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a b s t r a c t

This work describes the covalent grafting of 4-amino-1,8-naphthalimides, which are fluorescent dyes
with very interesting optical properties, onto the walls of mesoporous molecular sieves. The mesoporous
materials MCM-41 and SBA-15 were first treated with 3-aminopropyltriethoxysilane, generating amine-
rich surfaces that were further reacted with 4-amino-1,8-naphthalic anhydride, resulting in yellow
fluorescent solids. The success of the modification reactions was confirmed by elemental analysis, X-ray
diffraction patterns, infrared spectroscopy, scanning electron microscopy and UV/visible and fluores-
cence spectroscopy. The emission spectra of the dye bound to MCM-41 was quite insensitive to solvent
polarity, in contrast to dye-grafted SBA-15, which showed a high solvent sensitivity. These results suggest
a tight fit of the dye molecules within the channels of MCM-41, leaving no room for the solvent mole-
cules. In the case of SBA-15, the large pore size allows the invasion of the channels by solvent molecules,
resulting in solvation of the encaged chromophore.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Mesoporous molecular sieves are nanostructured materials
obtained by surfactant-templated synthesis, resulting in highly
ordered hexagonal arrays of one-dimensional, three-dimensional
or wormlike channels, with large surface area and narrow pore size
distribution [1,2]. Among the most well-known mesoporous
molecular sieves are the MCM-41 [1] and SBA-15 [2] families, with
pore sizes in the range 2e10 nm and 5e30 nm, respectively.
Initially, researchers were interested in these materials as catalysts
for the petroleum industry [3,4], in substitution for the zeolites.
More recently, however, with the development of nanotechnology,
it was acknowledged that these nanostructured materials have
a great potential for novel applications in photonics and electronics,
since they can incorporate large organic dyes [5,6]. Examples of
organic dyes that have been incorporated into mesoporous silicates
are porphyrins [7], phthalocyanines [8,9], methylene blue [10] and
ferrocene [11]. The incorporation of fluorescent dyes is particularly
interesting for the construction of optical devices, such as nano-
lasers and fluorescent nanoparticles for medical diagnosis [12e15],
since the organized mesoporous framework usually prevents dye
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aggregation, increasing the fluorescence. Most studies on the
incorporation of fluorescent dyes into mesoporous molecular
sieves, however, have been restricted to rhodamine, fluorescein and
coumarin derivatives [5,6,12e15]. Our group [16,17] and others [18]
have recently reported on the incorporation of a different class of
dyes, the 3,4,9,10-perylenediimides (PDI), into the channels of
mesoporous materials MCM-41 and SBA-15. In a continuation to
our efforts towards preparing new materials based on fluorescent
aromatic imides, we report herein on the covalent grafting of
4-amino-1,8-naphthalimides (ANI) in the pores of MCM-41 and
SBA-15. A recently published article described the encapsulation of
a ANI derivative within the pores of MCM-41 [19], but in that case
the dye was incorporated by sorption, and not by covalent bonding.

The 4-amino-1,8-naphthalimides (ANI) constitute a class of
strongly fluorescent yellow dyes with very interesting photo-
physical properties [20e23]. Thank to these properties, the ANI
have been used in several applications, ranging from electrolumi-
nescent devices [24] to sensors for cations and anions [25e29],
molecular switchers [30,31], artificial photosynthetic systems
[32e34] and thermochromic [35] and pH sensing [36] devices. The
ANI are also useful as building blocks for the construction of
supramolecular systems, such as rotaxanes, catenanes [37] and
inclusion complexes with cyclodextrins [38,39].

In order to bind covalently the ANI chromophore to MCM-
41 and SBA-15, we first modified the pore walls with 3-
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aminopropyltriethoxysilane (APTES), introducing amino function-
alities [40,41] that were further reacted with the precursor mole-
cule 4-amino-1,8-naphthalic anhydride, resulting in ANI-bound
mesoporous materials (Scheme 1). The same method was used by
our group to obtain PDI grafted MCM-41 and SBA-15 from the
reaction of the surface bound amino groups with 3,4,9,10-naph-
thalenetetracarboxylic dianhydride [17]. Results obtained with
a non-porous silica gel modified with ANI by the same method are
also presented in this work, as a comparison. Recently, Leng et al.
reported the use of a similar method to obtain ANI-graftedMCM-41
for use as a chemosensor for Hg2þ cations [42].

