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Different Morphological Organic—Inorganic Hybrid Nanomaterials as
Fluorescent Chemosensors and Adsorbents for Cu'' Ions
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Functionalized silica nanotubes (FSNT), functionalized
mesoporous silica (FMS), and functionalized silica nanopar-
ticles (FSNP-15) with an immobilized phenanthroline moiety
as a fluorescent receptor were fabricated by a sol-gel reac-
tion, and their binding abilities with metal ions were evalu-
ated by fluorophotometry in water/acetonitrile (8:2, v/v) at
pH 7. They selectively recognized Cu?* ions among other
metal cations such as Co?*, Cd?*, Hg?*, Ni?*, Fe3*, Ag*, Pb2*,
and Zn?*, because the Cu?* ion selectively binds to the nitro-
gen atoms of the phenanthroline moiety. Among the three
silica nanomaterials with the immobilized receptor 1, the

sensitivity of FSNT for Cu?* ions is better than those of FMS
and FSNP-15, indicating that the adsorption capacity for
metal ions is dependent on the shape and surface area of the
supporting nanomaterials. FSNT (10 mg) adsorb 75 % of the
Cu?* ions (2.0 X 10~* mm) while FSNP-15 (10 mg) adsorb only
36 %. The detection limit of FSNT for Cu?* ions was ca.
3.0 X 108 M. FSNT and FMS can be easily renewed by treat-
ment with a solution of HCI and tetrabutylammonium hy-
droxide.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Fluorescent molecules for transition and heavy metal cat-
ion sensors such as Hg?>*, Cu®*, Pb?>*, and Zn>* ions have
become increasingly important as tools for the quantitative
and the qualitative monitoring of the target metal ions in
many biological and environmental processes.! ! On the
basis of the concepts of host—guest chemistry, cation sens-
ing has recently risen to prominence in research devoted to
the detection of designated species. An effective fluorescent
chemosensor must convert the event of cation recognition
by the ionophore into an easily monitored and highly sensi-
tive light signal from the fluorophore.”! As such a fluo-
rogenic unit, phenanthroline dye has been used for conjuga-
tion with biomolecules for fluorescent probes!’ 8l owing to
its excellent fluorescence properties. Although the phenan-
throline unit itself is generally fluorescent, the addition of
guest ions to a solution of phenanthroline quenches the
fluorescence emission of the phenanthroline by a reverse
photoinduced electron transfer (PET) effect.

Recently, inorganic nanomaterials have found broad ap-
plications in biological and environmental fields such as
biolabeling, imaging, drug delivery, separation processes,
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and optical sensing.’~!?1 The size and shape of nanomateri-
als play important roles in determining their properties, as
well as affecting their usefulness in various applications.
However, inorganic nanomaterials have not been widely
used directly for specific applications as they have no func-
tional groups suitable for biological and environmental con-
jugations. Thus, introduction of functional groups onto the
surface of inorganic nanomaterials is an important strategy
for generating useful structures for environmental applica-
tions, such as optical sensing and removal of pollutants and
toxic metal ions in wastewater. Previously, we and other
groups reported optical sensing and separation of toxic
metal ions by using organic-inorganic hybrid nanomateri-
als.l'>13] These chromogenic receptors immobilized on silica
nanomaterials have selectively recognized and separated
metal ions. Importantly, they can be renewed by suitable
treatment for repeated detection and separation of metal
ions.

Despite these advantages, there are few examples in the
literature of optical sensing for metal ions using nanomater-
ials.['”l Furthermore, there have been no reports on the in-
fluence of the shapes or the surface areas of the nanomater-
ials used as supporting materials in detection and separa-
tion of metal ions. Therefore, using three different morpho-
logies of silica nanomaterials as supporting structures, we
have developed fluorescent immobilized phenanthroline sil-
ica nanostructures. Herein, we report their adsorption ca-
pacities along with their fluorescence responses upon the
addition of various metal cations. Furthermore, we com-
pare the effects of morphological differences in the silica
nanomaterials on their capacity to adsorb metal ions.
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Results and Discussion

Fabrication of Functionalized Silica Nanomaterials

The phenanthroline derivative 1 was synthesized by
condensation of aminopropylphenanthroline 3 with 3-(tri-
ethoxysilyl)propylisocyanate in pyridine as a solvent
(Scheme 1). Silica nanotubes (SNT) and mesoporous silica
were prepared by adaptation of synthetic methods pub-
lished earlier.['?
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Scheme 1. Fabrication of organic-inorganic hybrid materials.

