Volume 22
Number 25

7 July 2024
Pages 5005-5232

Organic &
Biomolecular
Chemistry

rsc.li/obc

ISSN 1477-0520

Artur Kasprzak et al.
O F CH EMIST RY Sumanene-carbazole conjugate with push-pull structure

and its chemoreceptor application

2 ROYAL SOCIETY PAPER
o



7® ROYAL SOCIETY
P OF CHEMISTRY

Organic &
Biomolecular Chemistry

View Article Online

View Journal | View Issue

Sumanene-carbazole conjugate with push—pull

’ M) Check for updates ‘
structure and its chemoreceptor applicationt

Cite this: Org. Biomol. Chem., 2024,

22, 5117 a

Dominika Ufnal,1* Jakub S. Cyniak,
Krzysztof Durka, 2 ¢ Hidehiro Sakurai

1% Maurycy Krzyzanowski,
b€ and Artur Kasprzak () *

The first-of-its-kind tetra-substituted sumanene derivative, featuring the push—pull chromophore archi-
tecture, has been successfully designed. The inclusion of both strong electron-withdrawing (CFs) and
electron-donating (carbazole) moieties in this buckybowl compound has enhanced the charge transfer
characteristics of the molecule. This enhancement was supported by ultraviolet-visible (UV-Vis) and emis-
sion spectra analyses along with density functional theory (DFT) calculations. The application of the title
sumanene—-carbazole push—pull chromophore as a selective recognition material for cesium cations
(Cs*) was also presented. The title compound exhibited effective and selective Cs*-trapping ability,
characterized by a high apparent binding constant value (at the level of 10%) and a low limit of detection
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(0.09-0.13 pM). Owing to the tuned optical properties of the title push—pull chromophore, this study
marks the first time in sumanene-tethered chemoreceptor chemistry where efficient tracking of Cs*
binding was possible with both absorption and fluorescence spectroscopies. This work introduces a new
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Introduction

Bowl-shaped and =n-conjugated compounds, termed bucky-
bowls, constitute an intriguing class of compounds featuring
various interesting physicochemical properties."® Sumanene
buckybowl (1; Fig. 1a) serves as the subunit of fullerene Cgo,
and was first successfully synthesized in 2003.”® The unique
geometrical feature of sumanene is its bowl shape, with the
identified concave and convex sites of bowl, see Fig. 1a.>%'°
Over the past decade, sumanene chemistry has advanced sig-
nificantly. Owing to the n-conjugated and bowl structures, the
sumanene backbone became an attractive motif for designing
effective strongly fluorescent compounds. Tuning the pro-
perties of sumanene-tethered chromophore architectures can
be achieved through methods like expanding the m-electron
network,"'*® heteroatom doping of the bowl,'” " or the for-
mation of metal complexes.*>*?
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approach toward tuning the structure of bowl-shaped optical chemoreceptors.

There is continuous interest in designing efficient light-
emitting compounds,”*~3° and one of the effective methods for
tuning the optical properties of molecules is through the design
of push-pull chromophores. These chromophores exhibit intra-
molecular charge-transfer properties through donor-acceptor
interactions. As a result of promising optical properties, wide-
spread applications of such systems have been investigated over
the years.*’* In light of the push-pull chromophore design,
the 9H-carbazole backbone (2; Fig. 1b) is commonly used as an
effective electron donor.>*® The addition of a nitrogen atom to
a m-conjugated carbon system not only alters the energy levels of
the molecular orbitals of the aromatic compound but also cru-
cially impacts its electronic structure, thereby profoundly
affecting the electronic properties of the molecule. The 9H-car-
bazole backbone has demonstrated many important properties
for designing effective light-emitting compounds.**™*?
Incorporating this motif into various organic n-systems, includ-
ing those with bowl-shaped corannulene,**™** has resulted in
improved light-emission properties.**® Importantly, tuning
the optical and electronic properties of 9H-carbazole derivatives
is feasible, given the numerous reported methods for functiona-
lizing this heterocyclic compound.> >

