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Introduction

Crosslinked siloxane—silsesquioxane elastomer
with pyrene functionalization for rapid adsorption
of benzene, toluene, and xylene (BTX) from water
and sensing of charged speciest

a

@ Chidchanok Wannasiri,® Supphachok Chanmungkalakul,
*? and

Teeraya Bureerug,
Mongkol Sukwattanasinitt,” Vuthichai Ervithayasuporn
Thanthapatra Bunchuay (= *®

A crosslinked siloxane/silsesquioxane elastomer with pyrene functionalization (Py-CSSE) was rapidly syn-
thesised within 10 minutes via a one-pot multicomponent anionic ring-opening polymerization between
octamethylcyclotetrasiloxane (methyl D4), octavinylsilsesquioxane (OVS) and a mono-pyrene functiona-
lized SQ cage (Mono-PySQ). The structural characterization of Py-CSSE was conducted using MAS solid-
state 2°Si and **C NMR, FTIR, and PXRD techniques. Furthermore, an examination of the mechanical and
thermal characteristics was conducted using TGA, DSC, and compressive tests. Py-CSSE demonstrated
significant elasticity (a strain of 60% and a pressure of 0.5 MPa) and quickly returned to its former shape
without any cracking, even when subjected to a pressure range of up to 40% strain for 3 cycles. The
pyrenyl moieties permitted a strong blue fluorescence emission in both the solid-state and in suspension
in an organic solvent. The presence of silsesquioxanes, siloxanes, and pyrene moieties concomitantly
facilitated its use in cation (Cu®*) and anion (F~ and CN™) sensing in polar organic solvents. Importantly,
Py-CSSE exhibited efficient adsorption of benzene, toluene, and xylene (BTX) by showing a remarkably
high adsorption capacity in the range 28—-34 mmol g~. Py-CSSE exhibited ultrafast adsorption of BTX by
showing complete removal of o-xylene within 90 seconds. Furthermore, Py-CSSE surpassed other
porous materials in terms of BTX adsorption performance and showed exceptional recyclability for BTX
removal, maintaining adsorption effectiveness for at least 5 cycles.

garbage, and the chemical industry. Various conventional
methods can be used to remove BTX from water and waste-

Over the past few decades, rapid urbanization and industrializ-
ation have contributed to serious environmental problems
such as water pollution. Aromatic hydrocarbons, particularly
benzene, toluene, and xylene (BTX), are a major class of chemi-
cal contaminants as a result of their toxicity and
carcinogenicity."* Exposure to these compounds in even small
amounts can cause adverse effects on both land-based and
aquatic ecosystems. BTX water pollution is mostly caused by
petroleum leakages from underground storage tanks, urban
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water, including adsorption, aeration, biological oxidation,
and chemical oxidation.>* Undeniably, chemical adsorption
utilising porous materials is a powerful and widely employed
technique in practical applications.”®

Silica, or SiO,, makes up a significant proportion of the
Earth’s crust, accounting for approximately 60% of its compo-
sition. Because it is inexpensive and readily available, silica is
commonly used as a chemical adsorbent and as a stationary
phase in column chromatography.”'® However, the strong Si-
O covalent bonds make it insoluble in both common organic
solvents as well as water, providing difficulties for mechanistic
investigations of chemical reactions occurring on the silica
surfaces and at the silicon center.'’*? As an alternative, atten-
tion has turned to employing silsesquioxanes (SQs), hybrid
organic-inorganic silicon materials, as representative models
for silica. The core structure of SQs comprises inorganic Si-O-
Si units that are chemically functionalized with diverse organic
residues (R groups), enabling subsequent modifications

Polym. Chem., 2024,15, 2981-2991 | 2981


http://rsc.li/polymers
http://orcid.org/0009-0007-6340-4757
http://orcid.org/0000-0002-8287-5040
http://orcid.org/0000-0002-1999-2463
http://orcid.org/0000-0001-5665-0254
https://doi.org/10.1039/d4py00394b
https://doi.org/10.1039/d4py00394b
https://doi.org/10.1039/d4py00394b
http://crossmark.crossref.org/dialog/?doi=10.1039/d4py00394b&domain=pdf&date_stamp=2024-07-18
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00394b
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY015029