2. Experimental section

2.1. Materials

3-Aminopropyltriethoxysilane (APTES) and 4-amino-1,8-naph-
thalic anhydride were purchased from Aldrich, and used as
received. The following HPLC grade solvents were obtained from
Baker: chloroform, acetonitrile, toluene, N,N-dimethylformamide
(DMF), ethanol (EtOH) and methanol. Deionized water (Barnstead
easypure RF system) was used in all experiments. The mesoporous
molecular sieves MCM-41 and SBA-15 were synthesized and
characterized as described in our previous reports [16,17]. Silica gel
Cab-O-Sil L-90 (supplier data: BET surface area 90 m2/g, average
particle diameter 20 nm) was a gift from Cabot Corporation, and
was used as received.
Scheme 1. (A) Modification of mesoporous molecular sieves MCM-41 or SBA-15 with APTE
APTES followed by ANI on the outer surface.
2.2. Instruments

Elemental analysis of the samples were performed at the
Chemistry Institute, São Paulo University. Infrared spectra were
recorded with the samples in KBr pellets, using a FTIR Perkin-Elmer
Spectrum One apparatus. Small angle X-ray scattering (SAXS)
experiments were performed in a Rigaku Radiation Shield equip-
ment using a rotating anode and CuK a radiation (l ¼ 1. 5418 Å),
with an image plate detector. The equipment was operated at
10 kW (50 kV and 200 mA), with a distance of 508 mm between the
samples and the detector. The samples were placed inside a 1 mm
diameter quartz tube and subjected to 2 h of beam exposure. The
distance (ao) between pore centers of the hexagonal structure was
calculated with the formula a0 ¼ 2dð100Þ

ffiffiffi

3
p . SEM images were recorded

with a Supra 40 scanning electron microscope (Zeiss). Samples
were gold coated prior to analysis. Absorption spectra were recor-
ded with a Cary 50 spectrophotometer (Varian). Absorption spectra
of the solid samples were taken using the solid sample support of
the Cary 50, by pressing the powders in KBr pellets. Fluorescence
spectra were registered with a Cary Eclipse fluorescence spectro-
photometer (Varian), with the fluorescent powders either placed in
a 5 mm NMR tube (for solid state measurements) or suspended in
the appropriate solvent in a quartz cuvette (typically 2e3 mg of
powder for 3 mL of solvent). After the measurements, the
suspensions of the solid materials were filtered through 0.2 mm
filters, and the absorption and emission spectra of the filtrates were
measured. No detectable ANI absorbance or fluorescence was
S followed by ANI on the inner surface. (B) Modification of non-porous silica gel with
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observed in the filtrates, confirming that the absorption and
emission of the suspensions were indeed due to the dye in the solid
state, bound to the silicate surface (Scheme 1).

2.3. Methods

Modification of the silica samples with amino groups was
carried out by reaction with APTES, according to the previously
reported method [17]. Typically, the siliceous material was acti-
vated in an oven (110 �C, 20 h) and then allowed to react with
APTES in anhydrous toluene for 24 h at 60 �C in a shaker, under an
argon atmosphere. The aminated silica was then thoroughly
washed, first with toluene, then methanol and finally with water.
After each washing step, the silica was separated from the mother
liquid by centrifugation (12,000 rpm, 20 min). At the end of the
washing steps, the modified samples were dried in an oven (24 h,
120 �C). The amino-modified materials tested positive for ninhy-
drin (a specific reagent for primary amino groups).