For comparison of their functional advantages to those
of SNT and mesoporous silica, silica nanoparticles (SNP-
15) with a diameter of 15 nm were purchased from Aldrich.

Phenanthroline derivative 1 was covalently attached onto
the SNT, mesoporous silica, and SNP-15 by a sol-gel reac-
tion in toluene (Scheme 1). The functionalized silica nano-
materials were well characterized by transmission electron
microscopy (TEM), thermogravimetric analysis (TGA), FT-
IR spectroscopy, and fluorophotometry.

The TEM pictures clearly show that SNT, mesoporous
silica, and SNP-15 still retain their well-ordered nanostruc-
tures after attachment of phenanthroline derivative 1 (Fig-
ure 1). The modified silica products showed a well-defined
nanotubular structure with a diameter of ca. 260 nm and
a length of several micrometers (Figure 1a), a mesoporous
structure with ca. 5.2 nm pore diameter (Figure 1b), and a
spherical structure 15 nm in diameter (Figure Ic), respec-
tively. Particularly the TEM images of FSNT and FMS dis-
played a hollow structure with uniform dimensions of size
and diameter, indicating that fluorescent receptor 1 had co-
valently attached itself onto the surface of SNT and meso-
porous silica by a sol-gel reaction.

Figure 1. TEM images of (a) FSNT, (b) FMS, and (¢) FSNP-15.

To gain insight into the changes in porosity induced by
the introduction of phenanthroline derivative 1, we mea-
sured the surface areas and the pore volumes before and
after immobilization of 1 onto the surface of SNT, meso-
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porous silica, and SNP-15 with nitrogen adsorption—de-
sorption isotherms.

BET (Brunauer-Emmett-Teller) surface areas were
800.2 m?/g for SNT, 750.5 m?/g for mesoporous silica, and
72.9 m?/g for SNP-15 (Figure S1) before immobilization,
whereas BET surface areas were 550.6 m?/g for FSNT,
403.7 m?/g for FMS, and 59.9 m?/g for FSNP-15 after im-
mobilization of receptor 1 (Figure 2), indicating that the
surface areas of all modified supporting nanomaterials had
decreased. In addition, from the results of TGA experi-
ments (Figure S2), we noticed that 1 represents only 32 wt.-
% and 23 wt.-% of FSNT and FMS, respectively, whereas
FSNP-15 contain 16 wt.-% of 1, obviously because silica
nanoparticles have a much smaller surface area than either
SNT or mesoporous silica.
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Figure 2. Nitrogen adsorption—desorption isotherms of (a) FSNT,
(b) FMS, and (c) FSNP-15.

To obtain further structural proof for FSNT, we carried
out IR spectroscopy for both SNT and FSNT. SNT have
absorbances at 3430 and 1620 cm™', whereas FSNT exhibit
the same absorbance bands as well as additional signals at
2976, 2933, 2884, 1643, 1570, 1471, 1446, and 1428 cm™!
(Figure S3). The new peaks originated from phenan-
throline, giving solid evidence that 1 is attached onto the
surface of the SNT. Also, we obtained similar IR spectra for
FMS and FSNP-15 (see Exp. Sect.). Moreover, the strong
fluorescence emission of FSNT, FMS, and FSNP-15 fol-
lowing excitation at 275 nm definitely arises from the intro-
duction of 1 onto SNT, mesoporous silica, and SNP-15
(vide infra).

Binding Abilities of Functionalized Silica Nanomaterials
with Metal Ions

We probed the binding abilities of FSNT and FMS for
metal ions on the basis of changes in fluorescence upon the
addition of Ag*, Ni**, Fe3*, Hg?*, Co?*, Cd?*, Pb?*, Zn?",
and Cu?* (all as nitrates) in water/acetonitrile (8:2, v/v) at
pH 7 (Table 1 and Figure 3). In the absence of metal ions,
excitation of solutions of equal concentrations of FSNT
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Figure 3. The emission spectra of (a) FSNT (0.30 mm), (b) FMS (0.30 mm), and (c) FSNP-15 (0.30 mm) upon the addition of metal

nitrates (1.5 mm).

and FMS at 275 nm resulted in strong fluorescence emis-
sion bands (A,.x = 451 or 441 nm) arising from the cova-
lently bound phenanthroline moiety (Figure 3). The fluor-
escence intensity of FSNT was slightly higher than that of
FMS, because of the higher content of receptor 1 immobi-
lized on FSNT.

