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A sumanene derivative functionalized with triphenylbenzene units
was found to exhibit aggregation-induced emission enhancement
(AIEE). A disaggregation process after the addition of caesium
cations (Cs*) was observed. This feature was employed for the
design of the first sumanene-containing disaggregation-based
fluorescent probe for specific, efficient and fast Cs* recognition.

Sumanene, a fullerene subunit, is an organic compound belonging
to the class of so-called buckybowls.' Over the years, derivatization
of sumanene aimed at creating novel functional organic molecules
has been investigated.*” Due to the presence of curvature in their
structures, the properties and functions of bowl-shaped sumanene
derivatives are different from those of their planar aromatic con-
geners. The formation of a non-planar, two-dimensional framework
with hydrogen-bonded networks composed of a hexa-carboxylated
sumanene derivative in contrast to the planar hexagonal networks
of triphenylene analogues is a typical example.®

It is worth noting that functionalized sumanenes have
become molecules of interest in coordination chemistry. For
example, hexapyridylsumanenes have recently been applied to
the construction of organometallic capsules.” Changing the
metal ion from zinc to cadmium enabled the arrangement of
the cage to be tuned from belt-like to spherical. In another
report, solid-state self-assembly studies with sumanenylferrocenes
revealed unique packing motifs for these derivatives.'® The
research work has also covered the use of native sumanene as
a ligand in organometallic complexes. Both convex- and concave-
oriented sumanene complexes were synthesized, e.g. the convex-
bound hafnocene complex'' or concave-bound iron'* and
ruthenium™ complexes. Interestingly, in 2017, the isolation of a
sandwich complex composed of two sumanenyl monoanions and
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a caesium cation (Cs*) was reported.* Sumanenyl monoanions
were synthesized by the treatment of sumanene with sodium. This
process resulted in a solvent-separated ion pair. Cs" encapsulation
by two sumanenyl monoanions was driven by the perfect match
between the Cs” ion and the concave site of sumanene.

Recently, we reported that sumanene is also able to interact
with Cs* in its neutral state.">'® This interaction is driven by
the site-selective cation-mn-interaction that occurs following
inclusion in the concave site of sumanene.'”* We have
demonstrated that the Cs* recognition process is specific and
effective for the ferrocene-functionalized sumanenes. Inspired
by these findings, we further studied the application of
sumanene-tethered molecules towards the rapid recognition
of Cs". Herein, we report the synthesis of a novel sumanene
derivative bearing three triphenylbenzene units - a yellow-light
emitting molecule exhibiting an aggregation-induced emission
enhancement (AIEE) effect. Additionally, we report the applica-
tion of this compound as a remarkably specific, selective,
effective and sensitive turn-off fluorescent probe for Cs" detec-
tion. It is worth noting that Cs* detection is of greatest
importance from the environmental viewpoint, since signifi-
cant amounts of caesium have been detected in many radiated,
post-disaster areas (such as after the nuclear plant accident in
Fukushima-Daiichi in 2011).>°%*

The synthetic pathway to obtain derivative 5 is shown in
Scheme 1. In general, the target compound was obtained in good
yields following the reported procedure,” using sumanene (4)
and 1-(4-formylphenyl)-3,5-diphenylbenzene (3) as reactants.
Compound 3 was prepared from 3,5-diphenylbromobenzene (1)
and 4-formylphenylboronic acid (2) using a Suzuki-Miyaura cross-
coupling reaction. Full experimental details can be found in
Section S1 of the ESL{ The formation of a pure compound was
confirmed using NMR spectroscopy, high-resolution mass spec-
trometry (HRMS) and elemental analysis (see the ESL7 for the
compound characterization data). Similar to other sumanene
derivatives prepared using the method described herein,'®* the
NMR analyses revealed the formation of diastereoisomers (unsym-
metrical and C; symmetric).
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Scheme 1 Synthesis path to obtain the target compound (5).