From 2019 to 2023, our study delved into the application of
selected sumanene derivatives as chemoreceptors with high
selectivity for cesium cations (Cs*).">**° This research holds
environmental importance in designing new Cs' recognition
materials results, e.g., from the need to monitor the presence
of radioactive Cs" in the environment, especially in the post-
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Fig. 1 (a) Structure of sumanene (1), (b) structure of 9H-carbazole (2)
together with atom numbering, and (c) structure of target sumanene—
carbazole push—pull chromophore 3 together with the reference suma-
nene—carbazole conjugates.

disaster areas after nuclear plant accidents.’” > Despite yield-

ing satisfactory binding parameters, we recognized a limitation
of the sumanene-based chemoreceptors, specifically, the
effective tracking of interactions in solution was achievable
only through spectrofluorimetry. On the other hand, ultra-
violet-visible (UV-Vis) absorption instruments are generally
more cost-effective than spectrofluorometers and are widely
available in environmental laboratories. Therefore, designing
sumanene-based probes capable of efficiently tracking Cs*
binding using both UV-Vis spectroscopy and spectrofluorime-
try is deemed desirable. Given the attractive optical properties
of carbazole-containing push-pull chromophores,* > we
identified an opportunity to merge the chemistry of carbazole-
based chromophores with the science of sumanene-tethered
Cs'-selective optical chemoreceptors. Resulting of these con-
siderations, we report the successful design of the sumanene-
carbazole conjugate 3 (Fig. 1c), featuring the push—pull
chromophore architecture in sumanene science for the first
time. Anticipating that this molecular architecture, enhancing
internal charge-transfer characteristics within the buckybowl
compound 3, would enable effective tracking of the Cs'-trap-
ping phenomenon using both absorption and emission spec-
troscopies. The design of molecule 3 was based on the pres-
ence of both strong electron-withdrawing (CF;) and electron-
donating moieties (carbazole units) attached to the sumanene
buckybowl backbone. Furthermore, compound 3 was designed
based on comparative studies on the photophysical properties
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of reference sumanene-carbazole conjugates 4-5 (Fig. 1c) and
comprehensive density functional theory (DFT) calculations
(Gaussian16 ®° software).

Results and discussion
Synthesis

Refer to the ESI, Subsection S1,T for full experimental details
on the synthesis of sumanene-carbazole push-pull chromo-
phore 3, as well as compounds 4-5 and 10.

The synthesis of reference compounds 4-5 (Scheme 1a)
relied on the sodium hydroxide-mediated condensation-type
reaction®® under the phase transfer catalysis (PTC) conditions
between sumanene (1) and the respective aldehyde (6-7; yield
40%-53%). Building on the successful synthesis of compound
4 and leveraging the possibilities of modifying sumanene (1)
at aromatic and benzylic positions, the design of compound 3,
bearing both electron-withdrawing (CF;) and electron-donating
groups (carbazole units), was accomplished. The synthesis of
compound 3 (Scheme 1b) commenced with the production of
2-((4-(trifluoromethyl)phenyl)ethynyl)sumanene  (compound
10) as the key-starting material. Initially, 2-iodosumanene (8)
was obtained via the electrophilic aromatic substitution (SgAr)
reaction®®” using 1,3-diiodo-5,5-dimethylhydantoin as the
iodinating agent, in the presence of catalytic amount of tri-
fluoromethanesulfonic acid. Compound 10 was synthesized
(72%) through the Sonogashira cross-coupling reaction
between 8 and 1-ethynyl-4-(trifluoromethyl)benzene (9). This
reaction was performed at 45 °C in triethylamine (TEA) acting
both as the solvent and a base, with the usage of copper(i)
iodide (Cul) and [1,1-bis(diphenylphosphino)ferrocene]
dichloropalladium(u) (Pd(PPh;),Cl,) as the catalysts. The target
compound 3 was then synthesized (48%) from 10 and alde-
hyde 6, using similar PTC condensation-type conditions as for
compounds 4-5. The highest isolated yield of 3 was found for
8 molar equivalents of aldehyde 6 used per 1 molar equivalent
of compound 10. Pure compound 3 was isolated as a red solid
by means of the preparative thin layer chromatography (PTLC)
using 50% CH,Cl,/hexane as an eluent. Importantly, to date,
only native sumanene (1) was used in the discussed PTC con-
densation-type reaction for the synthesis of tris-substituted
sumanenes.'>**1:9364 Therefore, from the synthetic view-
point, the successful synthesis of compound 3 demonstrated
the feasibility of using a 2-substituted sumanene derivative in
this process, leading to the formation of a tetra-substituted
sumanene-containing compound.