Table 1. Fluorescence changes (I — Iy) for 1, FSNT, FMS, and
FSNP-15 upon addition of metal ions (1.5 mm).

Fluorescence changes (1 — ) [au]

Jem [nm]  Agt Cd?>* Co®* Pb’* Hg?* Ni¥* Zn>* Fe** Cu?t
1 411 42 0 -6 -9 21 30 -21 -14 -306
FSNT 451 42 0 0 -5 -12 21 21 -5 -340
FMS 441 -15 2 -1 0 -8 -6 -5 —1 =270
FSNP-15 434 -7 -1 0 —1 —1 -3 -4 -1 —~115

Interestingly, addition of Cu®* to a suspension of FSNT
or FMS in water/acetonitrile (8:2, v/v) markedly diminished
the fluorescence intensity in FSNT or FMS (Figure 3a and
Figure 3b), suggesting that Cu?* formed a complex with the
nitrogen atoms of the phenanthroline unit, and strongly
quenched the emission intensity. In all cases, changes in
fluorescence emission were found to be complete within
10s. The fluorescence quenching can be explained as re-
verse photoinduced electron transfer when Cu?*, bound to
the nitrogen atoms of the phenanthroline unit, behaves as
a PET donor.['?®!4] The fluorescence emission of the sus-
pension of FSNT in water/acetonitrile (8:2, v/v) gradually
decreases with increasing Cu?* concentration (Figure S4),
indicating that Cu®* is quantitatively bound to the phenan-
throline moiety attached to FSNT. In contrast, the fluores-
cence of FSNT and FMS did not change upon addition of
Co?*, Hg?*, Ni?*, Cd?*, Pb?*, Fe’*, Ag*, and Zn?*. These
results support the view that those metal ions did not bind
to the phenanthroline moiety of FSNT and FMS.
Gunnlaugsson et al. recently reported the highly selective
colorimetric naked-eye detection of copper ions by using an
azobenzene chemosensor, {carboxymethyl[2-methoxy-4-(4-
nitro-phenylazo)-phenyllamino}acetic acid dipotassium
salt.[ In their study, the azobenzene chemosensor showed
a high selectivity and sensitivity for Cu?* with an iminodi-
acetate receptor, which was introduced to provide an extra
chelating site especially for Cu®*. In addition, they also
indicate that both Zn?>* and Cd** modulate the adsorption
spectra. However, these changes occur at much higher con-
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centrations than that of Cu?*. Therefore, it is probably pos-
sible that a significant fluorescence change for FSNT and
FMS could occur upon addition of Ag*, Ni**, and Zn**
ions at much higher concentrations than that for Cu?*
(Table 1).

Similarly, the selectivity of the fluorescence response of
FSNP-15 for metal ions was almost the same as that of
FSNT or FMS (Figure 3). The fluorescence response was
quenched by a factor of ca. 3 upon addition of Cu?*
(1.5 mm) for 1, FSNT, FMS, and FSNP-15, over almost the
same dynamic range. However, the intensity of Cu?>*-bound
FSNP-15 was ca. 3.1-fold lower relative to that of Cu?*-
bound FSNT, because of the lower content of receptor 1
immobilized on FSNP-15. Also, SNP-15 are more agglom-
erated in comparison to SNT even though SNP-15 have
nanosize diameter. Agglomeration of the nanoparticles
would induce a lower content of receptor 1 on the surface
of FSNP-15 because of the reduced specific surface area of
FSNP-15. Thus, these findings indicate that SNT are much
more useful as a supporting solid nanomaterial in compari-
son to a spherical nanomaterial.

We examined the recovery of the phenanthroline-modi-
fied silica nanomaterials after exposure to copper ions.['”]
The FSNT-Cu?* were treated with a 0.1 N solution of HCI
and then neutralized with 0.1 N tetrabutylammonium hy-
droxide (TBA*OH") (Figure 4). Interestingly, we found that
the fluorescence of FSNT increases upon addition of the
base. As shown in Figure 4B, the decrease in fluorescence
upon exposure to copper ions was fully reversible, as the
addition of strong base to the acidic solution reversed this
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Figure 4. (A) Picture of FSNT (a) without and (b) with Cu?* ions
under irradiation from a UV-lamp. (B) Fluorescent spectra of
FSNT (0.30 mm) (a) without and (b) with Cu®* ions, and (c) after
treatment with HCI/TBA*OH™ in (b) solution.
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effect. In addition, the fluorescence change was reproduc-
ible over several cycles of detection—separation. These re-
sults clearly indicate that the phenanthroline-modified silica
nanomaterials are stable in operating conditions. With the
observed fluorescence on—off-on behavior upon metal and
then acid/base treatment, we are sure that FSNT can be
recycled for environmental usage.

