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Mechanochemical synthesis of water-insoluble, AlE-active
dendritic receptors enable selective fluorescence detection of
ceftazidime in up to 99 vol% water. Selectivity over structurally
related B-lactams was confirmed by titrations, DFT, and NMR
studies. Detection remains reliable in tap water, artesian
groundwater, and seawater, with a limit of detection (LOD) as low
as 1.1 uM.

Mechanochemistry has emerged as a powerful
conventional tool in modern organic synthesis, enabling
sustainable synthetic protocols and access to compounds that
are difficult or even inaccessible by classical in-solution
methods.*™’ receptors capable of selectively
interacting with guest molecules through non-covalent
interactions are highly relevant in both fundamental and
applied sciences.®'2 Among these, receptors featuring
aggregation-induced emission (AIE) are particularly attractive,
offering enhanced luminescence in aggregated states while
simultaneously offering improved sensing performance,
including sensitivity and selectivity, especially in aqueous media
that remain challenging for conventional organic receptors.'31°
Although mechanochemistry has been explored for the
synthesis of AlE-active receptors,?%?! the reported examples
remain limited to a narrow set of molecular classes (such as
azines,?? 2> imides,?® and amides?’-28) used for the detection of

non-

Molecular

a limited number of analytes (such as inorganic ions,2%27:28
hydrazine,??>?® hydrogen peroxide,? nitroaromatic
compounds?3?). Nevertheless, in these studies, the
advantageous properties of the receptors in the aggregated
state, particularly the enhancement of detection sensitivity
relative to solution-phase behaviour, have been clearly
demonstrated.
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Herein, we report the mechanochemical synthesis of novel
dendritic amide receptors, B3E and F-B3E, composed of 1,1,2,2-
tetraphenylethene (TPE) and 1,3,5-triphenylbenzene (TPB)
cores, with F-B3E bearing twelve fluorine substituents at the
TPB core (Fig. 1). Introducing fluorinated substituents into AIE
luminogens enables modification of their optical properties,?®~
31 with examples where up to four fluorine substituents alter
absorption and emission maxima.?®32 Both receptors exhibit
strong AIE behaviour in agueous media and selectively detect
the B-lactam antibiotic ceftazidime (Cef) in aqueous solutions
containing up to 99 vol% water, as established by
spectrofluorimetric studies. Currently established tools allow
detection of Cef with LOD values down to 0.55 nM for
electrochemical sensors3® and at the micromolar level for
fluorescence-based sensors.3436 The performance was further
validated in tap water, artesian groundwater, and seawater,
establishing practical applicability for environmental antibiotic
monitoring using supramolecular systems.

Preliminary attempts to synthesise the target molecules in
solution and via sonochemistry yielded undesired mixed
products. The mechanochemical approach allowed the
synthesis of compounds B3E and F-B3E, giving access to
dendritic-like triamides under non-conventional conditions,
including the trifold coupling of the near-perfluorinated
tricarboxylic acid 2, a particularly challenging substrate, due to
the electronic effect of the fluorine atoms on the reactivity of
the carboxylic groups. Notably, the introduction of 12 fluorine
atoms into the receptor scaffold might influence
physicochemical properties, potential shifts in UV-vis
absorption and fluorescence emission maxima, and a significant
change of the fluorescence quantum yield. Tricarboxylic acid 1
or 2, amine 3, and a coupling agent, NN-
dicyclohexylcarbodiimide (DCC) or carbonyldiimidazole (CDI),
were ground for 4 hours with DCM (liquid-assisted grinding
(LAG), n =0.51-0.91 pL mg?) in a stainless steel (SS) jar with SS
balls. Isolation of pure products required purification by column
chromatography and preparative thin-layer chromatography
(PTLC), vielding B3E and F-B3E in 50% and 57% yields,
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respectively. Solution-phase amide couplings of analogous
hydrogenated substrates rarely exceed 50% per side.3’

0
0
CDI, DCM (LAG)
ball mill
S8 balls (5 x 3 mm)
SSjar (1.5mL)
30 Hz, 4 hours
50%

Fig. 1 Synthesis of receptors B3E and F-B3E.

