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Highly Selective and Sensitive Aggregation-Induced
Emission of Fluorescein-Coated Metal Oxide Nanoparticles

Suchetha Shetty,”™ " Noorullah Baig,” " Muhieddine Safa, Ridha Gharbi,®

Santhanagopalan Sriram,' Firas Rasoul,’” and Bassam Alameddine*!

We report the synthesis, characterization, and photophysical
properties of novel metal oxide nanoparticles (NPs) coated with
specially designed fluorescein substituents which are capped
with electron-withdrawing groups. The fluorescein-coated
nanoparticles were synthesized in excellent yields, and their
structures were confirmed using various advanced spectro-
scopic, instrumental, and surface analysis techniques, revealing
the formation of the target functionalized nanoparticles (FNPs)

Introduction

Fluorescein and its derivatives have proved to be promising
fluorophores that can be employed to design highly responsive
chemosensors, fluorescent markers, bio-labels, and immunolog-
ical probes." Besides its commercial availability and versatile
functionalization with various side groups, fluorescein reveals
excellent photophysical properties, namely, a significant absorp-
tion coefficient, a prominent fluorescent quantum yield, and
great photostability. Nevertheless, fluorescein is a typical
aggregation-caused quenching (ACQ) fluorescence molecule
and portrays this effect majorly in solid state.” As a result,
fluorescein powder does not fluoresce at all, which greatly
impedes its application scope, and therefore, switching fluo-
rescein from an ACQ species into an aggregation-induced
emission (AIE) molecule has been recently explored as this
would undoubtedly expand its application scope.l'
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which show superior chemical and thermal stabilities. In
addition, the photophysical properties of the FNPs were
examined using UV-visible absorption and fluorescence spectro-
scopy. These latter techniques disclosed aggregation-induced
emission (AIE) properties for most of the target FNPs, namely
those which are soluble in common organic solvents at
selective concentration ranges of water fractions in the solvent
mixture.

The design of nanostructures, namely functionalized nano-
particles (FNPs) as fluorescent probes for bioimaging and
sensing applications, has seen considerable growth due to the
conspicuous properties of FNPs: among others, versatile syn-
thesis, physical and chemical stabilities as well as pronounced
emission features.®* Metal oxide nanoparticles (MONPs) exhibit
properties different from the ones the metal oxides show in
bulk due to the high surface area-to-volume ratio of the former,
which increases their surface charge and reactivity.**” The
unique properties of MONPs allow for their utilization as oil
reservoir tracers,”” sensors for toxic gases,®>* and probes for
biomedical applications,” like, for example, direct or indirect
biosensing,® drug delivery,® anticancer activity,"” and mag-
netic resonance imaging."? MONPs have also been employed in
the removal of various heavy metals, such as chromium, nickel,
cadmium, copper, mercury, arsenic, and lead."? The adsorption
capacity of MONPs can be easily regenerated simply by
changing the pH of the solution.” Due to their ease of
separation, low cost, recyclability, and high adsorption capacity,
metal oxide nanoparticles are considered advantageous, both
economically and technologically.'™

During the past two decades, there has been a growing
interest in the synthesis of specially designed organic materials
whose poor or non-emissive properties in solution can be
substantially enhanced by inducing their aggregation through
the addition of a co-solvent to the medium. This physical
property, known as aggregation-induced emission (AIE), has
opened new prospects in the field of luminescent materials.”
For instance, AIE demonstrates the usefulness of materials
displaying properties which are absent at the molecular level
but can be generated when they are present as aggregates,
thus, leading to potential applications."” Since the develop-
ment of the first AIE organic compounds, many AlE-active
materials have been developed, namely by synthesizing small
organic molecules and polymers.™™ Nevertheless, fluorescent
nanoparticles are considered a better choice for fluorescence
imaging when compared to small molecular dyes because the
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former compounds have a tunable size, superior photostability,
desirable pharmacokinetic behavior, and multifunctional
potential."® Because of the aforementioned properties, AIE-
based fluorescent nanoparticles have emerged as a novel
imaging contrast agent in various biomedical areas, particularly
cell imaging."” We report herein the synthesis, characterization,
and aggregation-induced emission (AIE) properties of several
metal oxide nanoparticles (MONPs) coated with specially
designed fluorescein substituents.