Open Access Article. Published on 05 July 2024. Downloaded on 7/15/2025 7:26:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

through various organic reactions."*”*® Furthermore, SQ-based
materials with highly symmetrical cage-type structures, such
as polyhedral oligomeric silsesquioxanes (POSSs), have shown
enhanced physico-chemical characteristics compared to other
silicon-based materials and have become promising conten-
ders for various applications, for example, POSSs have been
utilized as fillers in composite materials as a result of their
nano-sized cage structures, thermally robust and elastic
behavior,"””®  flame retardancy,”®*" and mechanical
strength.?>** These features have highlighted POSSs as poten-
tial high-performance electrode materials for supercapacitors>*
and lithium-ion batteries.>*” In addition, POSSs can be uti-
lized to augment the hydrophobic properties and regulate the
swelling capacity of hydrogels in the field of biomedical and
coating applications.?®™*?

Recently, our group reported an ultrafast synthesis of a
superhydrophobic SQ-based elastomer from the base catalysed
condensation reaction of a cyclic siloxane (methyl D,) with
octavinylsilsesquioxane (OVS).** The reaction reached com-
pletion in a time span of only 15 minutes, resulting in the for-
mation of homogeneous micro-ring elastomers that had excep-
tional mechanical properties and exhibited oil and non-polar
solvent adsorption. The hydrophobicity of the elastomer pre-
sumably derived from the alkyl moieties appended on the
silicon centers of both methyl D, and OVS. In addition,
functionalization of the POSS with the electron-withdrawing
pyrenyl and anthracenyl fluorophores resulted in the creation
of electron deficient silicon centers that showed strong affinity
for the recognition and detection of fluoride, cyanide, and
hydrogen phosphate in polar organic solvents.>* ™’
Importantly, the excimer emission mode of these fluorophores
can be modulated in the presence of guest molecules, enabling
their utility in detection of diverse chemical species including
gases, organic compounds, and ions. Moreover, its high elec-
tron mobility and efficient light emission make it a promising
candidate for fluorescent sensors.*® Taking inspiration from
these previous results, our group aims to apply this established
synthetic methodology to incorporate fractions of organic
fluorophores into the elastomer in order to prepare fluorescent
silicon-based hydrophobic elastomers capable of adsorption
and sensing applications. A typical procedure utilized for
retaining high elasticity and tunable photophysical and
mechanical properties is the covalent cross-linking of fluoro-
phores to elastomers.* For instance, Craig and co-workers syn-
thesised stress-responsive polysiloxanes by treating mechanoa-
cid diene and rhodamine dye derivatives with poly(dimethyl-
siloxane) (PDMS).** Brook and co-workers synthesised lumi-
nous silicon elastomers by coupling NH,-PDMS-NH, with an
aldehyde-modified tetraphenylene derivative via the imine con-
densation reaction.**

Herein, we present a one-pot synthetic methodology for pre-
paring a fluorescent pyrene functionalized silicon-based hydro-
phobic elastomer (Py-CSSE) via the base catalysed anionic
ring-opening polymerization reaction of three chemical com-
ponents including methyl D,, OVS, and the mono-pyrene sub-
stituted OVS (Mono-PySQ).*> Under the specific reaction con-
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ditions, the crosslinked fluorescent elastomeric products were
obtained within 10 minutes with the outstanding yield of 83%.
The presence of pyrenyl substituents significantly modulated
the chemical properties of the resulting materials for chemical
adsorption applications and also turned-on fluorescent pro-
perties for sensing. Py-CSSE exhibited outstanding perform-
ance in BTX adsorption by showing adsorption capacities for
benzene, toluene, o-xylene, m-xylene, and p-xylene of 2.65,
2.98, 3.23, 3.07, and 3.03 g g™, respectively, outperforming
previously reported adsorbents for BTX adsorption (Table S47).
In addition to chemical adsorption, Py-CSSE displayed fluo-
rescent sensing properties towards dual detection of both Cu
() and F~ in polar organic solvents, enabling it to function as
a hybrid adsorbent and fluorescent sensing material
simultaneously.

