reported. The
aggregation-induced emission enhancement (AIEE) exhibited for
one of the fluorenyl derivatives paved the way to successfully
preparing o-carborane-containing organic nanoparticles (NPs)
homogeneously dispersed in aqueous media that maintain their
luminescence properties. Notably, NPs processed as thin films also
show high fluorescence efficiency, suggesting potential optical and
optoelectronic applications.

Nowadays, the development of active light-emitting molecular
materials for optoelectronic devices, such as organic light-
emitting diodes, solar cells or semiconductors, is a major
challenge." The n-conjugated organic molecules are excellent
building blocks for constructing solid-state luminescent mate-
rials. However, a common problem is aggregation-caused
quenching (ACQ), commonly due to intermolecular n-m stack-
ing interactions between the organic fragments, causing
a serious impediment towards practical applications.” Such
n-n stacking and the corresponding ACQ can be avoided
by introducing 3D ortho-carborane clusters (C,B;0H;,) to m-con-
jugated derivatives. The introduction of o-carborane not
only prevents ACQ but also facilitates the phenomenon of
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aggregation-induced emission (AIE) to build efficient solid-
state luminescent materials, enabling their use as optoelectro-
nic devices.>* The ability of the o-carborane cluster to cause AIE
has been attributed to its 3D aromaticity, high chemical and
thermal stability, and electronic properties.”® The strong
electron-acceptor capacity of the cluster and its highly polariz-
able oc-aromatic character induce intramolecular charge
transfer (ICT) between the m-conjugated aromatic groups and
o-carborane.””® Structural changes and geometries in the mole-
cule can also affect the ICT transitions. A major drawback of
these systems is, however, the lack of luminescence in solution
due to quenching by non-radiative pathways.’ The latter pre-
vents them from being used in other appealing applications.
This is particularly relevant in the case of bio(nano)medicine
applications, where emissive properties in aqueous media are
essential. So, we are currently interested in developing water
soluble carborane-containing derivatives as theranostic agents
for bioimaging and cancer treatment by boron neutron capture
therapy (BNCT).'® This further gets complicated by the insolu-
bility of carboranes in water, as a consequence of their high
hydrophobicity. So, a major challenge in this field is to provide
carborane-based aggregation-induced emission luminogens
(AIEgens) that can show efficient luminescence, both in the
solid state and in aqueous solutions.

To overcome the above-mentioned drawbacks, herein we
have proposed that carborane-based AlEgens in the solid state
can be transformed to water-dispersible nanoparticles, while
maintaining the AIE luminescence properties. Thus, we have
selected fluorene and thiophene as donor (D) groups to couple
onto electron-acceptor o-carborane clusters, due to their aro-
maticity and ease of functionalisation."" We have explored the
photophysical behavior of the new compounds in different
states such as solution, solid, aggregation and water suspen-
sion. In particular, we have successfully prepared luminescent
and stable o-carborane-based organic NPs homogenously dis-
persed in aqueous media, for the first time. This also allowed
us to prepare films that exhibit high fluorescence quantum

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthesis of fluorene- and thiophene-based =n-conjugated
systems linked to o-carborane clusters: (i) Pd(PPhsz),Cl,, Cul, TEA and
toluene (1:9 v/v); (i) 5 eq. Et,S, toluene, 72 h, and 110 °C.

yields. Precursors 1, 3 and 5 have been synthesized by Pd-
catalyzed Sonogashira cross-coupling reaction (Scheme 1).'?
Then, the insertion reaction of 1 and 3 with decaborane
(B1oH14) was performed using optimized conditions (see the
ESIE for details) to obtain 2 and 4 with moderate yields (34%
and 38%, respectively, Scheme 1). The carboranyl-containing
thiophene 6 was synthesised with 32% yield by the insertion
reaction of 5 with B;oHy4, following the same procedure (ESIf).
The structures of 1-6 were established on the basis of FT-IR, 'H,
BC{'™H} and "B{'H} spectroscopic techniques and elemental
analysis (ESI+ and Fig. S1-S15).