Results and Discussion

Scheme 1 depicts the synthesis of the target fluorescein-coated
nanoparticle (FNP) derivatives. In a first step, fluorescein under-
went a monosubstitution of its hydroxyl group by the electron-
deficient 2,4-dinitrophenyl moiety in a typical Williamson
reaction, which afforded 2a in 80% yield. 2a was found to be
highly soluble in common organic solvents such as DCM, THF,
toluene, ethyl acetate, DMF, and DMSO. Subsequently, 2a was
reacted with (chloromethyl)triethoxysilane, yielding the unsym-
metrically disubstituted fluorescein derivative 3a, which was
found to be insoluble in common organic solvents, namely,
DCM, THF, and toluene, but was sparingly soluble in DMF,
DMSO, and ethyl acetate. To improve the solubility of the
unsymmetrically disubstituted fluorescein derivative, an alter-
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Scheme 1. Synthesis of NPs 5a-c, 6a, and 7 a-e functionalized with
fluorescein derivatives.
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Figure 1. Comparative 'H NMR spectra of 1a (up) and 2a (down) recorded in
DMSO-d.
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native anchoring group with a longer alkyl chain, that is, (3-
chloropropyl)-trimethoxysilane was utilized. Thus, the William-
son reaction of the latter with 2a afforded the desired
compound 3b which was found to be highly soluble in most
common organic solvents. The formation of 2a and 3a,b was
confirmed by nuclear magnetic resonance (NMR) spectroscopy,
electron impact high-resolution mass spectrometry (EI-HRMS),
X-ray photoelectron spectroscopy (XPS), and Fourier transform
infrared spectroscopy (FTIR, see Figure 1 as well as Figures S1-
S5, S7-59, S10-S17, and S18, S19 in the Supporting Informa-
tion).

Reaction of the commercially available metal oxide nano-
particles 4a—-c,f with the unsymmetrical fluorescein derivative
34, overnight in refluxing toluene under an inert atmosphere,
afforded the desired functionalized nanoparticles (FNPs) 5a—c
and 6a in excellent yields. The target metal oxide nanoparticles
were found to be partially soluble only in ethanol but insoluble
in most common organic solvents, notably DCM, THF, toluene,
ethyl acetate, DMF, and DMSO. Target FNPs 7a-e were
prepared using the same procedure described above to make
5a-c and 64, but using the more soluble fluorescein moiety 3b
since it contains a longer propyl spacer than the methyl one in
3a. As expected, 7a-e were found to have good solubility in
DCM, CHCl;, THF, DMF, DMSO, and ethanol. The formation of all
the target FNPs was confirmed by FTIR, XPS, TGA, and UV-visible
spectroscopy (Figure 2-5 as well as Figures S6, S10-S17, and
$25-532 in the Supporting Information).

Figure 1 depicts the compared 'HNMR spectra of the
commercially available fluorescein synthon 1a and of he
intermediate 2a which has undergone a monosubstitution with
the electron-deficient 2,4-dinitrophenyl group. The 'H NMR
spectrum of 1a shows two characteristic hydroxyl protons at
10.12 ppm. In contrast, 2a reveals the presence of only one
—OH proton at 10.22 ppm and, in addition, the presence of two
extra aromatic protons at about 8.9 and 8.4 ppm which can be
attributed to the dinitrophenyl group (cf. peaks labeled a and b
in Figure 1), therefore, clearly indicating the successful forma-
tion of 2a (see FigureS1 in the Supporting Information).
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Figure 2. Normalized UV-Vis absorption (¢, =107° m in DMF and ethanol)
spectra of 1a, 2a and 7 a-e (up) and the comparative normalized emission
(cy=10"% m in DMF) spectra of 1a, 2a and 7 a—e (excited at 450 nm) (down).
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Figure 3. Comparative FTIR spectra of 4a (down), 5a (middle) and 3a (up).
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Figure 4. TGA thermograms of NPs 5a-c and 6a (left) and 7 a-e (right). T4
represents the temperature of 10% weight loss.
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Figure 5. (A) High-resolution XPS spectra of Fe2p and O1s of 4a (B) High-
resolution XPS spectra of N1s, Si2p, C1s, O1s and Fe2p of 5a.