Experimental
Chemicals

Octavinylsilsesquioxane (OVS) was prepared according to the
literature report.*> Commercially available compounds includ-
ing 1-bromopyrene, triphenylphosphine (PPh;), triethylamine
(NEt3), tetrabutylammonium salts, all metal perchlorate salts,
Pd(OAc),, EDTA and octamethylcyclotetrasiloxane (methyl D,)
were purchased from TCI chemicals and Sigma-Aldrich and
used subsequently without further purification. The commer-
cial-grade solvents including DCM, acetone, hexanes, ethyl
acetate, and methanol were distilled prior to use. The analyti-
cal grade solvents including THF, toluene, isopropanol and
DMF were purchased from RCI-Labscan and used without
further purification. Deionized (DI) water was obtained from
Ultra Clear SIEMENS under ASTM type 1 and 2.

Synthesis

Synthesis of a crosslinked siloxane-silsesquioxane elastomer
with pyrene functionalization (Py-CSSE). A mixture of OVS (1 g,
1.58 mmol), Mono-PySQ (2 mol%, 25 mg, 0.03 mmol) and
methyl D, (3 mL, 8.57 mmol) was mixed in DMF (6 mL) in the
presence of K,CO; (30 mg, 0.2 mmol). The reaction was stirred
at 75 °C until the cloudy solution turned into a clear solution.
After 10 minutes, the solution turned into a gel which was sub-
sequently washed sequentially with various solvents (DMF, DI
water, CH,Cl,, hexane and isopropanol in order) by soaking
the product in each solvent for 1 hour. The material surface
was modified with 5% of hexamethyldisiloxane (HMDSO) in
50 mL of isopropanol overnight before drying under reduced
pressure (Video S17). The product was obtained in 83%yield.

Study of BTX adsorption. A cubic-shaped sample of Py-CSSE
(1 x 1 x 1 ecm®) was exposed to separate vials containing 2 mL
of individual organic solvents including hexane, THF, DCM,
DMF, EtOH, MeOH, and DI water. The Py-CSSE samples were
weighed to measure their dry weights (Wy4) and the weights of
Py-CSSE (W,,) after exposure to each organic solvent. The
adsorption capacity (g) of Py-CSSE for each solvent was deter-

This journal is © The Royal Society of Chemistry 2024
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mined by using eqn (1) and reported in terms of g g~' and
mol g7,

Adsorption capacity (q) = (Wy — Wq)/Wq (1)

Time-dependent adsorption of Py-CSSE was investigated by
using o-xylene and DI water as representative non-polar and
polar solvents, respectively. A cube of Py-CSSE was added into
a mixture of o-xylene (1.0 mL) and DI water (0.5 mL) and the
adsorption capacities were calculated at different adsorption
times ranging from 15 to 30, 45, 60, and 90 seconds. The
maximum adsorption capacity was determined by varying the
volume of o-xylene (0.25, 0.50, 0.75, 1.0, and 1.25 mL) in
0.5 mL of DI water and the adsorption capacity of each experi-
mental set was calculated at the adsorption time of 90
seconds.

The recyclability of Py-CSSE was studied by adding the
material into a mixture of o-xylene (1.0 mL) and DI water
(0.5 mL). The adsorption process was performed for 90
seconds and the adsorption capacity was calculated. In the de-
sorption process, the absorbed liquid was squeezed from the
Py-CSSE and the Py-CSSE was dried at room temperature for
30 minutes before the next cycle.

Fluoride and cyanide adsorption and recyclability of Py-CSSE

Anion adsorption experiments with Py-CSSE were carried out
using fluoride and cyanide as model anions in this study. In
the case of fluoride adsorption, Py-CSSE (10 mg) was sus-
pended in THF (2 mL) and a solution of TBAF (0.96 mM) was
added subsequently into the suspension. Each solution was
collected after adsorption times of 5, 15, 30, 45, and
60 minutes by filtering the Py-CSSE residues off from each
solution and the remaining solution was collected to deter-
mine the amount of fluoride.