Compound 5 exhibited yellow light emission in solution
(Fig. 1a and b). Absorption spectra of 5 were measured in the
following solvents: dichloromethane (DCM), chloroform and
acetonitrile (ACN) (Fig. 1c). In the solvents tested, 5 showed
several absorption maxima (4,ps), namely 253-260 nm, 365-367 nm
and 478 nm. No significant solvent-dependent shifts, either hypso-
chromic or bathochromic, were found between the solvents. The
emission spectra of 5 were measured in CHCl; using different
excitation wavelengths (le; Fig. 1d). Compound 5 exhibited an
emission maximum (Aer,) at 548 nm. The highest emission inten-
sity was found for A = 360 nm. The emission intensity was
significantly reduced at higher concentrations (Fig. S5, ESIt), and
this could be ascribed to the concentration quenching effect. The
emission spectrum of 5 in the solid state was similar to that in
CHCI; solution (4 = 360 nm; see the orange dotted line in Fig. 1d).
Only a small red shift of ca. 10-12 nm was found for the powdered
sample.
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Fig. 1 (a) UV-Vis spectra of 5; (b) emission spectra of 5 in CHCls solution
and in the solid state (powdered sample). The colours for the CHCls
solution of 5 (a) and using an excitation of 365 nm (b) are shown in the
insets. The concentration of the samples is 2 x 107> M.
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Next, emission spectra of 5 were measured in different mixtures
of CHCl;-hexane or CHCI;-CH3;OH where the volume fraction of
poor solvent (hexane or CH;OH) was 0-95 vol%. This experiment
was performed to check whether 5 shows the aggregation-induced
emission enhancement (AIEE) effect.**>® The results for the
CHCL;-CH;0H mixtures are presented in Fig. 2, whilst the data
for the CHCl;-hexane mixtures are presented in Fig. S6 of the ESL
In both cases, the emission intensity at 548 nm did not change
much up to 70 vol% of poor solvent. After this point, a continuous
and significant increase in the emission intensity was observed as
the ratio of poor solvent increased. This emission intensity change
was also followed by an increase in emission quantum yields from
40-42% for 0 vol% of poor solvent to 89-92% for 95 vol% of poor
solvent (see the full data in Section S4 of the ESIt). These trends
clearly indicate that 5 is AIEE-active. Time-dependent studies for
aggregated 5 revealed that the emission intensity increased signifi-
cantly up to 7 minutes after the sample preparation and it then
reached a constant value up to 24 hours (Fig. S7, ESIt). To further
study the aggregate formation, dynamic light scattering (DLS)
experiments were performed. For the samples with 95 vol% poor
solvent, the DLS analyses revealed a mean hydrodynamic diameter
of 121.5-143.2 nm for the particles that form the sample (Fig. S11,
ESIT). In contrast, no detectable peak was found for the CHCl,
solution of 5, since 5 was in the molecular well-dissolved state.”
The emission spectra for the lyophilized aggregates were also
measured (black dotted lines in Fig. 2a and Fig. S6a, ESIt).
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Fig. 2 (a) Emission spectra of 5 (lex = 360 nm) measured in different
CHCl3-CHsOH compositions; (b) changes in the emission intensity
(Zem = 548 nm) for the samples with different vol% of poor solvent
(CH3OH). For (a), the annotation stands for the volumetric ratio of CHzOH
in each mixture. The black dotted lines in (a) indicate the emission
spectrum for the lyophilized aggregates. For (b), error bars are also shown.
The concentration of the samples is 2 x 107> M.
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The spectra of the lyophilized aggregates from the CHCl;-hexane or
CHCl;-CH30H mixtures (95 vol% poor solvent) were very similar
and indicate that the poor solvent type has no significant influence
on the AIEE behaviour of 5. It is worth noting that the photo-
luminescence (PL) experiments were repeated three times to check
the reproducibility of the results.

Having photophysically characterized 5, we began to study
its application in caesium cation (Cs’) recognition. We
hypothesized that the addition of Cs' to the aggregates of 5
in the CHCl;-CH;O0H solvent system might cause disaggrega-
tion of 5, leading to a drop in fluorescence intensity*® (see Fig. 3
for a graphical representation of the proposed process).

The recognition properties of 5 were examined at room
temperature by recording emission spectra (lex = 360 nm) in
CHCI;—-CH;0H mixtures with 95 vol% poor solvent in which the
concentration of 5 was 2 x 10~> M and the amount of Cs" was
increased gradually from 0.0 equiv. to 25.0 equiv. These recog-
nition experiments were repeated three times. Upon the addi-
tion of Cs* (in the form of CsNO;>°), a significant drop in the
fluorescence intensity was observed (Fig. 4a). This feature could
be ascribed to the disaggregation of 5. A change in the emission
intensity was found between the samples. In fact, this beha-
viour was constant over 2 equiv. of Cs* (Fig. S8, ESI}). More
importantly, it can be claimed that the designed method can be
used for the quantification of Cs* in solution. The response to
Cs" fit well with the logarithmic relationship (coefficient of
determination (R*) equal to 0.98; Fig. S8, ESIt). This logarith-
mic fit suggests that the studied interaction might follow a
cooperative model in which the binding of one analyte mole-
cule increases the ability of the receptor to bind another analyte
molecule.?**! This cooperative mechanism model is likely to be
associated with an increase in the steric availability of concave
sites in the sumanene units of 5, as well as the flexibility of
aggregated 5 after the formation of the first Cs" complex.