The formation of compounds 3-5 and 10 was confirmed
using 1D ("H, {'H}"*C), 2D ("H-'H COSY, 'H-"*C HSQC,
19p-13C HSQC, 'H-"*C HMBC) and pseudo-2D (‘H DOSY, '°F
DOSY) nuclear magnetic resonance (NMR) spectroscopy and
electrospray ionization high-resolution mass spectrometry
(ESI-HRMS), whereas their purity was further confirmed using
elemental analysis. Refer to the ESI, subsections S1-S3,} for
full characterization data for 3-5 and 10. Section S2 in ESIt
contains the copies of NMR spectra of 3-5 and 10, as well as

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of sumanene—carbazole conjugates: (a) reference
compounds 4-5 and (b) push—pull chromophore 3.

detailed discussion on the NMR spectra of sumanene-carba-
zole conjugates 3-5. Notably, similar to previous studies on
sumanene derivatives synthesized with the PTC condensation-
type reaction,'®>®°1%%%* the NMR spectra revealed the for-
mation of diastereoisomers of compounds 3-5 (two and four
possible diastereoisomers for 4-5 and 3, respectively). The rela-
tive stabilities of DFT-optimized diastereoisomers of com-

This journal is © The Royal Society of Chemistry 2024
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pounds 3-5 are provided in the paragraph on “theoretical cal-
culations” in the text. In brief regarding NMR characterization
data for the target sumanene-carbazole push-pull chromo-
phore 3, "H NMR spectrum of 3 comprised two major groups
of multiplets in the aromatic region (Fig. 2b). The signals from
the multiplet group at 8.33-8.01 ppm (12H) were ascribed to
the H-1, H-4, H-5 and H-8 protons within of the carbazole
moiety (see atom numbering in Fig. 2a). The signals included
the multiplet group at 7.89-7.06 ppm (36H) were ascribed to
the protons of the following moieties: 2-substituted sumanene
(5H), carbazole H-2, H-3, H-6, H-7 (12H), p-phenylene linkers
(16H) and methidene linkers (3H). Notably, signals coming
from the benzylic protons of sumanene backbone were not
found in the "H NMR spectrum of 3, what further supported
tetra-substitution of the sumanene skeleton (in the spectrum
of starting material 10 (in CDCl;), characteristic doublets orig-
inating from the presence of benzylic Hex, and Hengo protons
of sumanene were found between 4.79-4.69 ppm and
3.64-3.42 ppm, respectively). The presence of 2-substituted
sumanene backbone in 3 was also supported based on the
comparative analyses with the "H NMR spectrum of respective
compound 4, which contained sumanene skeleton non-substi-
tuted at the aromatic position, see Fig. S30 in ESI together
with the discussion in section $2.4.1 The '’F NMR experiment
(Fig. 2c) supported the presence of fluorine in the 3 sample in
the form of trifluoromethyl (CF;) group (6 from —63.45 to
—63.48 ppm), whereas *C decoupled ’F-">C HSQC experi-
ment enabled to distinguish chemical shift for CF; group in
the {"H}**C NMR spectrum of 3 (§c 125.3-125.2 ppm, see
Fig. S35 in ESIf). The signals in the {"H}**C NMR spectrum of 3
were also tracked based on the "H-">C HMBC NMR spectrum,
see Fig. S36-S37 in ESI together with the discussion in section
$2.4.} In particular in terms of the analysis of {'"H}'>*C NMR
spectrum of 3, "H-">C HMBC NMR spectrum enabled the con-
firmation of the presence of low-intensity quaternary carbons
of sumanene skeleton between 150-120 ppm and -C=C-
moiety (93.4-92.3 ppm). Notably, "H DOSY NMR experiment
(Fig. 2d) confirmed that the 3 sample comprised a single type
of molecule (diffusion coefficient for 3 was 4.78 x 107'° m?
s~"), with an approximate hydrodynamic radius of ca. 0.96 nm.
Importantly, similar outcomes were found from '’F DOSY
NMR experiment (Fig. 2e), with measured diffusion coefficient
(4.76 x 107'° m? s7') consistent with the respective value from
the "H DOSY NMR experiment. Finally, ESI-HRMS spectrum
(Fig. 2f) ultimately confirmed that 3 was obtained. Refer to
section S2.4 in ESIf for further detailed discussion about the
NMR spectra of push-pull chromophore 3.