In control studies, changes in fluorescence upon the ad-
dition of metal ions for 1 and for SNT alone, without the
covalently attached phenanthroline units, were measured.
As shown in Figures S5 and S6, the fluorescence of 1 dra-
matically decreased with the addition of only Cu?*, but did
not change with the addition of any other metal ions. Also,
no changes in fluorescence were observed upon the addition
of any metal ions to unmodified SNT. Thus, it can be con-
cluded that Cu?* is selectively bound to nitrogen atoms of
the phenanthroline unit on the surface of FSNT.

In efforts to understand the coordination behavior be-
tween receptor 1 attached to FSNT and Cu?*, our repeated
attempts to obtain the crystal structures of the related com-
plexes were not successful. As an alternative, we measured
FT-IR spectra of both Cu®"-free FSNT and Cu?*-bound
FSNT to confirm the binding site of Cu?*. The characteris-
tic peak due to -N—C groups in 1 at 1385 cm™! shifted to
1377 ecm™! when complexed with Cu®* (Figure S7). The re-
sulting shift to shorter wavenumbers is attributed to the co-
ordination of the Cu?* ion to the nitrogen atoms in the
phenanthroline moiety. Furthermore, the molecular weight
of the 1-Cu?* complex was measured by FAB mass spec-
troscopy (Figure S8). As shown in Figure S8, evidence for
the 3:1 complex was indicated by the FAB mass spectrum
of the [1]5-Cu?* complex (m/e = 694). However, it is not
clear that these results gave direct evidence for the 3:1 com-
plex, because other binding sites, such as the amide moiety
and the silica surface, seem to operate in this case. The
binding ability of the amide moiety in this fashion was also
observed in the azobenzene-coupled chromogenic receptors
for the selective detection of Cu?*.[04 Evidence for coordi-
nation between Cu?* and the phenanthroline receptor 1 at-

(@)

tached to SNT was further confirmed by the EDX tech-
nique (Figure S9). The material contained silicon, carbon,
nitrogen, and copper components, supporting the idea that
Cu?* ions are homogenously adsorbed by electrostatic in-
teraction with 1, which is covalently attached in FSNT.

We obtained the standard calibration data (FSNT fluor-
escence intensity vs. [Cu?*]) for the concentration of the
Cu?* ion (Figure S10). The data did not exactly obey a
linear relationship, probably because Cu?* can principally
form three different complexes, 1:Cu®* = 3:1, 2:1, and 1:1.
The changes in the fluorescence of FSNT with changes in
[Cu®>*] were observed between [Cu®*] values of ca.
3.0X10® M and ca. 1.0 X 10° M with a detection limit of
ca. 3.0X 108 m.

Adsorption Capacities of Functionalized Silica
Nanomaterials for Metal Ions

The adsorption capacities of FSNT, FMS, and FSNP-15
for heavy metals were also estimated by ion chromatog-
raphy (Figure 5 and Figure 6a). We observed that FSNT
(10 mg) and FMS (10 mg) adsorb 75% and 52% of the

Time [min] —

Figure 5. Ton chromatograms of Cu?* (a) before and after extrac-
tion with (b) FSNT, (c) FMS, and (d) FSNP-15 in water/acetoni-
trile (8:2, v/v) at pH 7.
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Figure 6. (a) Adsorption capacities of FSNT, FMS, and FSNP-15 for metal ions (all at a concentration of 2.0 X 10 mm) in a single-ion
system in water/acetonitrile (8:2, v/v) at pH 7. (b) Adsorption capacities of FSNT, FMS, and FSNP-15 for metal ions (all at a concentra-
tion of 2.0 X 10~ mM) in a binary-ion system in water/acetonitrile (8:2, v/v) at pH 7.
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Cu?* ions (2.0X10*mm) in a single-ion system, respec-
tively, indicating that FSNT are better adsorbents than
FMS for the separation of the Cu?* ion. The higher adsorp-
tion capacity of FSNT for Cu?* is due to the higher amount
of receptor 1 on the FSNT surface. In addition, FSNT were
well dispersed in the solvent. In contrast, in single-ion sys-
tems, less than 5% of other metal ions Zn?>*, Cd>*, Co>",
and Pb?* (all with a concentration of 2.0 X 10~* mm) were
extracted into the solid phase. Furthermore, FSNP-15
(10 mg) showed much lower (36%) extractability for Cu?*
(2.0 X 10* mm) than did FSNT and FMS. Thus, FSNT are
potentially useful as metal adsorbents for Cu?* in solid—
liquid extraction.