Similarly, 'HNMR analysis of the desired unsymmetrically
disubstituted fluorescein synthon 3a, that is, the one bearing
2,4-dinitrophenyl and methyltriethoxysilane anchoring groups,
reveals the absence of any hydroxyl proton peaks and portrays
those that correspond to —CH, and —CH, groups in the aliphatic
region, thus, confirming the formation of the desired com-
pound (see Figure S2 in the Supporting Information). The same
changes are observed in the "H NMR spectrum of 3b whose
higher solubility than 3a allowed recording its *CNMR
spectrum as well (see figures S3 and S5 in the Supporting
Information).
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The photophysical characteristics of synthons 1a, 2a, and
target FNPs 5a-c, 6a, and 7a—e were investigated by UV-Vis
absorption spectroscopy (see Figure 2 below and Figure S6 in
the Supporting Information) using N,N-dimethylformamide
(DMF) as a solvent for 1a, 2a and ethanol as a solvent for 5a-c,
6a, and 7a-e. Compounds 1a and 2a display the same features
with a strong absorption band at 457 nm. The UV-Vis
absorption spectra of FNPs 7 a—e show absorption bands whose
maximum peaks are detected at 219 nm, 421 nm, and 448 nm.
Interestingly, the UV-Vis absorption spectra of 5a-c and 6a
show broader absorption features with two maximum peaks at
~271 nm and =512nm (see Figure S6 in the Supporting
Information). It is worthwhile to note that the emission peak of
fluorescein, which is usually detected at 512 nm, is completely
quenched in all the fluorescein derivatives bearing a 2,4-
dinitrophenyl moiety, that is, 2a and the target FNPs 7 a-e.

Comparative FTIR absorption spectra of synthons 3a, 4a,
and the target FNP 5a are shown in Figure 3. Intermediate 3a
shows the characteristic stretching peaks for N—O, C-O, Si-O,
and Si—CH, at 1594 cm™, 1391 cm™', 1043 cm™', 670 cm™', and
801 cm™', respectively. It is worth mentioning that FTIR analysis
of the target FNP 5a reveals the presence of all the desired
stretching peaks, notably, those of the organic part (i.e. N-O,
C-0, Si—0, and Si—CH,), in addition to the fingerprint peak that
is attributed to Fe;O, nanoparticles at ~2096 cm™". Similarly,
targets 5b,c, 6a, and 7 a-e display the stretching peaks which
correspond to the fluorescein derivative anchor, on one hand,
and those which can be attributed to the fingerprint peaks of
their respective nanoparticles, on the other hand (see Figur-
es S10-517 in the Supporting Information).

Thermogravimetric analysis (TGA) of compounds 5a-c, 6a,
and 7a-e is depicted in Figure 4, which clearly proves the
superior thermal stability of the target nanoparticles revealing
10% weight loss temperatures ranging from 340 to 455 °C.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the elemental composition of synthons 3a-b, 4a-f and
target FNPs 5a-c, 6a, and 7a-e (Figure 5 and Figures S18-S32
in the Supporting Information). Figure 5 (B) illustrates the XPS
survey-scan spectrum of 5a, thus, confirming the presence of
all the constituting elements expected in the target compound,
that is, carbon, nitrogen, oxygen, silicon, and iron. The binding
energy for carbons Cls, C1sA at ~284.68 eV and 285.72 eV are
assigned to aromatic (C=C) and ether (C—O—C) groups. N1s
core-level spectrum was detected at 406.04 eV, which clearly
divulges the presence of nitrogen-oxygen (N—O) peaks. Peak
fitting illustrates that the oxygen spectrum of 5a can be
grouped into three main types O1s, O1sA, and O1sB at
~532.45 eV, 529.88 eV, and 530.82 eV, respectively. The hitherto
mentioned three peaks can be assigned to carbonyl (C=0), iron
oxide (Fe—0), and carbonate (C—O) groups, respectively."® The
characteristic Si2p peak at 102.69 eV is attributed to Si—O, while
the Fe2p spectrum exhibits a total of six peaks in the range of
~710-732 eV which can be assigned to Fe(ll) and Fe(lll)
complexes." It is noteworthy that all the desired XPS peaks
were detected*” for 5b,c, 6a, and 7a-e, which undoubtedly
confirms the structures of the target NPs (see Figures S25-S32
in the Supporting Information).
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AIE properties of Functionalized NPs

Interestingly, solid samples of the fluorescein-coated nano-
particles 7 a-e were found to be fluorescent when placed under
UV light (A,=365nm), contrarily to fluorescein powder 1a
which is known to suffer from typical aggregation-caused
quenching (ACQ), and therefore is not fluorescent when
exposed to UV light (c.f. Figure 6(A) below). This observation
prompted us to investigate the emission properties of the
deactivated fluorescein synthon 2a and its unsymmetrical
derivative 3 b, as well as two highly soluble FNPs, namely, 7b,d
in different solvents with various polarity. Interestingly, all the
aforementioned compounds revealed similar emission spectra
with fluorescence peaks that range from 514 nm to 561 nm (see
Figures S34-S37 in the Supporting Information).