Photophysical properties

The spectral data of investigated compounds are summarized
in Table 1, with detailed discussion provided in section S4 in
ESL}

The substitution of the sumanene skeleton with carbazole
moieties led to a significant alternation in light absorption
and emission properties of compounds 3-5 compared with
native sumanene (1; one absorption maximum (A,p) at ca.

Org. Biomol. Chem., 2024, 22, 5117-5126 | 5119
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p-phenylene (H-A, 16H) and methidene (H-B, 3H) moieties (total: 36H)
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Fig. 2 (a) Structure of push—pull chromophore 3 with atom numbering regarding NMR analyses, as well as graphical representation of the possible
diastereoisomers (DFT-optimized diastereoisomers of 3 are presented and discussed in section S5, ESIf). Selected characterization data for push—
pull chromophore 3: insets of (b) *H NMR, (c) *°F NMR, (d) *H DOSY NMR, (e) *°F DOSY NMR spectra (600 MHz, THF-dg) and (f) ESI-HRMS (TOF)
spectrum. In the presented insets of NMR spectra, selected peaks are marked for the clarity of the images (for the full range spectra and full charac-

terisation data on 3 with discussion, see sections S1-S3, ESI+).

280 nm) and 1,3,5-tri(9H-carbazol-9-yl)benzene 11 (A,ps = 255,
290, 346 nm),*® which served as the representative Cj-sym-
metrical aromatic derivative comprising three carbazole units
in the formula. Differences between the spectra of reference
compounds 4-5 were concluded, what elucidated the effect the

5120 | Org. Biomol. Chem., 2024, 22, 5117-5126

method of substitution of carbazole skeleton on the photo-
physical properties of the resultant conjugates with sumanene.

In the case of compounds 4-5, the tris-substitution of the
sumanene skeleton with carbazole moieties resulted in the
emergence of three major absorption bands ranging from 300

This journal is © The Royal Society of Chemistry 2024
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Table 1 UV-Vis absorption and emission data for compounds 1, 3-5, 10 and 11 in CHCl; solution and solid state. The results of TD-DFT calculations

(B3LYP/6-31+G(d,p)) are additionally provided

Experimental data

TD-DFT calculations

Aabs /MM Aem 2/nm [ Aabs /MM Aem S/Mm

1°° 280 375 — — —

3 478 (1.0 x 10°), 388 (2.2 x 10°), 340 (2.5 x 10°), 552 (615) 0.76 493 (S;, 0.056), 401 (S, 0.286), 552 (Sy, 0.055)
290 (3.3 x 10%) 359 (S11, 0.308)