In addition, the adsorption capacities of FSNT, FMS,
and FSNP-15 were measured through solid extraction by
using solutions of binary metal systems: Cu?>*/Co?*, Cu?*/
Cd?*, Cu?*/Zn**, and Cu?*/Pb?* (all at a concentration of
2.0xX 104 mm). 72-65%, and 45-40% of Cu?** was ad-
sorbed by FSNT (10 mg) and FMS (10 mg), respectively
(Figure 6b). In contrast, in the binary systems, less than
1.3-6.0% of the competing metal ions, such as Co?*, Cd**,
Zn?*, and Pb?*, were extracted into the solid phase. The
results suggest that FSNT are useful as adsorbents for the
separation of Cu?* in the presence of a range of heavy metal
ions.

Conclusions

We have designed and fabricated FSNT and FMS, which
incorporated a fluorescent phenanthroline receptor. FSNT
and FMS recognized and separated Cu”* with a high degree
of selectivity from other metal ions. These organic-inor-
ganic hybrid nanomaterials can be used for the separation
and sensing of Cu?" in environmental pollutants. Particu-
larly, the adsorption capacity of FSNT for Cu?* (75%) is
better than those of FMS (52%) and FSNP-15 (36%), be-
cause of a larger surface area and good dispersion in sol-
vents. Not unexpectedly, these findings indicate that the
shape and surface area of supporting materials influence
the adsorption capacity of metal ions. The effective use of
FSNT and FMS sensors as remote sensing operators on a
real-time basis would significantly open up general yet sim-
ple approaches for the identification of various biological
and chemical toxic ions without using sophisticated instru-
ments. Furthermore, these findings may lead to the devel-
opment of a new type of tailor-made selective ion-sensing
system built by finely controlling the properties of both the
molecular receptor and the solid support.

Experimental Section

General: All reagents were purchased from Aldrich or Tokyo Kasei
Chemicals and used without further purification.

Characterization: 'H and '*C NMR spectra were measured with a
Bruker 300 apparatus. IR spectra were obtained for KBr pellets, in
the range 400-4000 cm™!, with a Shimadzu FT-IR 8400S instru-
ment, and the MS spectrum was obtained with a JEOL JMS-700
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mass spectrometer. Transmission electron microscopy (TEM)
images were taken with a JEOL JEM-2100 F instrument operated
at 50 keV. Images were recorded on an imaging plate (Fuji Photo
Film Co. Ltd. FDL5000 system) with 20 eV energy windows at
3000-250000X magnification and were digitally enlarged. EDX
analysis was performed with a JEOL ultra-thin-window (UTW)
type EDX detector capable of detecting boron and an OXFORD
EDS system for signal processing in a 180-s lifetime. Nitrogen ad-
sorption isotherms were measured at 78 K with a Micromeritics
ASAP 2020 analyzer. Thermal gravimetric analysis (TGA) was per-
formed with a TA SDT Q600 instrument by using a heating rate
of 10 °C/min with a Pt pan in air. The scanning range was from 25
to 900 °C.

Silica Nanotubes (SNT), Mesoporous Silica, and Silica Nanopar-
ticles (SNP-15): The silica nanotubes and mesoporous silica were
prepared by adaptation of synthetic methods published ear-
lier.['216:17] The silica nanoparticles with 15 nm diameter were pur-
chased from Aldrich.

Preparation of FSNT, FMS, and FSNP-15: Phenanthroline deriva-
tive 1 (50 mg, 0.05 mmol) was dissolved in anhydrous toluene
(5mL) to which silica nanomaterial (100 mg) was added, and it
was stirred under reflux in N, for 24 h. The collected solid was
washed several times with dichloromethane and acetone to rinse
away any excess 1. FSNT, FMS, or FSNP-15 were obtained as
solids (100 mg). IR (KBr): ¥ = FSNT: 2976, 2933, 2884, 1643, 1570,
1471, 1446, 1428; FMS: 2970, 2933, 2883, 1640, 1570, 1475, 1446,
1429; FSNP-15: 2975, 2931, 2884, 1642, 1571, 1471, 1445,
1427 cm 1.