In order to determine the concentrations of the remaining
fluoride, we used our previously reported hydrazone sensor for
the spectrophotometric analysis of fluoride. First of all, a cali-
bration curve was constructed by preparing a series of TBAF
solutions in THF with concentrations of 0.2, 0.4, 0.8, 1.2, and
1.6 mM. Each TBAF solution (0.02 mL) was added sub-
sequently into solutions of the sensor (2 mL, 2 x 10> M). The
signals obtained from each absorption spectrum were plotted
as a function of fluoride concentration to create a calibration
curve. The sampling solutions collected from all samples were
added into a vial containing the solution of the sensor (2 mL,
2 x 107> M). The absorption values were collected and the con-
centrations of fluoride were calculated using a linear equation
obtained from the calibration curve. The removal efficiency (%
RE) was calculated using the following eqn (2):

%RE = (Cy — Ce)/Co x 100 (2)

where C, and C, (mg L") are the initial and residual concen-
trations of ions in organic solutions. Cyanide removal capacity
was determined through a similar experiment.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Synthesis and characterization

Py-CSSE was synthesised from OVS (1 eq.), methyl D, (6 eq.),
and Mono-PySQ (2 mol%) via anionic ring-opening polymeriz-
ation in the presence of a base (Scheme 1). The unreacted
starting materials were removed by stepwise washing with sol-
vents to afford Py-CSSE as the solid product in 83% yield. Py-
CSSE was insoluble in organic solvents ranging from non-
polar to polar solvents, which is in stark contrast to its syn-
thetic precursors, confirming the successful crosslinking
polymerization reaction.

The MAS solid-state >?Si-NMR spectrum of Py-CSSE revealed
a distinct silicon signal at —80 ppm, a characteristic silicon
peak of the T; species (T,: CSi(OSi),(OH);_,) derived from the
silsesquioxane cage. Furthermore, the spectrum also shows a
sharp signal around —20 ppm suggesting the presence of the
D, species (D,: (CH3)4—,Si(04/,),,) derived from the polysiloxane
chains. The shoulder signal at around —18 ppm potentially
could be attributed to a signal of the D structures having
different distance distributions to the T structures.***° The
MAS solid-state *C-NMR spectrum of Py-CSSE exhibits a
signal at 0.9 ppm, corresponding to the sp® methyl carbon of
siloxane chains. The spectrum also showed broad multiple
signals around 132-134 ppm, corresponding to sp> carbons
derived from the abundant vinyl groups of OVS (Fig. 1b).
Importantly, the signals associated with pyrene are absent
from the spectrum. This is due to the limited sensitivity of the
MAS solid-state *C-NMR technique, which inhibited the
detection of signals resulting from the small amount of Mono-
PySQ introduced into Py-CSSE (Fig. S27).

The FTIR spectrum of Py-CSSE displays the characteristics
of a crosslinked siloxane-silsesquioxane elastomer (CSSE) and
Mono-PySQ (Fig. 1c) by showing prominent vibrational peaks
at 1072 em™" and 793 cm™*, which correspond to the stretch-
ing and bending frequencies of Si-O-Si, respectively. The
results unequivocally verified the existence of Si moieties
inside the polymeric network.’®”' The signal observed at a
wavenumber of 968 cm™' is attributed to the bending fre-
quency of the C=C bond in vinyl groups with a pyrene substi-
tuent. The absorption signal centred at 3023 cm™" provides evi-
dence for the existence of aromatic pyrenyl groups derived
from Mono-PySQ and the intensity of the signal strongly corre-
lates with the amount of Mono-PySQ additive, and the signal
that emerges at 3064 cm™" is attributed to vibrational stretch-
ing of C-H vinyl moieties.®®>® The susceptibility of POSS
derivatives to bases may lead to a cage structure transform-
ation into a partially-open cage structure.’*® This was con-
firmed by the presence of weak and broad signals of O-H
stretching in the range of 3200-3500 cm ' (Fig. 1d and
Table S17).