4 474 (2.0 x 10%), 386 (4.7 x 10%), 342 (4.7 x 10%), 549 (580) 0.53 497 (S4, 0.327), 370 (S0, 0.432), 547 (Sy, 0.262)
290 (6.7 x 10%) 358 (S12, 0.358)

5 490 (3.1 x 10%), 394 (6.4 x 10*), 332 (3.4 x 10%), 558 (594) 0.12 480 (S;, 0.356), 368 (Ss, 0.227), 570 (Sy, 0.159)
302 (5.0 x 10%) 352 (Sg, 0.648)

10 346 (2.6 x 10%), 280 (7.0 x 10%) 400 — — —

11%° 255 361 — — —
290

“Molar absorption coefficient values (g dm® mol™ em™) are given in parentheses.  For solid state samples values are provided in parentheses.

¢ Excited state numbers and oscillator strength are given in parentheses.

to 550 nm (refer to the spectra of 4-5 and respective discus-
sions, including DFT calculations regarding experimental
absorption spectra and calculated electronic transitions, in
ESI, sections S4 and S5t). The UV-Vis spectrum of compound
3 (2 x 107° M; CHCI;) is presented in Fig. 3, along with a com-
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Fig. 3 (top) UV-Vis spectra (CHCl3) of compounds 3-5 and 10 and

(bottom) solution (CHClz) and solid-state (dashed lines) emission
spectra of compounds 3 (lex = 380 Nm), 4 (lex = 380 NM), 5 (ley =
380 nm) and 10 (e, = 380 nm).

This journal is © The Royal Society of Chemistry 2024

parison with the spectrum of parent compound 10 and refer-
ence compound 4. Compound 3 exhibited several absorption
bands with maxima at 250, 290, 340, 388, and 478 nm. For
comparison, parent compound 10 exhibits the longest wave-
length absorption band at 355 nm. Although the spectral
profile of 3 was relatively similar to that of compound 4,
notable changes were found in the absorption intensities
and, thus, molar absorption coefficient (&) values. Notably, ¢
values for the respective absorption bands for 3 were ca.
5-fold higher than for 4 (at respective A,,s, Table 1). In par-
ticular, when the spectrum of 3 was measured at the same
concentration as 4 (2 x 107> M), the absorption intensities of
3 were out of the range of the instrument. Notably, com-
pound 3 featured higher absorption intensity values at the
10-fold lower concentration (2 x 10~° M) than reference com-
pound 4 (2 x 107° M).

The emission properties of 3 were also improved compared
with the starting material 10 and reference sumanene-carba-
zole conjugate 4, which does not contain the electron-with-
drawing -p(CF;)CgH, group (Fig. 3; the 3-D emission spec-
trum of 3 is presented in ESI, section S4f). Compounds 4
and 5 were found to be yellow-orange light emitters with
emission maxima (lem) at 549 and 558 nm, respectively.
Emission intensity for 4 was ca. 12-fold higher in comparison
to 5 (see spectra and discussion in ESI, section S4t). Thus, in
general, the light-emission properties of 5 were not as satis-
factory as those of 4, revealing the effect of the method of
attachment of the carbazole moiety on the photophysical
properties of the resultant conjugate with sumanene.
Importantly, the A., for 3 (552 nm) was significantly red-
shifted (ca. 152 nm; 6890 cm ™) compared with 10 (400 nm)
and was similar to that of 4 (Fig. 3b). The intensity of emis-
sion for 3 was similar to the respective value for 4, although
the spectrum of 3 was measured at the 10-fold lower concen-
tration. In consequence, the fluorescence quantum yield (&)
for 3 (0.76) was ca. 1.5-fold higher than for 4 (0.53) and sig-
nificantly higher than for 5 (0.12). Finally, the Z.,, for a solid-
state spectrum of 3 was red-shifted (ca. 35 nm; 980 cm™")
compared with 4.