Fluorene precursors 1 and 3 exhibit intense absorption
bands with maxima at 349 and 346 nm, respectively, which
undergo dramatic blue-shifts (31-35 nm) for the carboranyl
derivatives 2 and 4 (Fig. 1a and Table 1). The absorption bands
mainly involve n-rn* transitions of the fluorene rings. The blue-
shifts, observed for 2 and 4 along with decreases in ¢ values,
indicate a decrease in the conjugation for these systems."" The
absorption spectra of 2 and 4 featuring low-energy absorption
bands at 314 and 308 nm tailed off around 350 nm (Fig. 1a).
These bands could be assigned to the transitions originating
from the ICT between fluorene and the o-carborane moieties.
To verify these hypotheses a computational study using differ-
ent DFT functions was carried out (Tables S1 and S2, ESIf).
Investigating the canonical Kohn-Sham molecular orbitals, it
can be established that the carborane units significantly break
the conjugation between the n-conjugated units (Tables S3-513,
ESIf). TD-DFT calculations have demonstrated that the
observed absorption maxima (Fig. S16, ESIf) are mainly due
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Fig. 1 (a) UV-Vis spectra of 1-6 in THF (3 x 107> M to 1.107° M)
(b) Fluorescence emission spectra of 1 and 2 in THF (3 x 107> M to 1 x
107% M). Inset: Solutions of 1 and 2 in THF ander UV irradiation.
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to the HOMO-LUMO transitions. The transitions of a pure
organic system imply a long range n-n* type electronic deloca-
lisation; however in the o-carborane-based compounds differ-
ent ICT characteristics can be observed. Compound 5 shows an
absorption maximum at 348 nm, which sustained a significant
blue-shift after the incorporation of the o-carborane moiety in 6
(274 nm). The origin of this shift was verified by TD-DFT
calculations and was attributed to the more significant charge
transfer character of the corresponding transition. In 2 and 4,
the nature of the excitation has moderate ICT character, which
goes from the fluorene units towards the carborane clusters,
whereas in 6 the transition has very significant ICT character
moving from the two phenyl rings towards the thiophene unit.
In addition, the quadrupole nature of the structures of these
systems prompted us to study their two-photon absorption
properties (2PA) (details in the ESIZ).

Precursors 1 and 3 exhibit two emission maxima at 372 and
367 nm with fluorescence quantum yields (®p;) of 0.89 and
0.64, respectively. After the incorporation of the o-carborane
clusters, a significant fluorescence quenching was observed
with negligible @y, for 2 and 4 in THF solution (Table 1 and
the ESIi). A comparative plot of the fluorescence emission
spectra of 1 and 2 in THF is shown in Fig. 1b. This result was
in full agreement with the DFT calculations, confirming an ICT
to the o-carborane unit that causes fluorescence quenching
(Fig. S17, ESI%). On the contrary, no significant changes in the
emission patterns for the thiophene derivatives 5 and 6 were
observed and this could be explained by the different nature of
the excitation. In compound 6, the ICT occurs from the two
phenyl rings towards the thiophene unit and the participation
of the carborane cluster in the ICT process is minor. Indeed, no
quenching in solution nor AIE in the aggregate state could be
expected (vide infra).

Photoluminescence (PL) behaviour of 2, 4 and 6 in aggre-
gates (THF/H,O = 1:99 (v/v)), solid states and film (ESIf) was
also investigated (Fig. 2 and Table 1). Significant differences
were found for the three compounds and only compound 2,
with the octyl chain, showed an enhanced fluorescence emis-
sion. The PL spectra of 2 showed a non-vibronic structure with
a maximum at 477 nm in the solid state and 473 nm in the film
state, which were around 70 nm red-shifted from the THF
solution (Table 1). This result confirms that the luminescence
mechanism is related to the ICT between o-carboranes and the
fluorene unit."" Remarkably, the fluorescence efficiencies with
®py, values of 0.71 and 0.74 in solid and film, respectively,
clearly point out that compound 2 is an excellent AIEgen for
potential optoelectronic applications. Although 2 and 4 are
electronically equal, the presence of the octyl chains in 2 clearly
plays a crucial role in the intermolecular organization of the
system that impacts its PL in the solid state. On the contrary,
4 showed weak emission in the solid state.

As we mentioned previously, one of the main challenges is
the development of luminescent boron cluster-based fluoro-
phores for biomedicine.'® Nevertheless, this is not attainable
for those compounds that have low solubility in water or
undergo quenching of the light emission in solution.

Chem. Commun., 2022, 58, 4016-4019 | 4017
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Table 1 Photophysical properties of 1—-6 in different states (solution, aggregate, solid, NPs and films)

Compounds  Zups” (nm)  &/10° M ' em™)  Jde® (nm)  Pp” Jem? (M) Ppr® e (M) Ppr? Ao (nM)  Ppr® ey (nm)  Ppp?
1 349 2.690 372, 393 0.89 380 <0.01 435 0.08 — —
2 286, 314 0.542, 0.611 404 0.01 483 0.06 477 0.71 478 0.39 473 0.74
3 346 2.322 367, 389 0.64 465 0.04 511 0.18 — —
4 293, 308 0.522, 0.572 372 < 0.01 536 0.01 500 0.04 528 0.01 546 0.03
5 348 0.2614 389, 407 0.25 452 0.03 — — — —
6 274 0.3211 390 0.19 — — 591 0.10 — —