Structure and purity were confirmed by 'H NMR, {*H}*3C
NMR, *°F NMR (for F-B3E), *H-'H COSY NMR, and ESI-HRMS (for
full compound characterisation data, see ESI, Sections S1-S3).
The optical properties of B3E and F-B3E were studied using UV-
vis and fluorescence spectroscopy. UV-vis measurements in THF
solution and in the aggregated state (water:THF 95:5 v/v)
revealed a shared solution-phase absorption maximum (Amax) at
235 nm for both receptors. Upon aggregation, B3E showed a
redshift to 261 nm accompanied by a 2-fold increase in the
molar absorption coefficient (€) value for aggregates (&solution =
6.9:10* dm3mol™ -cm™, €xggregates = 1.4:10° dm3-mol~t -cm™). F-
B3E shifted to 250 nm with a 10-fold decrease in € value (&solution
= 2.6:10° dm3molt-cm™, eaggregates = 2.7:10* dm3molt.cm?),
suggesting distinct aggregation behaviour between the two
receptors (ESI, Section S5).

AIE behaviour was investigated by measuring fluorescence
spectra in water:THF systems with increasing water content
(Fig. 2; ESI, Section S5.2). For B3E, emission onset occurred at
70% vol., with intensity rising sharply at 90% vol. and reaching a
maximum at 95%. F-B3E showed a more gradual response, with
a modest intensity increase from 60-70% vol. water content
that continued to increase until 95% vol. In both cases,
aggregation was accompanied by a redshift in emission
maximum (Aem = 480 nm and 470 nm for B3E and F-B3E,
respectively, redshift range 42—84 nm). The AIE enhancement
ratio (aae)®® was 16.3 and 11.1 for B3E and F-B3E, respectively.
Fluorescence quantum yield (®F) was measured in dissolved
and aggregated states and increased approximately 5-fold upon
aggregation for both receptors @F value of B3E (0.059) and F-
B3E (0.109) in the aggregated state (ESI, Section S5.1). The size
of aggregates in different solvent systems was analysed using
dynamic light scattering (DLS) (refer to ESI, Section S5.3). DLS
analysis revealed a 10-fold decrease in mean aggregate size
with increasing water content for B3E and a 2.6-fold decrease
for F-B3E. This tendency suggests a correlation between a
decrease in aggregate size and an increase in fluorescence
intensity, allowing to connect the process of disaggregation
with a plausible mechanism of fluorescence quenching (ESI,
Section S5.3).

2 | J. Name., 2012, 00, 1-3

View Article Online
DOI: 10.1039/D6CC01502F

o0
DCC, DCM (LAG)
ball mill
SS balls (5 x 3 mm)
SSjar (1.5 mL)
30 Hz, 4 hours
57%
a) 1o 95%
90%
7 8 0%
0.8 4 e 70%
60%
w7 50%
< 40%
506 30%
@ ] 20%
T 10%
£ 0.4+ 0%
o
c 4
0.2 4
0.0 T T T T T T ¥ f
350 400 450 500 550 600

wavelength [nm]

1.0
0.8
w
g
g 0.6 il § 1
g‘ 0% 10% 20% 30% 40% 50°/o 60°/u 70°/ 80‘% 90% 95%
©
5 04 | } k J
o ! |
c

©
[N}

©
=}

0 10 20 30 40
water content [%]

50 60 70 80 90 100

Fig. 2. (a) Relative fluorescence |nten5|ty of B3E a in water:THF systems with
increasing water content (C = 2:10°> M, Ao, = 320 nm); (b) comparison of aae
parameter for B3E and F-B3E in THF solution and in aggregated state (water:THF
95:5 v:v; C=2-10"° M, Ae = 320 nm), inset: image of AIE effect of B3E in water:THF
solvent systems with |ncreasmg water content (C = 2:10° M, A, = 365 nm).

