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nctionalized periodic mesoporous
organosilicas: from sensing to catalysis†
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Dirk Poelman, b Nathalie De Geyter, d Rino Morent,d Anna M. Kaczmarek *c
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25 years after the first papers on the development of Periodic Mesoporous Organosilicas, and in this special

issue in honor of prof. Ozin who stood at the cradle of PMOs, we here report for the first time an “acac-

PMO” with the acac-functionality intact and embedded in the organic environment of the linker. Periodic

mesoporous organosilicas (PMOs) have emerged as versatile sensors due to their stability, low toxicity,

and scalability. This study reports for the first time on embedding the acetylacetone (acac) group into the

PMO backbone. This integration of acac into the PMO framework opens new applications in both

sensing and catalysis. The Eu3+ grafted acac-PMOs demonstrate enhanced sensitivity, with a detection

limit of 108 nM, and high selectivity in aqueous copper (Cu2+) ion sensing. Additionally, these novel

PMOs show high catalytic efficiency in Mannich reactions.
1 Introduction

Periodic mesoporous organosilicas (PMOs) have emerged as
a promising and appealing sensor system due to their stable
physicochemical properties, low toxicity, high biocompatibility,
and facile scalability for large-scale production.1 PMOs were
initially reported in 1999 by Ozin,2 Stein,3 and Inagaki.4 Unlike
other porous materials such as MCM (Mobil Composition of
Matter)5 and SBA (Santa Barbara Amorphous materials),6 PMOs
offer the unique advantage of incorporating desired organic
functionalities directly into the silsesquioxane framework. This
is achieved by utilizing organically bridged silica precursors,
where hydrolysable groups (OR) in the bis-silane (RO)3-Si-Rf-Si-
(RO)3 are connected to the desired organic functionalities (Rf).
The incorporation of these organic groups within the PMO
structure enhances the material's hydrophobicity and hydro-
thermal stability, while also minimizing leaching issues
commonly associated with externally graed functionalities.7,8

Additionally, PMOs possess ordered mesopores and high
surface areas (up to 2370 m2 g−1),9 making them suitable for
ganometallics and Catalysis, Department
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a wide range of applications such as catalysis, adsorption,
chromatography, low-k materials, drug release, and sensors.10–13

The tailored organic functionalities within the PMO framework
enable the design of materials with specic properties and
functionalities, allowing for enhanced performance in various
applications. The ability to nely tune the pore size, surface
chemistry, and hydrophobicity of PMOs provides versatility and
control over their performance in different environments.

Acetylacetone (acac) based homogeneous transition metal
complexes have demonstrated exceptional catalytic efficacy
across a variety of organic transformations.14–16 Signicantly,
a limited number of acetylacetone-functionalized heteroge-
neous systems, such as silicas and covalent triazine frameworks
(CTFs), have demonstrated high reactivity and recyclability aer
graing transition metals (post-synthetic functionalization) in
various chemical processes. These processes include cross-
coupling reactions, hydroxylation, click chemistry, Glaser-type
coupling, and the oxidation of alcohols.17–22 The immobiliza-
tion of acac ligands within the framework not only enhances
catalytic activity but also provides a stable and recyclable cata-
lytic system, thereby addressing the challenges associated with
traditional acac complexes.17 So far, a PMO with acac func-
tionalities embedded in the backbone has not been reported.
Zhao et al. graed the VO(acac)2 onto PMOs to create a catalyst
for selective hydroxylation of benzene to phenol.20 The organic
precursor was synthesized through the Schiff base condensa-
tion between the amino group of 3-aminopropyl-triethoxysilane
(APTES) and the carbonyl unit of VO(acac)2. We aimed to
functionalize acac group into a PMO backbone in order to
design a robust acac-PMO supported transition metal catalyst
for sustainable catalysis.
J. Mater. Chem. A, 2024, 12, 19137–19148 | 19137
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Next to catalysis where the acac groups are typically tethering
transitionmetal ions, also lanthanides anchor rmly to the acac
ligands, creating possibly luminescent sensors. Embedded
organic groups within the PMO framework act as efficient
energy transfer antennas, sensitizing trivalent lanthanide ions
(Ln3+) and promoting luminescence.13,23,24 The potential appli-
cations of such sensors span environmental monitoring, bio-
logical analysis, and other areas demanding accurate metal ion
detection.25 Despite this potential, research on lanthanide-
based PMOs (LnPMOs) as chemical sensors remains limited,
with only a few studies published in the late 2010s.24,26–30 Among
these, Eu-based materials have attracted signicant attention
for their potential in detecting copper ions (Cu2+).31–34 Eu-based
materials exhibit strong initial uorescence that undergoes
signicant quenching upon interaction with Cu ions, offering
a highly sensitive and selective detection method for Cu in
aqueous solutions.31,35

This paper is the rst paper that develops an acac-based
PMO with embedded acac groups. PMOs are typically made
with short rigid bridges for stiffness and extra functionalities on
these organic bridges renders the synthesis much more diffi-
cult, due to additional interactions with the silane and the
surfactant. So, the synthesis of PMOs with such a bulky organic
bridge and the acac functionality has produced a material that
has high potential.