Fluorescence Investigation: Fluorescence emission spectra were re-
corded with a Shimadzu RF-5301-PC instrument. Stock solutions
(0.01 m) of the hydrated metal nitrate salts were prepared in H,O/
CH;CN (8:2, v/v) at pH 7. Stock solutions of FSNT, FMS, or
FSNP-15 were prepared in H,O/CH3;CN (8:2, v/v). For all mea-
surements, excitation was at 275 nm, with excitation and emission
slit widths of 1.5 nm. The pH value was adjusted by using 3-mor-
pholinopropane sulfonic acid, MOPS (0.2-m, pH 7).

Adsorption Capacities of FSNT, FMS, and FSNP-15 for Metal Ions:
A H,O/CH;CN (8:2, vlv, pH 7) solution of metal ions
(2.0 X 10# mmol) with FSNT (10 mg), FMS (10 mg), or FSNP-15
(10 mg) was stirred for 10 min at room temperature. After fil-
tration, the concentration of metal ions remaining in the organic
phase was analyzed by ion chromatography (DX-500, DIONEX).

Preparation of Compound 1: A solution of 3 (175 mg, 0.9 mmol) in
pyridine (5 mL) at 80 °C was treated with 3-(triethoxylyl)propyliso-
cyanate (115 mg, 1.17 mmol). The reaction mixture was stirred
overnight at 80 °C, and then cooled to room temperature. After
removal of solvent, the crude product was purified by flash column
chromatography on aluminum oxide, by elution with ethyl acetate
to provide the title compound (215 mg, 81%). 'H NMR (300 MHz,
CDCl;, 25°C): 0 = 8.72(d, 1 H), 8.57 (d, 1 H), 7.74 (d, 1 H), 7.39
(d, 1 H), 7.22 (d, 1 H), 6.75 (d, 1 H), 3.77 (m, 6 H), 3.13 (d, 1 H),
1.45 (m, 2 H), 1.18 (m, 9 H), 0.84 (m, 2 H) ppm. 3C NMR
(75 MHz, CDCl,, 25°C): 6 = 146, 145, 141, 136, 132, 130, 128,
122, 120, 118, 115 ppm. MS (FAB) (%): m/z = 443 [M + H]".
CyH30N40,4Si (442.58): caled. C 59.70, H 6.83, N 12.66; found C
60.21, H 6.51, N 12.11.

Compound 3: Compound 2 (200 mg, 0.89 mmol) was diluted in
methanol (5 mL). After 5 min of N, purging, Pd on activated car-
bon (10 wt.-%, 40 mg) was added to compound 2 in solution. Un-
der H, (3 atm), the reaction was allowed to proceed for 1 h. After
filtration by Celite 545 and concentration, compound 3 was ob-
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tained as a yellow solid (173 mg, quantitative yield). 'H NMR
(300 MHz, CDCls, 25°C): 6 = 8.75 (d, 1 H), 8.55(d, 1 H), 7.73 (d,
1 H), 7.46 (d, 1 H), 7.26 (d, 1 H), 6.80 (d, 1 H), 5.20 (s, 2 H) ppm.
13C NMR (75 MHz, CDCls, 25 °C): § = 146, 145, 141, 136, 132,
130, 128, 122, 120, 118, 115 ppm. MS (FAB) (%): m/z = 196 [M +
H]*. C,HoNj3 (195.22): caled. C 73.83, H 4.65, N 21.52; found C
73.61, H 4.51, N 21.22.

Supporting Information (see footnote on the first page of this arti-
cle): N, adsorption—desorption isotherms of SNT, mesoporous sil-
ica, and SNP-15, TGA curves of FSNT, FMS, and FSNP-15, FT-
IR spectra of SNT and FSNT, fluorescence spectra, in the presence
of various amounts of metal ions, of FSNT, 1, and SNT, FT-IR
spectra of free and Cu?*-bound FSNT, FAB-MS of 1 + Cu**, EDX
mapping of FSNT + Cu?*, and calibration curve for [Cu?*].
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