Subsequently, the emission intensity of FNPs 7a-e was
recorded in different THF-H,O solvent mixtures ranging from
100% to 0% (i.e. increasing water fraction f,, Figure 6). In a
typical experiment, the emission spectra of FNP 7e were
recorded in various THF-H,O solvent mixtures where 7 e in pure
THF exhibits a very weak emission spectrum whose peak
maximum corresponds to that specific for fluorescein (530 nm).
Fluorescence of 7e becomes more pronounced with an
increasing water fraction until it attains a maximum emission in
a 50:50 THF-H,O mixture before it starts decreasing as f,
increases and finally shows a very weak emission peak in pure
water. This behavior clearly corresponds to an aggregation-
induced emission (AIE), where the addition of water to the
solutions of FNPs in THF induces aggregation of the nano-
particles whose surfaces are modified with electron-deficient
fluorescein derivatives (i.e. Donor-Acceptor units), which, in
turn, assemble in an anti-parallel configuration with their
homologues anchored to other NPs, thus intensifying the
emission intensity. This latter property starts decreasing as the
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Figure 6. (A) Solid state fluorescence images of 1a and 7 e (B) Emission
spectra of 7 e in THF/water mixtures (0-100%) (C) Plot of maximum emission
intensity of 7e (cy=10"° M) versus water fraction (D) Photographs of 7e in
THF/water (0-100%) mixtures taken under UV illumination (A =365 nm).
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water fraction increases due to the FNPs precipitation when
water surpasses a certain threshold. It is noteworthy that the
other FNPs 7 a-d display similar AIE properties but at different
water fraction (f,) ranges (see Figures S41-544 in the Support-
ing Information). The AIE property was further corroborated by
carrying out emission tests using the D—A synthons 2a and 3 b
(see Figures S39 and S40 in the Supporting Information) which
disclose a similar pattern, therefore, suggesting a twisted
intermolecular charge transfer mechanism..”

Conclusion

This work discloses the synthesis of nine metal oxide nano-
particles whose surfaces were functionalized with fluorescein
derivatives bearing electron-withdrawing 2,4-dinitrophenyl
groups. The target fluorescein-containing nanoparticles were
made from inexpensive commercially available starting materi-
als. Thorough spectroscopic characterization and instrumental
analysis of the desired FNPs confirmed their formation in high
purity and excellent yields. The photophysical studies of the
electron-deficient fluorescein-bearing metal oxides nanopar-
ticles 5a-c, 6a, and 7 a-e corroborated the significant emission
suppression of the fluorescein anchoring groups. It is worth-
while to mention that FNPs 7a-e display interesting aggrega-
tion-induced emission (AIE) properties which were studied by
fluorescence spectroscopy. This work paves the way for a
versatile synthetic strategy of various FNPs whose surface
modification with functional groups can be tailored for a wide
variety of sensing applications.