Acac complexes are generally appreciated because the acac
group can tether (hard) transition metals very effectively, this
makes them interesting for metal-ion sequestration, water
purication, but also for heterogeneous transition metal based
catalysis as the metals do not leach from acac groups. But acac
groups are also oen used in lanthanide (luminescence)
chemistry because of the strong interaction and a strong
antenna effect. In the past, acac groups have been graed on
oxide materials, such as silica, but the hydrolytic unstable Si–O–
Si (siloxane) bond between the silica and the acac containing
silane renders these materials less useful in aqueous environ-
ments and leaching occurs. This acac-PMO is completely
different, the acac groups are covalently bonded to the phenyl
rings of the organic bridge, rendering also the local environ-
ment more hydrophobic.

Out of a multitude of possible applications for these mate-
rials, we have chosen a sensing application and a heterogeneous
catalysis application, showcasing that these materials can be
used in these applications.

2 Experimental
2.1 Materials and instrumentation

All chemicals were purchased from Sigma Aldrich, Fluorochem,
Alfa Aesar, or TCI Europe and used without further purication.

Nitrogen adsorption experiments were conducted at−196 °C
using a TriStar II gas analyzer. Prior to analysis, the samples
underwent vacuum degassing at 120 °C for 24 h. Powder X-ray
diffraction (PXRD) patterns were obtained using a Bruker D8
Advance diffractometer equipped with an autochanger and
LynxEye XE-T Silicon Strip Line detector, operating at 40 kV and
30 mA with Cu-Ka radiation (l = 1.5406 Å) in Bragg–Brentano
19138 | J. Mater. Chem. A, 2024, 12, 19137–19148
geometry. Fourier transform infrared spectroscopy (FT-IR)
measurements were performed using a Thermo Nicolet 6700
FT-IR spectrometer equipped with a nitrogen-cooled MCT-A
(mercury–cadmium–tellurium) detector and a KBr beam
splitter. X-ray uorescence (XRF) was measured by XRF Super-
mini200 Rigaku to analyze the relative metal contents. Trans-
mission electron microscopy (TEM) images were acquired using
a JEOL JEM-2200FS transmission electron microscope with
a post-sample Cs corrector and an accelerating voltage of 200
kV. Using V2O5 as a catalyst, elemental analysis (CHNS) was
nished using the Thermo Flash 2000 elemental analyzer. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a PHI 5000 VersaProbe II spectrometer equipped with
a monochromatic Al-Ka X-ray source (hn = 1486.6 eV). Photo-
luminescence measurements were conducted using an Edin-
burgh Instruments FLSP920 UV-vis-NIR spectrometer setup.
The emission signals were detected using a Hamamatsu R928P
photomultiplier tube, and a monochromated 450 W xenon
lamp was employed as the steady-state excitation source.
2.2 Synthesis

2.2.1 1,3-Bis(4-bromophenyl)propane-1,3-dione (acac-Br).
acac-Br was synthesized according to a previously reported
procedure.17 A total of 1.66 g (41.51 mmol) of NaH (60% in
mineral oil) was dispersed in 50 mL of anhydrous tetrahydro-
furan (THF) under an argon atmosphere and stirred for 30
minutes. The resulting heterogeneous mixture was then trans-
ferred to an ice bath, and 2.73 g (13.7 mmol) of solid 40-bro-
moacetophenone was added. Once the mixture turned dark red,
a solution of methyl 4-bromobenzoate (3.23 g, 15.03 mmol) in
anhydrous THF (10 mL) was added dropwise over 30 minutes
under an argon atmosphere. The entire mixture was stirred for 1
hour in the ice bath and then for an additional 1 hour at room
temperature. The mixture was reuxed for 24 hours under an
argon atmosphere, and then quenched with ice. The pH of the
reaction mixture was adjusted to neutral by slowly adding 1 N
HCl, and the linker was recovered by ltration and washed with
distilled H2O. The resulting sticky dark brown solids were
washed with hot ethanol multiple times to obtain the pure
linker as a brown solid. Yield: 86%; 1H NMR (400 MHz, DMSO-
d6) d 8.14–8.09 (m, 4H), 7.81–7.76 (m, 4H), 7.38 (s, 1H). 13C NMR
(126 MHz, DMSO-d6) d 179.27, 132.10, 126.91, 124.62, 122.13,
89.13. FT-IR spectrum is shown in Fig. S1.†