In order to obtain the ANI-grafted samples, the APTES-modified
MCM-41 or SBA-15 (50 mg) was suspended in a solution of
4-amino-1,8-naphthalic anhydride (107 mg, 0.5 mmol) in 50 mL of
N,N-dimethylformamide (DMF). The mixture was allowed to react
at 120 �C for 30 min, and then washed thoroughly with several
portions of hot DMF, followed by ethanol, until the washing solu-
tion became colorless, indicating that the excess of the anhydride
had been removed. After each washing step, the solid was sepa-
rated from the mother liquid by centrifugation (12,000 rpm,
20 min). At the end of the washing steps, the remaining yellow
powder was dried in an oven (24 h, 120 �C), yielding 46 mg (MCM-
41) or 47 mg (SBA-15) of the modified material. For the non-porous
silica gel, the same method was employed, using the following
amounts: 10.7 mg of 4-amino-1,8-naphthalic anhydride
(0.05mmol) in 50mL DMF and 110mg of amino-modified silica gel,
giving 109 mg of the yellow powder.

3. Results and discussion

Covalent attachment of the ANI chromophore to the walls of
mesoporous molecular sieves, according to Scheme 1, was moni-
tored by several techniques. The elemental analysis of the samples
(Table 1) showed a gradual increase in the carbon content after
each modification step. After reaction of MCM-41 and SBA-15 with
APTES, the percent of C and N rised from trace amounts to ca 7% and
2%, respectively, indicating the success of the silanization step. After
reaction with 4-amino-1,8-naphthalic anhydride, the C content
increased further to ca 11%, and the materials, that were initially
white, became yellowish and fluorescent under UV irradiation
(see Supplementary Material), showing that the chromophore was
attached to the silicate surface. The percent of nitrogen actually
decreased after reaction with the anhydride, but this result is
Table 1
Elemental analysis of modified silicate samples.

Material %C %N C/N ratio

MCM-41 0.20 0.03 e

MCMNH2 7.72 2.54 3.04a

MCMANI 11.18 2.25 4.97b

SBA-15 0.35 0.28 e

SBANH2 6.28 2.29 2.74a

SBAANI 11.26 2.23 5.05b

Cab-O-Sil 0.23 0.06 e

CABNH2 1.32 0.51 2.59a

CABANI 1.81 0.39 4.64b

a Calculated for eCH2CH2CH2NH2 ¼ 2.58.
b Calculated for eCH2CH2CH2ANI ¼ 6.75.
consistent with the fact that theeCH2eCH2eCH2eNH2moiety (C/N
ratio of 2.58) has a higher percent of N than the fragment
eCH2eCH2eCH2eANI (C/N ratio of 6.75).

The non-porous silica, on the other hand, showed a percent of
carbon of less than 2% after reaction with APTES, followed by
4-amino-1,8-naphthalic anhydride. These observations suggest
that the ANI chromophore was bound to the internal surface of the
pores in MCM-41 and SBA-15 (otherwise the amount of organic
material would be expectedly similar to the non-porous sample).
Similar results were found in our previous work with MCM-41 and
SBA-15 modified with the perylenic imide PDI [17].

X-ray diffraction patterns of the samples of MCM-41 and SBA-15
before and after modificationwith the ANI chromophore are shown
in Fig. 1 (a table with the X-ray data is given as Supplementary
Material). The peaks corresponding to the reflections (100), (110)
and (200), which are characteristic of the hexagonal arrangement
found in these mesoporous materials, are clearly seen, even after
modification with ANI. These results show that the materials did
not lose their mesoporous structures when submitted to the harsh
reaction conditions used for grafting the chromophore (Scheme 1),
which include treatment with boiling toluene and DMF. The X-ray
data also show that the pore size was not changed upon dye
Fig. 1. X-ray diffraction patterns of the modified materials. (A) MCM-41 (solid line) and
MCMANI (dotted line). (B) SBA-15 (solid line) and SBAANI (dotted line).
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incorporation, since the position of the peaks is the same before
and after modification. Note that the peaks in the SBA samples lie at
smaller angles than the corresponding peaks in the MCM samples,
which is due to the larger pore size of the former, since SBA-type
materials are prepared using as templates larger micelles then
MCM materials.