Experimental Section

General

All the reactions were carried out under an inert atmosphere using
dry argon. Fluorescein (free acid) 1a, iron (ll, lll) oxide nanopowder,
50-100 nm particle size, 97% trace metals basis 4a, aluminum
oxide nanopowder, <50 nm particle size 4b, copper (ll) oxide
nanopowder, <50 nm particle size 4c, titanium (IV) oxide nano-
powder, 21 nm particle size, >99.5% trace metal basis 4d, silicon
dioxide nanopowder, 5-20 nm particle size, 99.5% trace metal basis
4e and titanium silicon oxide nanopowder, <50 nm particle size,
99.8% trace metal basis 4f, were purchased from Sigma Aldrich. All
other chemical reagents were used without further purification as
purchased from Aldrich, Merck, and HiMedia unless otherwise
specified. The solvents, namely, DMF, ethyl acetate, hexane, DCM,
DMSO, ethanol, THF, toluene, and diethyl ether, were dried and
deoxygenated by bubbling with argon gas for 30 minutes. Thin-
layer chromatography (TLC) was performed on aluminum sheets
coated with silica gel 60 F254 and revealed using a UV lamp. NMR
("H: 600 MHz, C: 150 MHz) spectra were recorded on Bruker
BioSpin GmbH 600 MHz spectrometer using DMSO as a solvent
with the chemical shifts (3) given in ppm and referred to tetrameth-
ylsilane (TMS). UV-Vis spectra were recorded on Shimadzu UV1800
spectrophotometer. Photoluminescence (PL) spectra were recorded
on an Agilent G9800 Cary Eclipse Fluorescence spectrophotometer.
X-ray Photoelectron Spectroscopy (XPS) data were recorded on a
Thermo ESCALAB 250 Xi using a monochromatic Al Ka-radiation
source (1486.6 eV) with a spot size of 850 um. Spectra acquisition

© 2021 The Authors. Published by Wiley-VCH GmbH
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and processing were carried out using the software Thermo
Advantage Version 4.87. The base pressure in the XPS analysis
chamber was in the range 107° to 10°° Torr. The analyzer was
operated with pass energy of 20 eV, dwell time of 50 min, and with
a step size of 0.1eV. Thermogravimetric Analysis (TGA) was
recorded on Shimadzu TGA-60H (Kyoto, Japan) analyzer and was
used to measure the thermal stability of composites from room
temperature to 800°C with a heating rate of 10°C min™' under an
inert atmosphere using pure nitrogen. FTIR spectra were recorded
on Agilent Cary 630 FTIR instrument. Electron impact high-
resolution mass spectra (EI-HRMS) were recorded on a Thermo
(DFS) with a standard PFK (perfluorokerosene) as lock mass. The
analyzed data is converted to accurate mass with the help of X-
Calibur accurate mass calculation software.

Synthesis

Synthesis of 2a

2a was synthesized following the reported procedure®” with:
fluorescein 1a (1g, 3.0 mmol, 1 equiv.), 1-bromo-2,4-dinitroben-
zene (0.7 g, 3.0 mmol, 1 equiv.), K,CO; (0.46 g, 3.3 mmol, 1.1 eq.),
and 30 mL anhydrous DMF mixed in a Schlenk tube under a
positive stream of argon and the mixture was stirred at room
temperature for 24 h. The reaction mixture was extracted with ethyl
acetate from a 0.1 m lithium chloride solution (2x 100 mL) and the
organic phase was washed with water (3x100 mL). The organic
layer was then concentrated and the pure compound was isolated
by silica gel column chromatography using ethyl acetate/hexane
(30:70 by volume) as eluent yielding a yellow solid (80 %); '"H NMR
(DMSO-ds, 600 MHz, ppm): 6 10.22 (s, 1H, OH), 8.91 (s, 1H, ArH),
8.49-8.47 (m, TH, ArH), 8.04-8.03 (d, J=7.2 Hz, 1H, ArH) 7.84-7.73
(m, 2H, ArH), 7.43 (d, J=9 Hz, 2H, ArH), 7.31 (d, J=2.4 Hz, 1H, ArH),
7.01-6.99 (m, 1H, ArH), 6.92 (d, J=9 Hz,1H, ArH), 6.71 (d, J=2.4 Hz,
1H, ArH), 6.61 (d, J=2.4 Hz, 1H, ArH) 6.54 (s, TH, ArH); *C NMR
(DMSO-dg, 150 MHz, ppm): & 170.33, 168.52, 159.73, 159.45, 155.80,
155.61, 153.71, 152.25, 151.90, 142.25, 139.97, 130.37, 129.73,
125.79, 124.84, 12193, 12096 116.50, 115.68, 113.20, 109.10,
107.98, 102.23, 81.87; EI-HRMS: m/z calculated for (M**) CysH;,N,0,
498.0694, found 498.0695; UV-Vis: (DMF, 107° m), A,,.,, [nm] =457.