2.2.2 1,3-Bis(4-((E)-2-(triethoxysilyl)vinyl)phenyl)propane-
1,3-dione (acac-Si). acac-Si was synthesized via a coupling
reaction between acac-Br and vinyl-triethoxysilane using Heck
reaction conditions. In a two-necked ask under argon, acac-Br
(1 g, 2.6 mmol), palladium acetate (5.61 mg, 0.025 mmol), and
P(o-CH3C6H4)3 (45.7 mg, 0.15 mmol) were combined with
freshly distilled DMF (50 mL), triethylamine (2.2 mL, 15.75
mmol), and triethoxyvinylsilane (1.3 mL, 6.25 mmol). The
resulting mixture was heated to 100 °C and stirred for 18 hours.
Aer cooling to room temperature and ltration, the solvents
were removed, and the remaining heterogeneous residue was
dissolved in diethyl ether. Filtration and solvent evaporation
yielded the product as a highly viscous orange oil. Yield: 95%;
This journal is © The Royal Society of Chemistry 2024
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1H NMR (400 MHz, DMSO-d6) d 8.23–8.17 (m, 4H), 7.79–7.74 (m,
4H), 7.22 (d, J = 19.3 Hz, 2H), 6.52–6.43 (m, 2H), 3.83 (q, J =
7.0 Hz, 12H), 3.79 (s, 1H), 1.25–1.12 (m, 18H). 13C NMR (126
MHz, DMSO-d6) d 166.55, 136.77, 131.64, 131.24, 129.67, 126.82,
93.43, 57.83, 18.08. FT-IR spectrum is shown in Fig. S1.†

2.2.3 Synthesis of mesoporous acetylacetone-PMO (acac-
PMO). Following a modied literature procedure,36 the
synthesis of acac-Si involved a two-step sol–gel reaction. In
a 20 mL round bottom ask, cetyl trimethyl-ammonium
bromide (CTAB, 0.96 mmol, 350 mg) was dissolved in a solu-
tion containing 5.83 g of water. Aer adding 3.63 mL of NH4OH
solution (25%), the mixture was stirred at 80 °C for 30 minutes.
In a separate vial, acac-Si was mixed with bis(triethoxysilyl)
ethane (BTESE) in two 0 : 100% and 20 : 80% ratios, respectively,
along with 1 mL of ethanol. The precursor solution was then
injected promptly into the stirred aqueous surfactant solution,
resulting in the formation of a yellow suspension. The mixture
was stirred for an additional 24 h at 80 °C. Aer cooling down
and ltration, the solid material was rinsed repeatedly with
deionized water and ethanol, followed by drying at 120 °C. To
remove the surfactant, a solvent-extraction method was
employed with the following procedure: approximately 1 g of
the synthesized material was stirred in a solution of 200 mL of
ethanol and 3 mL of concentrated hydrochloric acid at 80 °C for
4 hours. This extraction process was repeated twice to ensure
the complete removal of all surfactants from the material.
Finally, the sample was dried overnight in an oven at 120 °C.
The obtained products were denoted as acac(20)-PMO and
acac(100)-PMO, for which the molar ratio of acac-Si to BTESE
were 20 : 80 and 0 : 100, respectively.

2.2.4 Synthesis of the Eu(III) complex [Eu(tta)3(H2O)2].
Eu(tta)3(H2O)2 was synthesized according to a previously re-
ported procedure.37 2-Thenoyltriuoroacetone (tta, 1.33 g, 6
mmol) was dissolved in 30 mL of ethanol. Sequentially, NaOH
(1 N, 6 mL) and a solution of EuCl3 6H2O (0.73 g, 2 mmol) in
10 mL of water were added to the 2-thenoyltriuoroacetone
solution. Additional water (200 mL) was added, and the mixture
was heated to 60 °C for a brief duration. Upon cooling to room
temperature, the complex precipitated. The precipitate was
separated by ltration, washed with water, and subsequently
dried under vacuum. The yield was 85%, and the complex was
found to be a dihydrate. Elemental analysis: calculated for
Eu1O6C24H12F9S3: C, 35.35%; H, 1.48%; S, 11.80%. Found C,
34.24%; H, 1.31%; S, 11.57%. IR (KBr, cm−1): 1608 (C]O
stretch).

2.2.5 Synthesis of Eu graed acetylacetone-PMO (acac-
PMO@Eu_tta). The materials were synthesized in Pyrex test
tubes using a heating block. To 20 mg of the acac(20)-PMO, a 10
times molar amount of the pre-synthesized Eu(tta)3 complex
was added. The suspension was subjected to ultrasound for 15
minutes aer adding 10 mL of methanol. The Pyrex tubes were
then carefully sealed and placed on a heating block at 80 °C for
24 hours. Aerward, the product was allowed to cool to ambient
temperature, followed by centrifugation (6000 rpm, 4 min) and
two washes with methanol. Finally, the material was dried
overnight in an oven at 80 °C.
This journal is © The Royal Society of Chemistry 2024
2.2.6 Synthesis of V graed acetylacetone-PMO (acac-
PMO@VO_acac). The acac-PMO@VO_acac catalyst was
prepared using the postsynthetic metalation method, with
VO(acac)2 as the metal source and toluene as the solvent. In
a typical procedure,17 30 mg (0.11 mmol) of VO(acac)2 was dis-
solved in 15 mL of anhydrous toluene, and 120 mg of acac(100)-
PMO was added to the solution under argon atmosphere. The
mixture was reuxed overnight with stirring, then ltered and
dried. To remove weakly bound VO(acac)2, the catalyst was
thoroughly washed using Soxhlet extraction with toluene, fol-
lowed by ltration and further drying under vacuum. Finally,
the catalyst was subjected to vacuum drying at 120 °C for 12
hours to remove any remaining solvent before being used for
subsequent experiments. Elemental analysis: C, 55.321; H,
3.818 (acac(100)-PMO); C, 43.18%; H, 4.33% (acac(100)-
PMO@VO_acac). V loading (0.59 mmol g−1) was studied by XRF
on a Rigaku NEX CG with an Al source and the Al-Ka peak
energy was used as the internal standard.