The crosslinking polymerization significantly changed the
crystalline structure of OVS, from a well-defined structure to an
amorphous solid, as determined by X-ray diffraction analysis.””
Py-CSSE exhibited only two broad signals at 26 = 11° and 22°
(Fig. S4t). According to Bragg’s Law, the d;-spacing for 26 =

Polym. Chem., 2024,15, 2981-2991 | 2983
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Scheme 1 The synthesis of a crosslinked siloxane—silsesquioxane elastomer with pyrene functionalization (Py-CSSE).

11° was approximately 0.81 nm, while the d,-spacing for 26 =
22° was 0.41 nm, representing the distance between the Si-O-
Si portions of the siloxane chains as amorphous silicone
rubber and amorphous cluster, respectively.”>*® In addition,
the d;-spacing of Py-CSSE is slightly shorter than that of CSSE
(0.98 nm), indicating the strong interactions between each
POSS layer as a result of stacking of pyrenyl moieties.

Thermogravimetric analysis (TGA) of Py-CSSE identified a
weight loss occurring in two stages. Under a N, atmosphere,
an initial weight loss at 300 °C ascribed to the decompo-
sition of organic constituents was observed. The second
stage of weight loss took place within the temperature range
of 487-531 °C, which can be explained by the decomposition
of the Si-O inorganic core structure (Fig. S71). Importantly,
Py-CSSE exhibited superior thermal stability in comparison
to OVS, which decomposed at approximately 274-303 °C
(Fig. S51).”° Under an O, atmosphere, Py-CSSE was comple-
tely decomposed at 375 °C and gave the resulting ceramic
yield of 78%, slightly higher than that of OVS itself (70%).
This can be explained by the higher Si portions in Py-CSSE
as a result of the extra siloxane chains from the methyl D,
monomer (Fig. S6 and S8t). The DSC analysis of Py-CSSE
revealed T, and Ty, values at 179 °C and 317 °C, respectively,
indicating that Py-CSSE changes from an amorphous solid to
a rubbery state at 179 °C and is stable up to 300 °C
(Fig. S91).%°

2984 | Polym. Chem., 2024, 15, 2981-2991

The morphology of Py-CSSE was studied via Field Emission
Scanning Electron Microscopy (FESEM). The low magnification
SEM image revealed the aggregation of microrod structures
with a smooth surface. In addition, a uniform coral-like struc-
ture was observed in the higher magnification FESEM image
(Fig. 2a and S101). The micro-structures of Py-CSSE bear a
resemblance to the hairy-structural surface of lotus leaves that
contributes to their hydrophobic nature (Fig. 2b). Surprisingly,
the contact angle of Py-CSSE is 114° (Fig. 2c) while CSSE, the
previously reported analogous elastomer without the pyrenyl
substituents, exhibited a contact angle value of 151°.°%°* This
result is the opposite of our hypothesis that the addition of
pyrenyl groups would increase the hydrophobicity of Py-CSSE.
Py-CSSE demonstrates a shorter D;-spacing than CSSE
(0.81 nm vs. 0.98 nm), indicating that the incorporation of
pyrenyl moieties into Py-CSSE probably prevents the formation
of long siloxane chains between each silsesquioxane unit
during polymerization and potentially causes a collapsed
structure as a result of the self-assembly disorder, resulting in
a lower hydrophobicity.®® The energy dispersive X-ray (EDX)
pattern showed the presence of Si, O, and C atoms which can
imply the presence of both the SQ cage and pyrene aromatic
ring within the polymeric networks (Fig. S117).