Synthesis of 3a

2a (0.8 g, 1.6 mmol, 1 equiv.), (chloromethyl)triethoxysilane (0.34 g,
1.6 mmol, 1equiv.), K,CO; (0.24g, 1.8 mmol, 1.1 eq.), and 30 mL
anhydrous DMF were added in a Schlenk tube under a positive
stream of argon and the mixture was stirred at room temperature
for 24 h. The reaction mixture was then extracted with ethyl acetate
from a 0.1 m lithium chloride solution (2 x 100 mL), and the organic
phase was washed with water (3x100 m). The organic layer was
concentrated, and the pure compound was isolated by suspending
in DCM followed by filtration and washed with diethyl ether. Red
solid. Yield: (52%); 'H NMR (DMSO-d; 600 MHz, ppm): & 8.92 (s, TH,
ArH), 8.47 (br, 1H, ArH), 8.06-8.04 (m, 1H, ArH) 7.87-7.76 (m, 4H,
ArH), 7.42-7.34 (m, 1H, ArH), 7.01-6.96 (m, 2H, ArH), 6.96-6.75 (m,
3H, ArH), 4.34 (t, J=4.8 Hz, 6H, -CH,), 3.87 (s, 2H, -CH,), 1.05 (t, J=
6.6 Hz, 9H, -CH,); FTIR [cm']: 1390 (N-O), 1043 (C-0), 801 (Si—CH,),
670 (Si—O).

Synthesis of 5a (Procedure A)

A Schlenk tube was charged with iron (ll, lll) oxide nanopowder 4a
(69 mg, 0.3 mmol 1 equiv.) and 3a (100 mg, 0.15 mmol, 0.5 equiv.)
in 20 mL anhydrous toluene, and the reaction mixture was refluxed
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for 12 h under argon. The product was isolated by filtration and
washed several times with anhydrous toluene, DCM, THF, and
ethanol. Off-white solid (yield: 89%). UV-Vis: (Ethanol, 107® M), Ay
[nm]=271 and 512; FTIR [cm™']: 2094 (Fe;0, fingerprint), 1390
(N-0), 1043 (C-0), 801 (Si—CH,), 670 (Si—O).

Synthesis of 5b

5b was prepared following the procedure A with aluminum oxide
nano powder 4b (30 mg, 0.3 mmol, 1equiv.) and 3a (100 mg,
0.15 mmol, 0.5 equiv.) in 20 mL anhydrous toluene. Yellow solid
(yield: 83 %). UV-Vis: (Ethanol, 107° M), A, [Nnm]=271 and 512, FTIR
[cm™"]: 3410 (ALO; fingerprint),1394 (N-0), 1051 (C-0), 801
(Si—CH,), 670 (Si—0).

Synthesis of 5¢

5c was prepared following procedure A with copper (Il) oxide nano
powder 4c¢ (24 mg, 0.3 mmol, 1 equiv.) and 3a (100 mg, 0.15 mmol,
0.5 equiv. ) in 20 mL of anhydrous toluene. Grey solid (yield: 81 %).
UV-Vis: (Ethanol, 10°M), A,., [nm]=271 and 512, FTIR [cm™']:
2094 ' (CuO fingerprint), 1390 (N-0), 1043 (C-0), 801 (Si—CH,), 670
(Si—0).

Synthesis of 6a

6a was prepared following procedure A with titanium silicon oxide
nano powder 4f (40 mg, 0.3 mmol, 1equiv.) and 3a (100 mg,
0.15 mmol, 0.5 equiv.) in 20 mL of anhydrous toluene. Yellow solid
(yield: 88 %). UV-Vis: (Ethanol, 10°° M), A, [nm]=271 and 512, FTIR
[em™"]: 3496 (TiO,-SiO, fingerprint), 1394 (N-O), 1051 (C-0), 801
(Si—CH,), 659 ( Si—0).