The modified materials were also studied by infrared spectros-
copy (Fig. 2). The two main absorption bands of ANI derivatives are
usually found at ca 1700 and 1670 cm�1, corresponding to the
asymmetric and symmetric carbonyl stretches, respectively [27,28].
Unfortunately, these imide carbonyl bands in the newmaterials are
masked by the SiO2 absorption band at 1637 cm�1. However, it is
still possible to identify some features that are characteristic of the
organic modifier (Fig. 2), such as the CeH stretching bands
(2900e2950 cm�1), which are due to the propyl linker, and the
band due to the aromatic C]C stretch (Fig. 2), which appears at
1552 cm�1 (MCMANI) and 1562 cm�1 (SBAANI). Another band at
1379 cm�1, which is also characteristic of ANI derivatives, can be
seen in the spectrum of SBAANI.

The modified mesoporous samples were also studied by scan-
ning electron microscopy (SEM). The general morphology of the
particles was not altered by the modification reactions employed
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Fig. 2. Infrared spectra of modified and non-modified mesoporous materials: (a) non-
modified MCM-41 (top) and MCMANI (bottom). (b) Non-modified SBA-15 (top) and
SBAANI (bottom).
(Fig. 3). In the case of SBA-15, the material consisted of 20e30 mm
long bundles of parallel or intertwinned fibrils with diameter
ranging from 0.5e1 mm (Fig. 3A). The general aspect of the material
remained the same after the modification reactions (Fig. 3B and C).
The presence of the mesoporous channels in SBAANI could be
clearly visualized in high magnification SEM images (Fig. 3C),
confirming that the mesoporous structure of the materials was
retained during the treatment used for the modification with the
dye (Scheme 1). In the case of MCM-41, the particles had a less
defined shape than in the case of SBA-15, and the mesoporous
channels could not be seen clearly in the images
(see Supplementary Material).

The ANI-modifiedmaterials were also studied by absorption and
emission spectroscopy, as shown in Figs. 4e7. Fig. 4A shows the
absorption spectra of the solid samples pressed in KBr pellets. The
spectra were normalized for the sake of comparison. A quantitative
analysis using Lambert-Beer’s law was not possible, since the dye
concentration in the KBr pellets was too high and the spectra had to
be baseline corrected due to scattering by the silica. The samples
CABANI and MCMANI showed the same absorption maxima at
438 nm, whereas SBAANI absorption peaked at 423 nm. These
maxima can be compared with those for N-carboethoxy-4-amino-
1,8-naphthalimide (ANIGLI), a representative ANI derivative, in
solution. The absorption maxima for this compound was red-
shifted from 408 nm in chloroform to 430 nm in ethanol,
suggesting that the ANI molecules feel a high polarity environment
in the solid samples. These results, however, can be attributed to
the presence of KBr, since the samples had to be dispersed in an
optically transparent matrix for the absorption measurements. The
fluorescence data, on the other hand, were collected with the solid
materials without any treatment, and therefore give more reliable
structural information.

The normalized emission spectra of the solid samples are shown
in Fig. 4B (emission maxima are summarized in Table 2). The ANI
chromophore bound to the external surface of CABANI showed
emission maximum at 518 nm, in contrast to the dye bound to the
inner pore walls, as in MCMANI and SBAANI, where the emission
maxima were red-shifted to 533 nm. These results suggest that the
ANI chromophore confined within the mesopores feels a polar
microenvironment due to the presence of surface hydroxyl groups.

Furthermore, dye fluorescence in the MCMANI and SBAANI
samples was highly quenched as compared to that in CABANI.
Quantum yield measurements are very difficult to perform in the
solid state, since the emission intensity depends, among other
factors, on the geometry of the solids. However, the emission of the
dye in CABANI was several orders of magnitude more intense than
that observed in the case of the mesoporous samples (note that the
spectra in Fig. 4B were normalized for comparison). The emission of
MCMANI and SBAANI was veryweak, and could be detected only by
using the highest detector sensitivity, whereas in the case of CAB-
ANI the lowest sensitivity had to be used to avoid optical saturation
of the photomultiplier tube. The observed fluorescence quenching
suggests that the ANI molecules were stacked within the meso-
pores of MCM-41 and SBA-15, in contrast to the externally bound
ANI molecules in the non-porous silica. Chen et al. have also
observed fluorescence quenching for a ANI derivative incorporated
by sorption into the pores of MCM-41 [19]. The behavior of the ANI-
modified materials was in striking contrast to the case of the PDI
dyes, whose fluorescence was turned on inside the mesoporous
channels [17]. A possible explanation for the different behavior
could arise from the fact that PDI is a bisimide, and therefore it was
attached by both ends to the pore walls, thus decreasing the
freedom of motion and the vibrational decay of the excited states.