To obtain an insight into the stoichiometry of the formed
systems, Job’s plot analysis was performed (Fig. S12, ESIT). This
revealed that the 5: Cs' complex stoichiometry was 1:2. Due to
our previous studies on the interactions between Cs' and
sumanene derivatives in their neutral state,">'® this finding
suggests that the driving force of the observed disaggregation
behaviour was indeed the formation of the sandwich complex
between Cs’ and two sumanene molecules. To confirm this
further, cold spray ESI-MS analysis was performed with a
mixture comprising compound 5 and 25 equiv. of Cs'
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Fig. 3 Graphical representation of the proposed recognition process.
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Fig. 4 (a) Emission spectra of aggregated 5 (lex = 360 nm) in the presence
of a molar equiv. of Cs*; (b) emission intensity (lem = 548 nm) changes of
aggregated 5 upon the addition of different metal cations (25 equiv.);
(c) cold spray ESI-MS spectrum of 5 in the presence of 25 equiv. of Cs™ (the
m/z peak originating from the presence of the sandwich complex is
marked). For (b), error bars are also shown. The concentration of the
samples is 2 x 107> M.

(Fig. 4c). The ESI-MS analysis confirmed the formation of the
sandwich complex, as the peak originating from the presence of
this system (ca. 2619 m/z) was clearly detected.

To investigate the specificity of Cs* recognition, emission
spectra (Lex = 360 nm) were measured in the presence of an
excess (25 equiv.) of other metal cations (in the form of metal
nitrates). A significant drop in the emission intensity was found
only upon the addition of Cs* (Fig. 4b). In practice, no changes
were observed for the samples containing cations of other
metals. This means that the recognition property of 5 is highly
Cs'-specific. Additionally, the Cs' recognition process was
found to be selective, as no differences in the emission inten-
sities between the samples after treatment with Cs* alone or
with Cs" in the presence of cations of other metals were found
(Section S7, ESIY).

Time-course emission spectra (Zex = 360 nm) were measured
in a CHCIl3-CH3;OH mixture with 95 vol% poor solvent in the
presence of 2 equiv. of Cs* (Fig. S9, ESIY). A significant drop in
the emission intensity was observed rapidly, within just 15 sec
(a similar trend was also observed for 25 equiv. of Cs*, as shown
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Table 1 LOD values for various Cs* recognition materials

Material LOD [uM] Ref.
Compound 5 0.15 This work
Various sumanenylferrocenes 12-70 15
Tris(ferrocenylmethidene)sumanene 0.02 16
Various calixarenes 0.096-0.770 35a,b
Squaraine 0.096 35¢
Boron-dipyrromethene (BODIPY) 0.273 35d

in Fig. S10, ESIf). No significant changes in the emission
intensity were found after 1 min. In the case of the addition
of 25 equiv. of Cs" (Fig. $10, ESI{), no strong intensity was
observed within 1 min. This means that the reported Cs"
recognition is characterized by a very short response time.

Previously reported sumanene-containing electrochemical
sensors exhibited reversible binding of Cs*.'>'® To check
whether the disaggregation-based methodology described
herein is characterized by a similar reversible behaviour, aggre-
gated 5 - after treatment with Cs" - was thoroughly washed with
the CHCIl;-CH3;O0OH mixture and emission spectra were then
measured in the presence or absence of Cs' (see full experi-
mental data in Section S8 of the ESI}). The outcomes of these
experiments were highly consistent with that from the first
treatment of aggregated 5 with Cs’, and this means that Cs"
binding by 5 is reversible. Finally, to obtain an insight into the
binding parameters, the association constant (K,) and limit of
detection (LOD) values were determined. K, was estimated
using the Benesi-Hildebrand equation®>** (see details in
Section S9 of the ESIt) and was equal to 9.0 x 10> M2, whilst
the LOD value®* was found to be equal to 1.5 x 10”7 M. The
LOD value is comparable with the values for other Cs' recogni-
tion materials (Table 1), including sumanene-tethered recep-
tors. Importantly, compound 5 exhibited a very satisfactory
LOD value amongst those of the fluorescent receptors listed
in Table 1 (excluding tris(ferrocenylmethidene)sumanene,
which is an electrochemical sensor).

In conclusion, we have demonstrated that a novel sumanene
derivative, 5, shows strong yellow light emission and is an AIEE-
active compound. These findings gave rise to the preparation of a
highly sensitive turn-off fluorescent probe, which is dedicated to very
specific and selective Cs" detection that was characterized by a fast
response. All these beneficial features prove that 5 is a highly
attractive molecule from a design point of view of recognition
materials for caesium-contaminated probes. Our future work in this
topic will include the preparation of other sumanene-containing
fluorophores that might exhibit aggregation-induced effects, as well
as the examination of their application potential with a focus on Cs*
detection.
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