The determination of compressive strength was conducted in
order to evaluate the mechanical properties of Py-CSSE. The
observation that the maximum compressive strength of the

This journal is © The Royal Society of Chemistry 2024
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sample increased up to 60% strain indicates that Py-CSSE is quite
flexible presumably influenced by the presence of siloxane chains
(Fig. S12b7).°*®® Furthermore, it exhibited notable flexibility
without experiencing any cracking during three compressive tests
conducted under an applied stress of 40% strain (Fig. S12c7).°>%”

Photophysical properties of Py-CSSE

The solid-state fluorescence emission properties of Py-CSSE
were preliminarily inspected under UV-light. Only Py-CSSE and

This journal is © The Royal Society of Chemistry 2024

(a and b) FESEM images of a dried Py-CSSE. (c) The contact angle and wettability measurement of Py-CSSE.

Mono-PySQ exhibited fluorescence emission while OVS and
CSSE did not show such a response. Subsequently, Py-CSSE
was suspended in polar organic solvents including THF, DMF
and DMSO and excited at wavelengths of 355, 360, and
370 nm, respectively (Fig. 3b). Py-CSSE showed a similar
pattern of emission spectra which have emission signals of the
monomeric pyrene centered at the wavelength around 397 nm
and those of the excimeric pyrene centered at the wavelengths
around 419 and 443 nm.*®® Notably, it is obviously observed

Polym. Chem., 2024,15, 2981-2991 | 2985
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and DMSO.

that the ratio of the emission intensity between the pyrene
excimer and monomer (I./In,) increased when the concen-
tration of Py-CSSE increased. This observation suggests that
the excimer formation of pyrene becomes more prevalent at
high concentration due to the closer proximity of molecules
(Fig. S13 and Table S21).”° In addition, pyrene is non-polar
and likely to aggregate in high polarity solvents.*®

Adsorption efficiency of Py-CSSE

BTX adsorption efficiency of Py-CSSE. Py-CSSE can poten-
tially be used as an adsorbent for oil and non-polar solvents as
a result of its hydrophobicity. The solvent adsorption experi-
ments were conducted in water, oil, and organic solvents
including hexane, THF, DCM, DMF, ethanol, and methanol to
evaluate its adsorption efficiency. The results suggest that Py-
CSSE exhibited adsorption capacities spanning from
2-52 mmol g', depending on solvent polarity (Fig. 4b).
Notably, in DCM, Py-CSSE demonstrated the highest adsorp-
tion capacity recorded at 52 mmol g~'. However, Py-CSSE’s
adsorption efficiency in high polarity solvents such as DMF,
EtOH, MeOH, and especially DI water is limited due to its
hydrophobic nature. Importantly, Py-CSSE showed superior
adsorption for all organic solvents to CSSE, the pyrene-free
analogue, under the same conditions (Table S37).
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Fig. 4 (a) A diagram showing BTX adsorption on water containing a
rhodamine B dye by Py-CSSE. Adsorption capacities of Py-CSSE and
CSSE towards (b) various solvents reported in mmol g~* and (c) BTX
reported in mmol g2,

Due to the remarkable hydrophobic properties of Py-CSSE,
we proceeded to conduct more challenging studies on the
adsorption of benzene, toluene, and xylenes (BTX). First of all,
a cube-shaped piece of Py-CSSE (1 x 1 x 1 ecm®) was immersed
in an aqueous solution of rhodamine B dye that was layered
with the organic solvent of interest (Fig. 4a). Py-CSSE demon-
strated a maximum adsorption capacity of 34.02, 32.34, 30.46,
28.98, and 28.56 mmol g~ for benzene, toluene, o-xylene,
m-xylene, and p-xylene, respectively (Fig. 4c). Interestingly,
despite showing less hydrophobicity than CSSE, Py-CSSE
showed higher solvent and BTX adsorption capacities, high-
lighting the benefit of having the pyrenyl moieties within the
material matrix.