2.2.7 Luminescence-sensing experiment. 1 mg of acac(20)-
PMO@Eu_tta was dispersed in 1 mL of M(NO3)z (1000 ppm)
aqueous solutions (Mz+ = Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+,
Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+) at room temperature. The
mixture was sonicated for 10 minutes to incorporate metal
cations. The suspensions are used for luminescence
measurements.

2.2.8 Catalytic tests. During a typical catalytic test, pre-
determined quantities of 2-naphthol (0.17 mmol) and N-meth-
ylmorpholine N-oxide (NMO) (0.34 mmol), along with the
catalyst were combined. The mixture was then reuxed in
anhydrous DCM (5 mL) within a 10 mL Schlenk tube under an
inert atmosphere. At specic time intervals, the catalyst was
separated using syringe lter, and the ltrate was evaporated
until dryness, resulting in the formation of the pure Mannich
base with a quantitative yield, conrmed by 1H NMR analysis.

3 Results and discussion
3.1 Synthesis and characterization of acac-PMOs

The designed approach for producing specic acac-PMO
materials is shown in Scheme 1. This method encompasses
an initial base-catalysed condensation between 40-bromoaceto-
phenone and methyl 4-bromobenzoate.38 Subsequently,
a coupling reaction is performed, involving vinyl-triethoxysilane
and using Heck reaction conditions. Through the silylation of
acac-Br, the resultant structure of acac-Si is achieved. To create
a series of acac-functionalized PMO materials with varying
precursor ratios, a combination of acac-Si and bis(triethoxysilyl)
ethane (BTESE) is prepared in two distinct ratios: 20% acac-Si to
80% BTESE, and 100% acac-Si to 0% BTESE. The generated
products are designated as acac(20)-PMO and acac(100)-PMO,
wherein the molar ratios of acac-Si to BTESE are 20 : 80 and
100 : 0, respectively. In the design of acac(20)-PMO@Eu_acac for
copper ion sensing, a 20% acetylacetonate (acac) functionali-
zation is strategically chosen to address aggregation-caused
quenching (ACQ). This lower acac content ensures an optimal
dispersion of Eu3+ complexes within the mesoporous frame-
work, maintaining their luminescent efficiency vital for
J. Mater. Chem. A, 2024, 12, 19137–19148 | 19139

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta01143k


Scheme 1 Schematic illustration of the preparation of the acac(20)-PMO@Eu_tta, acac(100)-PMO@VO_acac.
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sensitive and accurate copper detection. The tailored PMO
structure facilitates effective interaction with copper ions while
preserving the unique luminescent properties of Eu, over-
coming the common challenge of luminescence quenching in
aggregated lanthanide materials.39

The successful coupling was validated through FT-IR
measurements. In Fig. 1a and d, we present a spectral anal-
ysis comparing the spectrum of pure acac(100)-PMOwith that of
acac(20)-PMO, as well as their respective metal-graed coun-
terparts. In the spectra of acac(20)-PMO and acac(100)-PMO, in
Fig. 1 FT-IR spectra of (a) acac(20)-PMO and (d) acac(100)-PMO; XRD
desorption isotherms and pore size distributions of (c) acac(20)-PMO an

19140 | J. Mater. Chem. A, 2024, 12, 19137–19148
addition to observing the characteristic C–H and Si–O–Si
stretching vibrations at 2950–2800 cm−1, 1200–1000 cm−1, and
800 cm−1, a distinct and sharp band at 1700 cm−1 (–C]O) was
detected in both acac(20)-PMO and acac(100)-PMO.17,40 This
observation provides clear evidence of the persistence of the
acac functional group even aer the synthesis of PMO.

To investigate the impact of material functionalization on
structural characteristics, we conducted powder X-ray diffrac-
tion (PXRD) and N2-sorption analyses. Fig. 1b displays the X-ray
diffraction (XRD) pattern of the acac(20)-PMO within the 2q
patterns of (b) acac(20)-PMO and (e) acac(100)-PMO; N2 adsorption–
d (f) acac(100)-PMO.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Physicochemical properties of samples

Sample SBET (m2 g−1) V (cm3 g−1) dNLDFT
a (nm)

acac(20)-PMO 1040 0.47 3.2
acac(20)-PMO@Eu_tta 984 0.46 3.2
acac(100)-PMO 264 0.36 2.6
acac(100)-PMO@VO_acac 220 0.32 2.6

a Calculated from NLDFT, N2 at 77 K, using the kernel of silica
cylindrical pore, adsorption branch.