Org. Biomol. Chem., 2024, 22, 5117-5126 | 5121
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Theoretical calculations

To get a deeper insight into the photophysical features of the
studied compounds 3-5, we performed a series of DFT
(B3LYP-D3°*®%)  and  time-dependent-DFT  (TD-DFT;
B3LYP®*®”) theoretical calculations using the Gaussian16 soft-
ware (basis set: 6-31+G(d,p)”°). Our first goal was to define the
optimal geometries of the molecules and compare the thermo-
dynamic stability of their diastereoisomers. According to our
computations, the unsymmetrical diastereoisomers of com-
pounds 4 and 5 are by 10.0 and 14.4 k] mol~" more stable than
corresponding symmetrical diastereoisomers (Fig. S51, ESIT).
In the case of 3, four diastereoisomers should be considered
(Fig. S50, ESIf). The most stable diastereoisomer comprises
two neighboring carbazole units held by C-H---C(n) inter-
actions, whereas the third carbazole group forms C-H---C(x)
interaction with the p-(CF;)C¢H, group. Importantly, the fluo-
rine atoms and the carbazole skeleton are sufficiently distant
to avoid any repulsions. On the contrary, the lack of any such
stabilizing interaction in the remaining isomers led to sub-
stantially lower thermodynamic stability.

In the subsequent step, the electronic transitions for the
most stable diastereoisomers were explored. Evaluating these
transitions could potentially explain the observed differences
in the UV-Vis spectra. Specifically, we were interested in the
investigation of electronic and spectral features of the push-
pull system 3. Due to the complex nature of electronic tran-
sitions involving contributions from multiple HOMO and
LUMO molecular orbitals, the natural transition orbitals
(NTO)”* were calculated. NTO provides a more intuitive
description of the electronic transitions from the highest-occu-
pied NTO (HONTO) to the lowest-unoccupied NTO (LUNTO)
representing the hole and electron, respectively.

Calculated absorption and emission wavelengths generally
correspond to the observed experimental bands (Table 1). The
differences in the positions of /;,,,x observed in UV-Vis spectra
between 3, 4, and 5, although present, were not substantial.
These variations in the absorption spectra predominantly stem
from changes in the molar absorption coefficient, whereas the
positions of local maxima display only minor discrepancies.
For all considered compounds, the lowest-energy absorption
bands at ca. 480 nm can be attributed to the n-n* transitions
from HONTO spread over sumanene and pendant phenyl-car-
bazole groups to LUNTO localized on the central sumanene
unit (Fig. 4). On the contrary, the electronic transitions corres-
ponding to the absorption bands around 340 and 390 nm have
different natures between 3 and 4-5. Although respective
HONTO orbitals are quite similar for these transitions, ie.,
they are delocalized over the central sumanene and pendant
phenyl-carbazole moieties, substantial differences are
observed in the distribution of LUNTO demonstrating unique
structural variances between molecules. Specifically, in the
case of 3, LUNTO includes the contribution from the electron-
withdrawing —p(CF;)C¢H, group. Thus, the electron excitations
responsible for the formation of higher-energy bands at 340
and 390 nm can be interpreted in terms of intramolecular
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LUNTO

HONTO

Aaps (DFT) = 493 nm
Aps (€X) =478 nm

Agws (DFT) = 401 nm
Aps (€X) =388 nm

Aps (DFT) = 359 nm
A,ps (€X) =340 nm

Fig. 4 Graphical illustration of crucial highest-occupied and lowest
unoccupied natural transition orbitals (HONTO and LUNTO, respectively)
responsible for observed absorption bands in UV-Vis spectra of 3.
Theory level: B3LYP/6-31+G(d,p). The NTO orbitals for 4 and 5 are pro-
vided in Fig. S52 in ESL.}

charge transfer from carbazole-sumanene moiety to 2-((4-(tri-
fluoromethyl)phenyl)ethynyl)sumanene moiety, related to the
push-pull chromophore architecture of 3. At the same time,
the excitation energies remain similar between all considered
derivatives. Due to the different nature of higher-energy tran-
sitions, it can be expected that the interaction with Cs" cation
will pose different effects on the intensities of these bands,
affecting the sensitivity of detection.