Detection of B-lactam antibiotics, which are widely used in
the treatment of bacterial infections in humans, in high-water-
content matrices represents a significant analytical challenge
for environmental protection and monitoring.3® Unlike
organic receptors, which suffer from poor
aqueous solubility and aggregation-caused quenching (ACQ),
AlE-active receptors inherently overcome both limitations,

conventional
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making B3E and F-B3E well-suited candidates for antibiotic
sensing in aqueous media.

To assess sensing performance, spectrofluorometric
titrations were conducted with B3E and F-B3E against a series
of B-lactam antibiotics, namely Amoxicillin (Amox), Penicillin G
(Pen), Ampicillin (Ampc), and Ceftazidime (Cef), in water:THF
(95:5 v/v) using ultrapure water and 0—30 equiv. of antibiotics
(ESI, Section S4). These antibiotics were carefully chosen due to
their structural similarity and potential for binding with amide-
bonding-containing molecules (refer to ESI, Section S4, for
structures). Both receptors responded selectively to Cef, with a
72—-75% decrease in fluorescence intensity (Fig. 3a), while Pen,
Ampc, and Amox produced no significant response (refer to ESI,
Section S6.1 for spectra). Selectivity was further confirmed by a
competition experiment in which the addition of 1 equiv. Ampc
did not affect the B3E—Cef titration curve. Analysis of the
titration curves with the Bindfit***' tool indicated a 1:1
stoichiometry for the Cef-receptor complexes, with association
constant (K,) values of 2.844-10% M~ and 3.571-10° M~ for B3E
and F-B3E, respectively. Stern-Volmer constants (Ks.) of 10*
M-1and limit of detection (LOD) values in the micromolar range
further confirm excellent detection parameters (Table 1; see
ESI, Section S6.1 for spectra and plots and S7 for all values).
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Fig. 3. (a) Fluorescence spectra of aggregated B3E in the presence of increasing molar
equivalents of ceftazidime (Cef), conditions: water (seawater, non-filtered):THF = 99:1
v/v, C=2-10"5 mol-dm-3, A., = 320 nm, inset: Cef structure with marked possible binding
sites; (b) DFT-computed ESP maps of B3E and F-B3E.
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The effect of water content on receptor performance was
investigated by conducting titrations at 80, 95, and 99 vol%
water (ESI, Section S6.1). Increasing water content to 99 vol%
maintained Ks.y values comparable to those at 95 vol%, while
delivering the lowest LOD observed across the entire study (1.1
uM for B3E), demonstrating effective Cef detection with
minimal amount of organic solvent in the detection medium.

This journal is © The Royal Society of Chemistry 20xx
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Buffer experiments (99:1 buffer:THF v:v) revealed the Ksavalue
peaked at pH = 7.4 for both receptofs? WitH 38 Criddest
differences across acidic (pH = 5.14) and basic (pH = 8.29)
conditions (AKs.y values < 0.6:10° M%), LOD values remained in
the ranges of 2.3-7.5 uM and 6.3-9.4 uM for B3E and F-B3E,
respectively, across all pH conditions, with B3E outperforming
F-B3E under non-neutral conditions (ESI, Section S6.1 and S7).
To demonstrate real-world applicability, titrations were
performed in tap water, artesian groundwater (manganese-
rich), and seawater (sodium-rich), with seawater tested both
filtered (0.2 um PTFE) and unfiltered (mean particle size 841 nm,
polymodal ESI, Section S7 for full ICP-MS
characterisation). In all matrices, both receptors successfully
detected Cef, with Ks.y and LOD values remaining comparable
to those obtained in ultrapure water. B3E demonstrated greater
robustness across environmental matrices, with Ksy values
showing less variation than F-B3E and LOD values ranging from
2.9-7.1 uM, compared to 5.4-12.7 uM for F-B3E (Table 1, ESI
S7). In addition, competitive experiments using other classes of

distribution;

antibiotics (tetracycline, lincosamide, rifamycin) in the form of
real-world pharmaceutical products did not affect the Cef
sensing, further evidencing the potential of obtained receptors
(refer to ESI, Section S6.1, for the full data on titrations).