Fig. 2 (a) Combined RT excitation-emission spectrum of the
acac(20)-PMO (excited at 360 nm observed at 420 nm); (b) combined
RT excitation-emission spectrum of the acac(20)-PMO@Eu_tta, ex =

352 nm, em = 611 nm; (c) luminescence decay profile of as prepared
acac(20)-PMO@Eu_tta, ex = 352 nm, em = 611 nm. Measurements
refer to the sample in solid form.
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range of 1–8°. An intense peak at around 2° with a small
shoulder was observed in Fig. 1b, signifying the presence of
hexagonally (or cubic) arranged mesoporous structures.41,42 The
XRD pattern of acac(100)-PMO reveals a distorted structure. The
intense XRD peak, assigned to the (100) plane, affirms
a substantial reduction in long-range ordering when compared
to the co-condensation sample.43 The formation of a wormlike
pore structure in acac(100)-PMO nanoparticles may be attrib-
uted to the reduced solubility of the acetylacetone-bridged
silane, primarily due to the highly hydrophobic benzene
moiety, in comparison to the other organosilica source (BTESE)
in aqueous media.43 In Fig. 1c and f, the N2-sorption isotherms
of acac-PMOs are presented. The acac(20)-PMO displays a Type
IV isotherm with an H1 hysteresis loop, indicative of a uniform
mesoporous structure.31,44 Conversely, the acac(100)-PMO
shows a Type IV isotherm with an H2(b)-shaped hysteresis
loop, suggestive of non-uniform mesopores that are blocked for
the desorption (cavitation).45,46 Table 1 summarizes the Bru-
nauer–Emmett–Teller surface area (SBET), total pore volume at
P/P0 = 0.95 (V), and non-local density functional theory most
prominent pore diameter (dNLDFT). It is clear from the XR dif-
fractograms, the Table 1 and the isotherms that the acac(20)-
PMO, formed from 80% BTESE and only 20% acac-precursor
forms the typical (expected) hexagonal structure (P6mm)
whereas the acac(100)-PMO forms a distorted structure with
uniform but unordered worm-like pores.

3.2 Luminescence properties

In the context of luminescence applications, we departed from
using Eu3+ salts and instead employed Eu3+ complexes for
graing into acac(20)-PMO. Therefore, we created a composite
material denoted as acac(20)-PMO@Eu_tta. The tta (thenoyl-
triuoroacetonate) ligand acts as an ancillary ligand that can
serve as a secondary antenna ligand. In addition, this ligand can
act as a shielding agent, safeguarding the lanthanide ions from
quenching by water molecules.47

Fig. 2a presents the excitation–emission spectra of the
acac(20)-PMO under ambient conditions. The excitation spec-
trum displays a broad band spanning from 250 to 400 nm, with
the maximum excitation wavelength at 360 nm. The emission
spectrum extends from 390 to 600 nm, with the emission peak
maximum at 420 nm. The luminescent properties of this hybrid
material were further investigated through the graing of
Eu(tta)3 complexes onto the PMO material. The combined
This journal is © The Royal Society of Chemistry 2024
excitation-emission spectra for acac(20)-PMO@Eu_tta are
illustrated in Fig. 2b. The excitation spectrum displays a broad
band spanning from 250 to 400 nm with a maximum at lmax =

352 nm. This spectral feature can be attributed to transitions
from the ground state (p)S0 to the excited state (p*)S1 of the
organic ligands. Conversely, upon excitation at the maximum of
the broad band, the emission spectrum exhibits characteristics
J. Mater. Chem. A, 2024, 12, 19137–19148 | 19141
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Table 2 Assignment of acac(20)-PMO@Eu_tta emission peaks

Wavelength (nm) Wavenumber (cm−1) f–f transition

578 17 301 5D0 /
7F0

591 16 920 5D0 /
7F1

611 16 367 5D0 /
7F2

650 15 385 5D0 /
7F3

699 14 306 5D0 /
7F4
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indicative of intra-4f6 transitions of Eu3+ ions.48 A comprehen-
sive assignment of the emission peaks observed is provided in
Table 2. When the sample is exposed to UV light (302 nm), it
emits a purplish-red color, as seen in the Fig. 2b inset and the
CIE diagram of Fig. S2a.† It consists of contributions from both
acac(20)-PMO and Eu3+. The luminescence decay time of the
sample was assessed by excitation at 352 nm and detection at
611 nm. A satisfactory t was achieved utilizing a mono-
exponential decay curve (Fig. 2c).

The photophysical characteristics of acac(20)-PMO@Eu_tta
are primarily ascribed to the f–f transitions of Ln3+ ions. The
luminescence properties and the porosity of PMOs give them
the ability to discern variations in their surrounding environ-
ment. This attribute allows applications in turn-off chemical
sensing, achieved by modulating guest motifs through host–
guest interactions.49 To investigate the metal ion selectivity
exhibited by Acac(20)-PMO@Eu_tta materials, uorescence
experiments were systematically conducted, as depicted in
Fig. 3. The ion sensing performance of this material was
assessed through the use of a suspension with a concentration
of 1 mg mL−1. In Fig. 3a, we have compiled and compared the
photoluminescence spectra of interest. Most suspensions con-
taining various metal ions (Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+,
Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+) exhibit the characteristic
purplish-red luminescence attributed to acac(20)-pmo and Eu3+