Synthesis of 3b

2a (69, 12 mmol, 1 equiv.), (3-chloropropyl)trimethoxysilane (2 g,
12 mmol, 1 equiv.), K,CO; (1.8 g, 13.2 mmol, 1.1 equiv.), and 180 mL
of anhydrous DMF were mixed in a Schlenk tube under a positive
stream of argon and the mixture was stirred at room temperature
for 24 h. The reaction mixture was extracted with ethyl acetate
from a 0.1 m lithium chloride solution (2x 100 mL) and the organic
phase was washed with water (3x100 mL). The organic layer was
completely dried and the residue was suspended in water and
sonicated before filtration under reduced pressure. The precipitate
was washed exhaustively with petroleum ether yielding a red solid
(95%); 'H NMR (CD,Cl, 600 MHz, ppm): & 8.72 (s, TH, ArH), 8.46 (br,
1H, ArH), 8.28-8.24 (m, 1H, ArH) 7.75-7.68 (m, 4H, ArH), 7.32 (br, 1H,
ArH), 7.24 (m, 1H, ArH), 6.96 (br, 1H, ArH), 6.86-6.76 (m, 3H, ArH),
4.08 (s, 2H, -CH,), 3.55 (br, 9H, -CH,), 1.86 (br, 2H, -CH,), 0.78 (br, 2H,
-CH,) ; ®C NMR (CD,Cl,150 MHz, ppm): & 185.56, 165.95, 163.84,
159.27, 157.80, 156.13, 154.60, 134.97, 133.08, 131.42, 130.98,
130.74, 130.02, 129.88, 129.60, 129.37, 122.15, 117.90, 115.27,
114.30, 105.83, 105.65, 101.11, 70.00, 57.99, 47.72, 14.48, 10.29; FTIR
[cm™"]: 1394 (N-0), 1051 (C-0), 801 (Si—CH,), 670 (Si~O).

Synthesis of 7a (Procedure B)

A Schlenk tube was charged with iron (ll, Ill) oxide nano powder 4a
(700 mg, 3.0 mmol, 1 equiv.) and 3b (1 g, 1.5 mmol, 0.5 equiv.) in
200 mL of anhydrous toluene. The reaction mixture was refluxed
for 12 h under argon. The product was isolated by filtration using
Millipore”, and the precipitate was washed several times with
anhydrous toluene followed by ethanol. Grey solid (yield: 92 %). UV-
Vis: (Ethanol, 107° M), A, [nm]=219, 421 and 448; FTIR [cm™']:
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2105 (Fe;0, fingerprint), 1587 (C—C), 1375 (N-0), 1248 (C—N), 1099
(C-0), 846 (Si—CH,), 659 (Si—0).

Synthesis of 7b

7b was prepared following procedure B with aluminum oxide nano
powder 4b (300 mg, 3.0 mmol, 1equiv.) and 3b (1g, 1.5 mmol,
0.5 equiv.) in 200 mL of anhydrous toluene. Yellow solid (yield:
88%). UV-Vis: (Ethanol, 10°° M), A, [Nnm]=219, 421 and 448; FTIR
[cm~"]: 3373 (Al,O; fingerprint), 1587 (C—C), 1375 (N-0), 1244 (C—N),
1077 (C-0), 753 (Si—CH,), 663 (Si—0).

Synthesis of 7 ¢

7 c was prepared following procedure B with copper (ll) oxide nano
powder 4c (240 mg, 3.0 mmol, 1 equiv.) and 3b (1g, 1.5 mmol,
0.5 equiv.) in 200 mL of anhydrous toluene. Grey solid (yield: 82 %).
UV-Vis: (Ethanol, 107 M), Ap. [NM] =219, 421 and 448; FTIR [cm™']:
2098 (CuO fingerprint), 1587 (C-C), 1375 (N-0), 1248 (C—N), 1099
(C-0), 846 (Si—CH,), 659 (Si—O).

Synthesis of 7d

7d was prepared following procedure B with titanium (IV) oxide
nano powder 4d (240 mg, 3.0 mmol, 1equiv) and 3b (1g,
1.5 mmol, 0.5 equiv.) in 200 mL of anhydrous toluene. Yellow solid
(yield: 87 %). UV-Vis: (Ethanol, 107° M), Ay, [NM]1=219, 421 and 448;
FTIR [cm™"]: 3358 (TiO, fingerprint), 1587 (C—C), 1375 (N-0), 1244
(C—N), 1077 (C-0), 752 (Si—CH,) and 663 (Si—O).

Synthesis of 7 e

7e was prepared following procedure B with silicon oxide nano
powder 4e (182 mg, 3.0 mmol, 1 equiv.) and 3b (1g, 1.5 mmol,
0.5 equiv.) in 200 mL of anhydrous toluene. Yellow solid (yield:
84%). UV-Vis: (Ethanol, 107 M), . [NM]1=279, 421 and 448; FTIR
[em™']: 1587 (C—C), 1375 (N-0), 1244 (C-N), 1077 (C-0), 752
(Si—CH,), 663 (Si—0).
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