The fluorescence of the ANI-modified materials was further
recorded with the solids dispersed in different solvents, in order to



Fig. 3. Scanning electron microscopy images of SBA-15 before and after modification with APTES and ANI. Images at the left side were taken with a magnification of 1,000 X. Images
at the right side were taken with a magnification of 40,000 X. (A) Non-modified SBA-15. (B) SBA-15 modified with APTES (SBANH2). (C) SBA-15 modified with APTES, followed by
ANI (SBAANI).
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study the solvation of the dye molecules in the materials. The
results are compared in Table 2 with the data obtained for ANIGLI in
solution. It can be noticed that the emission maxima of ANIGLI in
solution were quite sensitive to solvent polarity, with an observed
red shift of nearly 40 nmwhen going from an apolar (lmax

em ¼ 501 nm
in chloroform) to a polar solvent (lmax

em ¼ 540 nm in water). The
pronounced solvent sensitivity observed in the optical spectra of
ANI derivatives is well-known [32,33], and has been attributed to
the charge-transfer character of the S0 / S1 and S1 / S0 transi-
tions. The excited state of the ANI chromophore is fully charge-
separated, displaying a dipole moment in the order of 12 D [33],
which is a very high value for organic compounds.
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Fig. 4. (A) Solid-state absorption spectra of the ANI-modified materials dispersed in
KBr pellets. (B) Normalized solid-state emission spectra of the ANI-modified materials
(excitation: 430 nm).
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polarities. Excitation: 430 nm.
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Fig. 5 shows that the solvent effects on the CABANI sample are
similar to those observed with ANIGLI in solution, indicating that
the externally bound chromomophore (Scheme 1) was exposed to
the environment, and therefore well solvated. Emission maxima of
CABANI range from 510 to 537 nm as going from chloform to
water (Table 2). However, when the same experiment was per-
formed with MCMANI (Fig. 6), a very low solvent sensitivity was
observed, with the emission maxima shifting from 527 nm in
chloform to 534 nm in water. The striking different behavior of
MCMANI suggests that the dye molecules fit tightly within the
channels of MCM-41, leaving no room for the solvent molecules to
enter. Therefore, the dye molecules are poorly solvated in
MCMANI (they rather feel the hydroxyl rich microenvironment
provided by the inner pore walls). In the case of SBAANI, solvent
sensitivity was restored (Fig. 7), with an observed red-shift of
518 nm in chloform to 535 nm in water. This can be explained by
the much larger pore size of SBA-15, leaving enough space for the
solvent molecules to invade the channels and partly solvate the
ANI molecules.
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Table 2
Emissionmaxima (nm) for the ANI-modifiedmesoporousmaterials in the solid state
or suspended in different solvents. Data for ANIGLI (a representative ANI derivative)
in solution are included for comparison.

solvent CABANI MCMANI SBAANI ANIGLIa

CHCl3 510 527 518 501
CH3CN 522 530 524 508
EtOH 525 531 530 517
H2O 537 534 535 540
solid state 518 533 533 e

a N-carboethoxy-4-amino-1,8-naphthalimide (ANIGLI).
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4. Conclusions

The present work has shown the general applicability of the
method developed by our group towards the covalent grafting of
aromatic imides, such as the ANI and PDI, to the inner surface of
mesoporous molecular sieves, by reacting the precursors aromatic
anhydrides with amino-modified surfaces. X-ray analysis and SEM
images showed that the mesoporous structures were preserved
during the modification reactions, in spite of the harsh conditions
employed, which include reflux in DMF, a high boiling solvent. The
different solvent sensitivity observed for dye emission in the
different materials has potential applications as size exclusion
sensors for solvents.
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