transitions. However, only the presence of Cu2+ results in
a substantial reduction in luminescence intensity, indicating
a pronounced quenching effect. This observation underscores
the high selectivity of acac(20)-PMO@Eu_tta for the detection
and specic identication of Cu2+ in aqueous solutions.
Notably, under UV light excitation at 302 nm, this quenching
effect is visible to the naked eye (Fig. 3a inset), where the color
transition from purplish-red to blue is observed. It shows the
color primarily originates from acac(20)-PMO aer the addition
of Cu2+ (Fig. S2b†). It can be, in part, elucidated by the Cu(II)
static quenching mechanism, which arises from the formation
of non-uorescent ground-state complexes.50 In the PL decay
time analysis shown in Fig. 3b, we also observed a decrease in
the PL lifetime upon the addition of Cu2+. The initial PL life-
time, recorded in the absence of Cu2+, is established at 201 ms. A
titration of Cu2+ into the system results in a measurable
decrease in the PL lifetime, reaching a minimum of 175 ms. This
trend conrms the quenching effect, emphasizing the selective
interaction between Cu2+ ions and the acac(20)-PMO@Eu_tta
framework. The change in decay time suggests an underlying
mechanism involving energy or electron transfer, likely indic-
ative of the formation of a charge transfer complex with Cu2+,
19142 | J. Mater. Chem. A, 2024, 12, 19137–19148
which may be attributed to both dynamic quenching and the
paramagnetic nature of the Cu2+ ions.51,52 Luminescence titra-
tion experiments were conducted to investigate the luminescent
response of acac(20)-PMO@Eu_tta in the presence of Cu2+ ions.
With an increasing concentration of Cu2+ ions, there was
a marked reduction in the emission intensity of acac(20)-
PMO@Eu_tta, as depicted in Fig. 3c. This effect resulted in
the complete quenching of uorescence emission in the Eu3+

hybrid suspension when the Cu2+ concentration reached 30 mM
(Fig. S3†). To quantitatively assess this luminescence quenching
effect, we employed the Stern–Volmer (S–V) equation. The
Stern–Volmer quenching constant (KSV) was calculated as
a measure of the quenching efficiency and enabling a precise
characterization of the interaction between acac(20)-
PMO@Eu_tta and Cu2+ ions:

I0

I
¼ KSVcþ 1 (1)

where I0 and I are the luminescence intensities of acac(20)-
PMO@Eu_tta suspension before and aer the addition of the
Cu2+ ion, respectively, and c is the molar concentration of
Cu2+.27,53 A linear relation (R2 = 0.996) was achieved in the
concentration range of 0 to 2.5 mM (Fig. 3d). The calculated Ksv

value is 180 198 M−1. The limit of detection (LOD) was calcu-
lated to be 108 nM (26 ppb) according to the method used by
Armbruster et al., assuming that

LOD = 3s/KSV (2)

where s represents the standard deviation of the response,
which can be determined by assessing the standard deviation of
measurements from the blank sample.54–56 The calculated value
was signicantly lower than the permissible level of Cu2+ in
drinking water, which is set at 1.3 ppm (6.9 mM) by the Envi-
ronmental Protection Agency (EPA).57 Selectivity plays a pivotal
role in assessing the effectiveness of a sensing material for the
detection of specic analytes in real-world applications, as it
determines the material's ability to distinguish the target ana-
lyte from other environmental components.58 The relative PL
intensity of the probe was assessed following the introduction
of various common metal ions, each at the same concentration.
These metal ions included Pb2+, Na+, Al3+, K+, Mg2+, Ca2+, Sr2+,
Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+, as depicted in Fig. 3e. Only
upon the addition of Cu2+ ions to metal ion-enriched PMO
dispersions, a signicant quenching of the photoluminescence
(PL) intensity was observed. This effect underscores the
acac(20)-PMO@Eu_tta's high selectivity for Cu2+, distinguishing
it from a variety of other metal ions. Notably, the method's
selectivity was evident in distinguishing Cu2+ ions from Hg2+

and Pb2+, which are common competitors oen encountered in
real-world eld samples. Furthermore, in comparison to prior
Cu2+ sensing methods based on nanoparticle uorometric
sensors in aqueous system, the proposed approach exhibits
a comparable linear range and selectivity, and sensitivity, as
summarized in Table S1.†59,60 To date, only a limited number of
copper sensors based on LnPMOs have been reported as turn-
on uorescence chemical sensors.29,31
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Emission spectra of the colloidal suspensions of acac(20)-PMO@Eu_tta in the presence of different metal ions (1000 ppm) (Pb2+, Na+,
Al3+, K+, Mg2+, Ca2+, Sr2+, Fe3+, Hg2+, Cr3+, Y3+, Zn2+, and Cu2+) when excited at 343 nm; (b) luminescence decay profile of colloidal suspensions
of acac(20)-PMO@Eu_tta before and after the addition of Cu2+ ions. (c) Luminescence spectra of acac(20)-PMO@Eu_tta under different
concentrations of Cu2+ aqueous solutions; (d) plot of the Stern–Volmer curve between the luminescence intensity and Cu2+ concentration in an
aqueous solution; (e) comparison of the luminescence intensities (611 nm) of acac(20)-PMO@Eu_tta with varied ions (1000 ppm) (Pb2+, Na+,
Al3+, K+, Mg2+, Ca2+, Sr2+, Fe3+, Hg2+, Cr3+, Y3+, and Zn2+) before and after treated by Cu2+.
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3.3Catalytic properties