Cesium cation (Cs") recognition studies

Finally, the application of sumanene-carbazole conjugates 3-5
as optical chemoreceptors was investigated. In particular, the
comprehensive studies on supramolecular interactions
between sumanene-carbazole conjugates 3-5 and cesium
cations (Cs") in the form of hexafluorophosphate (PFs~) salt
were performed in a THF :water (1:1 vol/vol) solvent system
(see experimental details in ESI, section S67). Specifically, Cs"
cations were selected for the chemoreceptor application
studies based on recent reports on the action of sumanene
derivatives toward binding these cations.'*”*>%% gelective
binding of lithium (Li") by the sumanene-containing ruthe-
nium(u)-bis(terpyridine) organometallic compounds was
recently reported,”” therefore, Li" was also included in our
selectivity studies, whereas sodium (Na') and potassium (K)
cations were selected as interferents commonly present in
water and widely included in the selectivity studies for other
chemoreceptors. Calcium (Ca**) cations were selected as the
representative divalent metal cations. All metal cations were
tested in the form of their commercially available PFs~ salts in
order to exclude effects of the type of counteranion on the
binding phenomena by compounds 3-5, if any.

At first, spectrofluorimetric titrations were performed. Our
special attention was focused on the interactions between Cs"
and push-pull chromophore 3. To our delight, compound 3
exhibited exclusive emission quenching upon the addition of
further portions (molar equivalents) of Cs* (see Fig. 5a; the
spectra for the interactions of reference compounds 4-5 are
presented in ESI, section S67). This experiment suggested that
the Cs® trapping abilities of derivative 3 were not excluded

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Emission spectra of 3 in the presence of various molar
equivalents of Cs* (THF :water = 1:1 vol/vol, lex = 390 nm, C3 = 2 X
107% M); (b) UV-Vis spectra of 3 in the presence of various molar equiva-
lents of Cs* (THF : water = 1:1 vol/vol, Cz = 2 x 10~ M); and (c) graphi-
cal representation on the possible structure of the formed non-covalent
systems (for clarity sumanene bowl is marked yellow, whereas Cs* is
marked green).

despite the structurally sophisticated structure of this suma-
nene derivative. No interfering effects of Na* and K' were
found, and the changes after the addition of Li* to the solu-
tions were very slight as compared to the Cs" titration experi-
ments (see data in ESI, section S61). No interfering effect was
also found for the spectrofluorimetric selectivity studies with
calcium hexafluorophosphate (Ca(PFg),, see data in Fig. S66,
ESIY). Therefore, satisfactory selectivity of the designed suma-
nene-tethered chemoreceptors toward the recognition of Cs"
can be concluded. Additionally, no changes in the emission
intensity of reference 1,3,5-tri(9H-carbazol-9-yl)benzene 11
were found in the respective Cs" binding experiments (see data
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in ESI, section S6%). This experiment supported the vital role
of the presence of the sumanene skeleton in 3-5 toward pro-
viding cation-binding properties.

Taking into account significantly lower cost of instruments
for UV-Vis absorption spectroscopy in comparison to spectro-
fluorometers, as well as common usage of UV-Vis spectrometers
in almost every environmental laboratories, our attention was
focused on investigating the possibility of applying UV-Vis
absorption spectroscopy toward tracking the Cs' binding by
sumanene-carbazole conjugates 3-5. Importantly, while no sig-
nificant changes in the UV-Vis spectra of 4-5 in the presence of
Cs' were observed, notable differences were found exclusively in
the UV-Vis spectra of 3 (Fig. 5b). Notably, the changes in the
UV-Vis spectra of 3 upon the addition of Cs" were also more sig-
nificant than in the case of emission spectra experiments, and
the most essential among sumanene-based Cs* optical chemor-
eceptors reported to date. The most essential changes were
observed for A,,s between 250 and 450 nm. Namely, a signifi-
cant lowering of the absorption intensities, as well as slight red
shifts (ca. 5 nm) for these bands was observed with the addition
of further portions of Cs'. This possibility of applying UV-Vis
spectroscopy toward effective tracking of the interactions
between 3 and Cs" was ascribed to the tuned structure of com-
pound 3 featuring enhanced charge-transfer characteristics.
Thus, among the reported sumanene-based optical chemore-
ceptors reported to date,"*?***3%% compound 3 is the first
molecule for which the application of both UV-Vis and emission
spectroscopies toward effective tracking of the Cs" recognition
phenomenon is described.