Furthermore, the kinetics of o-xylene adsorption in the
presence of DI water were also studied. Py-CSSE was exposed
to a mixture of o-xylene and DI water, and the percentage of
swelling was measured at several intervals in the adsorption
experiments, specifically 15, 30, 45, 60, and 90 seconds. The
results indicate that only o-xylene was absorbed, and the
adsorption nearly reached saturation during the initial 30
seconds and almost complete (~100%) removal of BTX within
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a timeframe of 90 seconds (Fig. 4a and S157). Py-CSSE demon-
strated a maximum adsorption capacity for o-xylene of 3.23 g
g~ or 30.46 mmol g'. Additionally, it displayed a swelling
percentage of 315% after attaining adsorption saturation
(Fig. 5a). These results demonstrate that Py-CSSE had excep-
tional performance in BTX adsorption compared to other in-
organic adsorbents and porous materials (i.e. SBA-15) pre-
viously documented (Table S4t). In order to be suitable for
practical industrial use, it is necessary for the adsorbent to be
capable of being recycled. We conducted multiple dynamic
breakthrough experiments using the Py-CSSE material to study
the adsorption of the mixture of o-xylene and DI water. The
adsorption process lasted for 90 seconds, after which the
sample was dried at room temperature for approximately
30 minutes. The recycling studies demonstrated consistent
levels of both adsorption efficiency and quantity over five
adsorption-desorption cycles (Fig. 5b).

Py-CSSE as an anion and cation sensor. Our group has pre-
viously reported the use of silsesquioxane-based materials in
anion sensing applications.***° In this work, the investigation
of the fluorescent anion sensing properties of Py-CSSE was
initially carried out by adding individual anions including F~,
Cl~, Br , I ,NO;-, CN_, SCN™, HSO, ", and ClO," as their tetra-
butylammonium (TBA) salts into the suspension of Py-CSSE in
THF. The naked-eye observations and images taken from the
epifluorescent microscopy suggested that only F~ and CN~
exhibited dramatic quenching of the Py-CSSE fluorescence
signals, while other anions failed to give similar changes
(Fig. 6a and c). Our previous studies revealed that both F~ and
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Fig. 5 (a) Adsorption capacity of Py-CSSE at different amounts of

o-xylene. (b) The recyclability of Py-CSSE for the adsorption of
o-xylene.
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CN~ exhibited the quenching of emission signals derived from
Mono-PySQ. It is likely that F~ and CN™ interact with the elec-
tropositive vinylene-silicon centers of the silsesquioxane cage.
This process results in the formation of intramolecular charge-
transfer (ICT) complexes which caused the quenching of the
fluorescence emission signals.*>”'””? Fluorescent anion titra-
tion experiments determined the detection limits for F~ and
CN™~ sensing to be on the nanomolar scale (Fig. 6e and f,
Table S51). In addition, the pseudo-first order kinetic rate con-
stants for the two ions were calculated to be 2.1 x 107° and 8.8
x 107 s7', respectively (Fig. 6e and f insets, S20 and
Table S67).

In addition to anion sensing, the fluorescent cation sensing
properties of Py-CSSE were explored in relation to specific
transition metals, namely Cr**, Mn*", Fe**, Co**, Cu®*’, Zn*",
and Cd** in the form of their perchlorate salts in THF. The
presence of Cu®" caused a substantial suppression of the
fluorescence signal of Py-CSSE, as confirmed by both naked-
eye observation and epifluorescent microscope images
(Fig. 6b, d and S28ft). According to previous reports on fluo-
rescence sensors based on the pyrene fluorophore, fluo-
rescence quenching is caused by the paramagnetic nature of
Cu®" and ligand-to-metal charge transfer (LMCT) processes
that are highly selective and sensitive to Cu®’, particularly
with ligands containing nitrogen and oxygen donor atoms.”*
Furthermore, Cu®" sensing yielded LOD and LOQ values of
2.72 and 8.23 nM, respectively (Table S5f). In order to
examine the kinetics of Cu®** adsorption, variations in fluo-
rescence intensity in THF were monitored. The signals of
fluorescence remained relatively constant after 15 minutes.
Furthermore, the pseudo-first order kinetic rate constant was
determined to be 5.1 x 107 s' (Fig. 6g inset and
Table S67).