The acac(100)-PMO was utilized as a heterogeneous catalysis by
anchoring VO(acac)2 onto the material, resulting in a catalyst
containing 0.59 mmol V g−1 (cat). The surface elemental
This journal is © The Royal Society of Chemistry 2024
composition of acac(100)-PMO and acac(100)-PMO@VO_acac
was analyzed using XPS. Fig. 4a and d illustrate the presence
of elements such as V, C, O, and Si on the surfaces of these
nanocomposites. In Fig. 4b and e, the C 1s region reveals the
J. Mater. Chem. A, 2024, 12, 19137–19148 | 19143
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Table 3 Role of different reaction conditions for preliminaryMannich-
type reactiona

Entry Catalyst 1a : 2a Time (h) Yieldb (%)

1 — 1 : 2 12 —
2 VO(acac)2

c 1 : 3 12 92
3 acac(100)-PMO 1 : 3 12 —
4 acac(100)-PMO@VO_acac 1 : 3 12 98
5 acac(100)-PMO@VO_acac 1 : 2 12 98
6 acac(100)-PMO@VO_acac 1 : 1.5 12 96
7 acac(100)-PMO@VO_acac 1 : 1 12 70
8 acac(100)-PMO@VO_acac 1 : 2 1 16
9 acac(100)-PMO@VO_acac 1 : 2 6 40
10 acac(100)-PMO@VO_acac 1 : 2 24 98

a Reaction conditions: 2-naphthol (1 mmol), NMO, DCM (2 mL) and
catalyst (15 mg). b Yield was calculated from 1H NMR analysis using
mesitylene as internal standard. c 10 mol%.
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presence of multiple chemical states of carbon. Four distinct
peaks were discerned and attributed to C–Si(282.6 eV), C–C and
C–H (284.8 eV), C–O (286.9 eV), and C]O species (289.8 eV).61

The increasing peak of C]O can be attributed to the graing of
VO(acac)2. In the XPS O 1s spectra, two distinct peaks were
observed at 531.9 and 532.9 eV. These peaks can be attributed to
the presence of C]O and –C–OH groups, likely arising from the
tautomerization of the acac group in both its keto and enol
forms, as illustrated in Fig. 4c and f. The high-resolution XPS
spectrum of V 2p can be deconvoluted into two primary doublet
peaks, as depicted in Fig. S5.† In this detailed spectrum, the
doublet peaks at 515.3 eV and 522.2 eV correspond to V 2p3/2
and V 2p1/2, respectively.62 This observation suggests the pres-
ence of V(IV) in the acac(100)-PMO@VO_acac.

Upon completing the material characterization, the catalytic
performance of the acac(100)-PMO@VO_acac material was
tested for the model Mannich-type reaction, as shown in
Table 3. During a typical catalytic test, predetermined quantities
of 2-naphthol and N-methylmorpholine N-oxide (NMO), along
with the catalyst were combined. The mixture was then reuxed
in anhydrous DCM within a 10 mL Schlenk tube under an inert
atmosphere. At specic time intervals, the catalyst was sepa-
rated, and the ltrate was evaporated until dryness, resulting in
the formation of the pure Mannich base with a quantitative
yield.17 The conrmation of product formation was achieved
through 1H NMR spectroscopy.

Initially, the Mannich type reaction between 2-naphthol (1a)
and 4-methylmorpholine N-oxide (NMO) (2a) was conducted in
the absence of a catalyst at 40 °C. Aer 12 hours of reaction, no
substrate conversion occurred, highlighting the necessity of the
presence of a catalyst (Table 3, entry 2). Subsequently, we
investigated the catalytic activity of VO(acac)2 for this model
reaction. This complex exhibited a yield of 92% aer 12 hours of
reaction. However, it is hard to recycle this homogeneous
catalyst.17,18,20 For the heterogeneous acac(100)-PMO@VO_acac
catalyst, a 16% yield of the major product, 1-
Fig. 4 XPS spectra of (a) acac(100)-PMO, in the regions of (b) C 1s and (c)
O 1s.

19144 | J. Mater. Chem. A, 2024, 12, 19137–19148
(morpholinomethyl)naphthalen-2-ol (3a), was obtained within
60 minutes.17,63 An increase in the yield from 40% to 98% was
obtained upon extending the reaction time from 6 to 12 hours.
Moreover, we conducted the reaction multiple times with
varying equivalents of NMO. When employing 1, 1.5, 2, or 3
equivalents of NMO under the optimized reaction conditions,
we observed yields of 70%, 96% and 98% of 3a, respectively. The
highest yield of 92% for 3a was achieved using 3 equivalents of
NMO.

The recyclability and structural stability of acac(100)-
PMO@VO_acac material were studied during the preparation
of 1(morpholinomethyl)naphthalen-2-ol under optimized
O 1s; and (d) acac(100)-PMO@VO_acac, in the regions of (e) C 1s and (f)

This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta01143k


Fig. 5 Recycling test of acac(100)-PMO@VO_acac catalyst for Man-
nich-type reaction.