The stoichiometry for each system, estimated with the Job’s
plot method (continuous variation method),”>”* was found to
be 2:1, indicating 2 molecules of the sumanene derivative per
one Cs' (see data and Job’s plots in ESI, section S67). Thus,
the observed changes might be ascribed to the dynamic for-
mation of sandwich-type complexes (Fig. 5c), driven by the
perfect size-match between concave sites of sumanene bowls
and the van der Waals radius of Cs’, as well as improved
cation-n interactions for this system.'??*>4736:637475 Notably,
the system stoichiometries estimated from the emission and
UV-Vis spectroscopy titrations for push-pull chromophore 3
were consistent.

The interactions between Cs' and sumanene-carbazole con-
jugates 3-5 were characterized by the satisfactory apparent
binding constant (K,pp,) values (estimated with the Benesi-
Hildebrand method”®”’) at the level of 10° M~ (see data in
Table 2). Importantly, K,,, values estimated from emission
spectroscopy experiments and respective UV-Vis assays (data
collected for A,,s = 394 nm) for the system consisting of the
push-pull chromophore 3 were highly consistent, demonstrat-
ing that 3 is a versatile optical chemoreceptor of Cs'. The limit
of detection (LOD) values for the system containing 3 esti-
mated from emission and UV-Vis spectroscopy analyses were
also highly consistent and equaled 0.09-0.13 uM. Notably, the
LOD values for 3 are lower in comparison to the respective
values for reference compounds 4-5 (LOD ranging from 0.30 to
2.09 pM).
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Table 2 Apparent binding constant (K,pp) and limit of detection (LOD)
values for the interactions between Cs* and compounds 3-5

Compound Kopp/M™> LOD/uM
34 1.2 x 10° 0.09
3° 1.0 x 10° 0.13
4° 7.3 x10° 2.09
5¢ 1.9 x 10° 0.30

“ Estimated from the emission spectroscopy. ? Estimated from UV-Vis
spectroscopy.

Conclusions

In conclusion, we presented the successful design of a bowl-
shaped and n-conjugated sumanene-carbazole push-pull
chromophore (compound 3). Absorption and emission spec-
troscopy assays revealed improved photophysical properties of
3 compared with native sumanene, 9H-carbazole, and other
reference sumanene-carbazole conjugates. Compound 3 fea-
tured exclusive, Cs'-selective trapping properties related to the
dynamic formation of non-covalent sandwich-type complexes.
For the first time, it was possible to apply both UV-Vis and
emission spectroscopies toward effective tracking of the Cs*
recognition phenomenon with 3, due to the tuned optical pro-
perties of this molecule. The results of fluorescence and
absorption spectroscopy titrations with Cs* and 3 were highly
consistent, revealing good apparent binding constant values
(at the level of 10°) for this system and low limits of detection
(0.09-0.13 pM). Notably, compound 3 could be potentially
applied in the analyses with cesium-contaminated real
samples, as for example the concentration of cesium-137 in
Japanese Mano River is about 0.06 mM.*®% As a result of
these studies, we demonstrated the benefits of using structu-
rally sophisticated sumanene-containing push-push chromo-
phore 3 in terms of designing versatile cation recognition
materials. The findings of this work lay the basis for further
progress in designing sumanene derivatives featuring ben-
eficial optical properties toward applied sciences of this mole-
cule as optical chemoreceptors.
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