“ THF solutions (3.0 x 10~° M for 2, 4-6 and 1 x 10~° M for 1 and 3). ? In the aggregate state (THF/H,O = 1/99 (v/v)). ¢ In the solid state. ¢ Absolute
&y, from the integrating sphere. ¢ NPs of 2 and 4 in water suspensions. Thin films prepared by spin-coating of THF solutions on Spectrosil B

quartz substrates.
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Fig. 2 (a) PL spectra of 2, 4 and 6 in the solid state. (b) Normalised PL
spectra of 2 as a solid, film and NPs in a film. (c) Fluorescence emission
spectra of aggregates in THF/H,O (1:99, v/v) (dotted lines) and NPs in
water (solid lines) at 1 x 107> M of 2 and 4 (fexc = 314 nm).

To overcome this problem, we have successfully prepared
water-dispersible and water-stable carborane-containing
organic NPs from our fluorophores. For this purpose, we have
optimized the reprecipitation method dropping a concentrated
solution of a water miscible organic solvent (THF) of the
flourophore in a large amount of water under vigorous stirring
to obtain stable NPs (see the ESI: for details).'® To obtain a NP
suspension in pure water for biological applications the THF is
remove by dialysis (stirred at r.t. for 72 h). According to
transmission electron microscopy (TEM), NPs were obtained
for 2, 4 and 6, with sizes in the range from 70 nm to 100 nm
(Fig. 3a and b, and Fig. S21, ESI}). Dynamic light scattering
(DLS) (Fig. S22 and Table S14, ESIf) showed an average size
distribution in the range from 72 nm to 122 nm, which matches
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Fig. 3 (a) TEM image of NPs. (b) Size distribution histogram for NPs of 2.
(c) Normalised absorption and emission spectra of suspensions of NPs of 2
in HyO (lexe = 314 nm). (d) Fluorescence microscopy image from NPs
of 2 in 10% FBS (fetal bovine serum) and 1% DMSO (dexe = 330-385 nm).
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quite well with TEM, with low PDI values (0.09-0.12). For 2, the
Z potential value of -43.6 mV, clearly indicates the high stability
of the colloidal suspension, confirmed by TEM and DSL mea-
surements of NPs stored at 4 °C for two weeks. In particular,
compound 2, having the more impeded aromatic systems,
provided the NPs with the highest emission (Fig. 3c). These
NPs showed a maximum at 478 nm that perfectly matches with
that of the aggregates (Fig. 2c). A significant fluorescence
enhancement with a ®p;, = 0.39 was observed compared to
the solution state. Also, the luminescence properties of NPs of 2
have been confirmed by fluorescence microscopy (Fig. 3d). This
is an important breakthrough for this type of carborane cluster-
based material, which is not luminescent in solution but shows
outstanding AIE phenomena in the solid state enabling its use
in other motivating applications such as bio(nano)medicine.

Furthermore, films doped with NPs could be appealing for
solar cells incorporating luminescent solar concentrators
(LSCs) because they exhibit strong UV absorption and a down-
shifted PL that can be better matched to the absorption
spectrum of the photovoltaic cell."* As a proof of concept, thin
films were prepared by drop-casting an aqueous dispersion of
NPs of 2 (107® M) on Spectrosil B quartz substrates and
allowing them to dry under ambient conditions. Noticeably,
an outstanding @p;, of 0.54 was obtained from films of NPs,
which is comparable or even higher to quantum yields of
previously reported LSC dyes."’

In conclusion, this study demonstrates that water insoluble
o-carborane-based fluorophores can be dispersed in water by
preparing NPs unprecedentedly, in a controlled manner. We
have proved that the fluorenyl derivative 2, with octyl groups, is
an excellent AIEgen in the solid state (@p;, = 0.71) and processed
as thin films (@p;, = 0.74). More importantly, the luminescence
properties are preserved when the material is in the form of
water-dispersible NPs (@py, = 0.39). Additionally, NPs deposited
on Spectrosil B quartz substrates also showed an outstanding
fluorescence efficiency (®p;, = 0.54). Thus, we have demon-
strated that o-carborane-based fluorenes can be luminescent
materials both in the solid state and in aqueous media as
dispersible NPs. Further, NPs processed as thin films can be
potentially useful in electronic devices as sensors and solar
cells. These results open up new opportunities for the use of
these types of systems both in biomedicine and electronic
devices. Research work is currently underway in these
directions.

This journal is © The Royal Society of Chemistry 2022
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