Fig. 6 Reaction profile with or without the catalyst (after separating
the catalyst from the reaction mixture via hot-filtration technique).

Fig. 7 (a) DRIFT spectra of acac(100)-PMO@VO_acac before and after
Mannich-type reaction; (b) deconvoluted XPS C 1s spectra, (c) O 1s
spectra and (d) vanadium in the V 2p region of the recycled acac(100)-
PMO@VO_acac.
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reaction conditions. Aer completing the reaction, the recycla-
bility test was conducted using the recovered catalyst. The
catalyst was thoroughly washed with dichloromethane and
dried under vacuum at 120 °C before being utilized in the
subsequent catalytic reaction. The catalyst demonstrated
consistent activity, with no signicant decrease up to the four
tested cycles (Fig. 5).
This journal is © The Royal Society of Chemistry 2024
Furthermore, a hot ltration test was performed to assess the
potential leaching of vanadium ions from the support. The
catalyst was removed from the reaction mixture aer 6 hours,
and the reaction was allowed to continue for an additional 18
hours (Fig. 6). No further progress was observed in the reaction,
indicating the absence of leaching.

To examine the physio-chemical properties of the catalyst,
FT-IR and XPS analyses were conducted, as depicted in Fig. 7.
The recovered catalyst exhibited all the characteristic peaks,
similar to the fresh catalyst. Additionally, the XPS analysis of the
recycled catalyst (Fig. 7b–d) displayed the same specic peaks as
the fresh catalyst. These results conrm that the chemical
structure of the catalyst was preserved during the recycling
process.

The catalytic reactivity of the acac(100)-PMO@VO_acac
catalyst was evaluated using a diverse range of substrates,
including 2-naphthol, 1-naphthol, and phenol derivatives,
under the optimized reaction conditions (Table 4). Substantial
catalytic conversion was achieved for nearly all the substrates,
regardless of whether they had electron-donating or electron-
withdrawing substituents on the aromatic ring.

In Scheme S1,† a plausible pathway for the preparation of
the Mannich base was proposed, following similar steps as
previously reported by Uang et al.17,63–65 Initially, the active V]O
groups of the catalyst formed complexes with 4-methyl-
morpholine N-oxide, leading to the formation of a six-
membered structure (A). An intramolecular elimination
process via this transition structure resulted in the formation of
an iminium ion B structure. Second, the [V(OH)(O−)] species
played a crucial role in abstracting an acidic proton from 2-
naphthol, generating a negatively charged oxygen species. This
species further creates an acidic carbon center. A target Man-
nich base formed through a reaction of this acidic carbon center
with iminium ions. Finally, the elimination of water molecules
from V(OH)2 regenerated the catalyst, completing the catalytic
cycle.

The catalytic performance of acac(100)-PMO@VO_acac was
compared to its homogeneous counterpart, VO(acac)2, as well as
acac-based covalent triazine frameworks (CTFs) and covalent
organic frameworks (COFs) in Table S2.†17,63,64,66 It is evident
from Table S2† that the acac(100)-PMO@VO_acac catalyst
resulted in the targeted product with a high yield and conver-
sion rate. When compared with VO(acac)2, it exhibited a higher
yield (98%) and turnover number (TON) of 111, which is 12
times greater than the TON achieved by the homogeneous
catalyst. Moreover, we evaluated the catalytic activity of
acac(100)-PMO@VO_acac in comparison to acac-based COFs,
such as vanadium-docked COFs (VO-TAPT-2,3-DHTA COF, VO-
PyTTA-2,3-DHTA COF). In these cases, the catalysts resulted in
the targeted product with yield of 98% and 96%, along with
TON values of 29 and 36, respectively. This combination of high
conversion and TON suggests potential for acac(100)-
PMO@VO_acac as a heterogeneous catalyst. These ndings
substantiate the promising future of acac-PMO materials as
versatile supports for the development of advanced heteroge-
neous catalysts.
J. Mater. Chem. A, 2024, 12, 19137–19148 | 19145
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Table 4 Mannich-type reaction with differently substituted substrates catalyzed by acac(100)-PMO@VO_acac.a

a Yields are calculated from 1H NMR using mesitylene as an internal standard.
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4 Conclusions

This study introduces a novel PMOs with embedded acetylace-
tone (acac) groups, showcasing its dual utility in catalysis and
sensing. The acac(20)-PMO graed with Eu(tta)3 demonstrates
effectiveness as a luminescent sensor towards aqueous Cu2+

ions, achieving a LOD of 108 nM. In addition, a heterogeneous
catalyst (acac(100)-PMO@VO_acac) was prepared by anchoring
VO(acac)2 on pristine acac-PMO that showed high reactivity in
a modied Mannich reaction with a turnover number (TON) of
111 and a wide substrate scope. Furthermore, the embedded
acac functionality's capacity to tether “hard” metal ions
suggests potential applications in sensing, catalysis, and water
purication. These ndings underscore the versatility of acac-
PMOs and open new avenues for their application in environ-
mental and industrial contexts.
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