Fluoride and cyanide adsorption. Py-CSSE has emerged as a
highly promising candidate for the removal of toxic F~ and
CN~ ions in environmental remediation applications as a
result of strong and complementary interactions between
these highly basic anions with the Si center in POSS motifs
(Fig. 7).>*® Py-CSSE was found to adsorb approximately 80%
of the fluoride and cyanide ions from each anion solution
within a duration of 5 minutes (Fig. S24at). The recyclability of
the Py-CSSE adsorbent was assessed by subjecting it to F~
adsorption in accordance with the experimental protocol
described above. The fluoride removal capacities of Py-CSSE
were approximately 60-70% during the first and subsequent
cycles. However, following the third cycle, the capacity
decreased to 40% (Fig. S24bt). The results subtly indicated
that F~ ions were irreversibly and strongly bound to the silses-
quioxane cage.”>’°

Copper(u) adsorption. The adsorption efficiency of Cu** on
Py-CSSE was only 35% potentially due to the presence of weak
electrostatic interactions between Cu®" and partial cleavage of
the cage in Py-CSSE (Fig. 7). The FTIR spectrum of Py-CSSE +
Cu”* showed the absence of the O-H stretching signal in the
range 3100-3600 cm ™" (Fig. S217). Presumably, the Cu®>" ions
were bound to the Py-CSSE frameworks by coordinating with
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Fig. 6 (a) Photograph of Py-CSSE in both solid state and suspension in THF before and after adding anions as their TBA* salts and (b) cations as

their ClO,4~ salts. Bar graphs representing the relative emission intensity of the Py-CSSE suspension in THF in the presence of (c) anions and (d)
TBAF, (f) TBACN, and (g) Cu(ClO,), in THF (inset: kinetic plots of fluor-
and Cu(ClOy),).

cations. Fluorescence emission spectra of Py-CSSE upon titrations with (e)

escence quenching of Py-CSSE upon addition of an excess of TBAF, TBACN,

Fig. 7 Schematic illustration of the sensing mechanism for anions and cations.

the electronegative oxygen atoms of silanol groups. Py-CSSE
underwent a transformation from a spiky to a rounder surface
after being subjected to the adsorption of Cu®*. Furthermore,
the size of Py-CSSE changed from 50 nm to 500 nm after Cu>*
adsorption (Fig. S25a and S25b1).””””® SEM-EDX analysis
revealed that only 4% Cu was found on the surface of Py-CSSE
(Fig. 526 and S271). In addition, upon adsorption of Cu** on
the Py-CSSE polymer, a noticeable transition from emissive to
non-emissive behaviors was seen at 350 nm using epifluores-
cence microscopy (Fig. S287).
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Conclusions

A crosslinked siloxane/silsesquioxane elastomer with pyrene
functionalization (Py-CSSE), a novel fluorescent elastomer, was
effectively synthesised through the base catalysed one-pot
anionic ring-opening polymerization affording the target elas-
tomeric product in a high yield within 10 minutes. Py-CSSE
displayed chemical characteristics similar to those of CSSE
and Mono-PySQ confirmed by a suite spectroscopic techniques
such as FTIR and MAS-NMR. In addition, Py-CSSE demon-

This journal is © The Royal Society of Chemistry 2024
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strated significant elasticity and can quickly return to its initial
shape without any cracking, even when subjected to a pressure
range of up to 40% strain for 3 cycles. The solid state and sus-
pension in organic solvent of Py-CSSE displayed intense fluo-
rescence emissions, which can be attributed to the pre-
functionalization of pyrene molecules as the fluorophore in
this crosslinking elastomer. The simultaneous presence of sil-
sesquioxane cages, siloxanes, and pyrene moieties in Py-CSSE
permitted its use as a dual sensor for anions (F~ and CN™) and
cations (Cu®") in polar organic media. Furthermore, Py-CSSE
could also display a capability for cation and anion adsorption.
Importantly, it is noteworthy that Py-CSSE exhibited a notable
adsorption efficiency towards benzene, toluene, and xylenes
(BTX) and can function as an adsorbent for solvent separation
more than five times. Its distinctive structural attributes
render it highly suitable for tackling obstacles encountered in
the petrochemical sector, environmental remediation, and
other analogous implementations.
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