Table 1. Comparison of Ks.y, K, and LOD values for B3E and F-B3E in different

solvent systems (water:THF = 99:1 v/v; full data for titrations with pure H,0 are

presented in Table S10, ESI).

Solvent — receptor system Ksv- 103 [M™Y] LOD [uM]

Tap water B3E 3.369 + 0.153 7.1

F-B3E 3.159 +0.133 6.5

Seawater B3E 4.070 £ 0.077 2.9

(filtered) F-B3E 5.411 +0.228 6.5

Seawater B3E 4.101 +0.178 6.7

(non-filtered) F-B3E 4,346 + 0.152 5.4

Artesian B3E 4.115+0.179 6.4

groundwater F-B3E 2.423+0.198 12.7

DFT calculations (B3LYP#?/6-31g(d,p)*?) were performed to
optimise the structures of B3E and F-B3E and identify potential
binding sites (Fig. 3b; ESI, Section S4). Both receptors feature
regions of high electrostatic surface potential (ESP), centred on
the amide nitrogen atoms (ca. 152 and 141 kJ-mol~! for B3E and
F-B3E, respectively), with the positive potential in B3E more
delocalised across the TPB core compared to the more localised
distribution in F-B3E. Complementarily, ESP maps of the tested
B-lactam antibiotics revealed a uniquely concentrated negative
potential on the carboxylic group of Cef, which also possesses
the highest number of hydrogen bond acceptors in the series
(12, versus 5-7 for Pen, Ampc, and Amox; ESI, Section S4),
rationalising the observed selectivity.

IH NMR titration experiments in DMSO-dg confirmed that
the amide N-H protons of both receptors shift upon Cef
addition, while aromatic proton signals remain unchanged,
identifying the amide moiety as the primary binding site (ESI,
Section S6.2). °F NMR titration of F-B3E showed no fluorine

J. Name., 2013, 00, 1-3 | 3
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signal shifts, ruling out fluorine atom participation in binding.
Reverse titration (adding B3E to the Cef solution) produced an
upfield shift of the pyridinium cation ring protons of Cef,
consistent with receptor binding at the carboxylic group
disrupting the internal ion pair. DLS measurements in the
presence of 1 equiv. Cef showed a reduction in mean aggregate
size of 11% and 49% for B3E and F-B3E, respectively (ESI, Section
$6.3), indicating that fluorescence quenching arises from a
combination of direct amide—carboxylate binding and Cef-
induced disaggregation (Fig. 4).

(@)
AIE receptor (’wg Receptor-Cef
O (1 equiv.) /Lj ) 1:1 complex

o0

O

Ceftazidime
(0.25 - 30 equiv.)
—-

Disaggregation

Aggregation “X:z’
High fluorescence Fluorescence quench

Fig. 4. Graphical representation of the detection mechanism.

In conclusion, a mechanochemical synthesis afforded two
novel AlE-active dendritic receptors, B3E and F-B3E, capable of
selectively detecting ceftazidime in aqueous media containing
up to 99 vol% water, enabled by their AIE properties that
conventional water-insoluble receptors cannot match. Notably,
introducing 12 fluorine atoms to an AlE-active molecule (F-B3E)
led to a 2-fold increase in the fluorescence quantum yield.
Detection parameters were robust across ultrapure water,
buffer solutions, and real environmental matrices (tap water,
artesian groundwater, and seawater), with Ksy and K, at the 103
M level and LOD as low as 1.1 pM. Beyond the immediate
analytical application, this work establishes mechanochemical
synthesis as a powerful green strategy for accessing structurally
complex, functional AlE-active receptors that are difficult or
inaccessible by conventional solution-phase routes. We
anticipate that this approach will inspire broader exploration of
mechanochemically synthesised supramolecular sensing
systems, opening new avenues in sustainable materials
chemistry, environmental monitoring, and the development of
next-generation receptors for biorelevant analyte detection in
complex agueous matrices.
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