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Monodisperse mesoporous silica nanosphere (MSN) modified with anthracene derivative, 2-(3-(trie-
thoxysilyl) propylamino)-N-(9-anthryl methyl) acetamide (SGAAn) has been fabricated as a fluorescent
sensor (SGAAn-MSN) for the detection of metal ions, which shows an exclusive selectivity to Cu®.
Compared with SGAAn, SGAAn-MSN presents a higher sensitivity to Cu>*. The loading amount of SGAAn
in MSN has a great influence on the detection sensitivity of SGAAn-MSN, which varies with the local

concentration and accessibility of SGAAn in the pore channel of MSN. Interference studies indicate that
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the addition of other metal ions such as Ag™, Cd?* and Pb?* has a negligible effect on the selectivity of
SGAAN-MSN to Cu?*. The possible mechanism for the sensing behavior of SGAAn-MSN to Cu?* is
proposed based on the relation between fluorescence quench degree and Cu®* concentration.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The pollution caused by heavy metal ions is extremely harmful
to the environment and human health [1]. Heavy metal ions such as
Pb%*, Hg?* and Ag* should not even exist in human beings at all,
which may cause great poisonous effect even with trace amount
[2,3]. Others like Zn?*, Fe3* and Cu®* are involved in the bioactivity
of human beings, but may also cause toxicity when exceeding the
limit [4—6].

Heavy metal ions entering into the river and soil caused by the
exploitation and smelting may gradually accumulate in human
beings after they are involved in bioactivities, so, it is very impor-
tant to detect the trace of heavy metal ions. Currently, the
commonly used techniques for metal ions detection include atomic
absorption spectrophotometry, X-ray fluorescence spectropho-
tometry, inductively coupled plasma atomic emission spectrometry
and electrochemical method [7,8]. Compared with the above
methods, fluorescence analysis is more popular due to its real-time
operation, efficiency and convenience. Moreover, the precise
information including ions valence or molecule structure can also
be read out through the variation of fluorescence spectra.

A metal ion fluorescent sensor generally composes of a recog-
nition site designed to bind the target ion and a readout system,
which is often a fluorophore. It is known many metal ions tend to
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be bound by chelate groups composed of N, O and S [9]. Fluorescent
sensors generally show good selectivities to metal ions, which are
determined by binding affinity and size matching between chelate
groups and metal ions [10]. However, the detection sensitivity of
traditional fluorescent sensor for metal ions is often not high
enough to satisfy the increasing application requirement. Currently,
detection of tiny metal ions often needs an enriching procedure,
which is troublesome and inefficient. With the development of
nanoscience, the application of nanomaterials for metal ions
detection becomes more and more interesting and has caused
tremendous attention since this kind of composite shows a high
sensitivity to biomolecules, poisonous gas and heavy metal ions
[11—-20]. However, fluorescent sensor for the detection of tiny metal
ions is still in great need due to the less effective performance of
most sensors in the new emerging application fields such as ions
sensing and imaging in biosystem.

Mesoporous silica material reported in 1992 is a good solid base
for the fabrication of organic—inorganic hybrid materials by
introducing dye molecules into the pore framework or the pore
channel due to its abundant surface hydroxyl groups and open pore
system [21]. The hybrid composite may present novel and inter-
esting properties compared with the corresponding dye molecules.
Moreover, due to its nontoxicity and biocompatibility, composite
based on mesoporous silica has good potential applications in
biosystem. However, the failure to obtain discrete or non-
aggregated silica nanoparticles has obstructed its application in the
biosystem since monodisperse mesoporous silica nanomaterial is
a more suitable alternative used as in vivo fluorescence imaging


mailto:jlzhang@ecust.edu.cn
mailto:wlz@ecust.edu.cn
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2012.01.004
http://dx.doi.org/10.1016/j.dyepig.2012.01.004
http://dx.doi.org/10.1016/j.dyepig.2012.01.004

240 D. Lu et al. / Dyes and Pigments 94 (2012) 239—246

medium, efficient ions remover and drug releasing medium
[22—24], which may present more powerful characteristics and
potential application than other nano solid platform when it is used
as a fluorescent sensor.

Cu®* is an essential element for human beings and a disorder of
Cu®* metabolism is closely associated with many severe neuro-
logical diseases such as Menkes and Wilson disease, Alzheimer’s
disease, familial amyotrophic lateral sclerosis and prion disease
[25]. The maximum permissible limit of copper ion discharged in
water for most of countries around the world is 3.0 ppm. However,
the pollution situation caused by copper ion is still very severe and
it has been intensively studied as the detection target for many
fluorescent sensors [26—28]. This paper presents a novel Cu®*
fluorescent sensor based on mesoporous silica nanosphere by using
anthracene as the readout unit. We chose anthracene and intro-
duced it into the pore channel of mesoporous silica nanosphere
since this kind of polycyclic aromatic hydrocarbon has high fluo-
rescence quantum quantity and stable fluorescence signal, which is
an ideal report unit for fluorescent sensor. It is known Cu®* tends to
interact with peptide and heterocyclic ring by coordinating with N,
O or S atom [29], so we modified anthracene with groups composed
of amine and amide before it is anchored on the pore surface. The
selectivity and sensitivity of this composite to Cu?* was carefully
studied by fluorescence spectra. The sensing mechanism of this
nanocomposite was proposed based on the relation between the
fluorescence intensity and Cu®* concentration.

2. Experimentals
2.1. Materials

Chemicals for reactions were purchased from Sigma—Aldrich
and are of A.R. grade. Solvents used in silica gel chromatography
including ethyl acetate (EA) and petroleum ether (PE) were
purchased from Sinopharm Chemical Reagent Co. Ltd. NMR solvent
was purchased from J&K Chemical Ltd. All starting materials and
solvents were used as received without further purification.

2.2. Preparation

The synthesis of target compound 5, 2-(3-(triethoxysilyl) pro-
pylamino)-N-(9-anthrylmethyl) acetamide (SGAAn) was achieved
by the route outlined in Scheme 1.

2.2.1. Synthesis of 9-azidomethylanthracene (2)
Compound 1 (1.54 g, 740 mmol) was dissolved in CH)Cl,
(30 mL), and then SOCI;, (810 pL, 11.10 mmol) was added at O °C.
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After 1 h, the solvent was removed under vacuum. The resultant
residue was dissolved in DMF (10 mL), and sodium azide (777 mg,
11.95 mmol) was added. The reaction mixture was heated for 1 h at
50 °C, cooled to room temperature and diluted with 50 mL water.
After extraction with EA, the organic layer was washed with brine,
dried over MgSO4 and concentrated under vacuum. Purification of
the residue by silica gel chromatography (EA/PE = 1/19) gives 2 as
a yellow solid (1.669 g, 97% yield). '"H NMR (400 MHz CDCl3) 6 5.33
(s, 2H), 7.50 (t, 2H, ] = 8 Hz), 7.59 (t, 2H, ] = 8 Hz), 8.06 (d, 2H,
J=8.4Hz),8.28(d, 2H, ] = 8.8 Hz), 8.50 (s, 1H); 13C NMR (100 MHz
CDCI3) ¢ 46.39, 123.54, 125.23, 126.87, 129.02, 129.33, 130.74,
131.41; El found 233.1 [M]*" calculated for C;sHq1N3: 233.1.

2.2.2. Synthesis of 9-aminomethylanthracene (3)

The suspension of compound 2 (0.4 g, 1.93 mmol) and 10% Pd/C
(204 mg) in EA (20 mL) sealed in a bottle was charged with N; for 3
times and H; for 4 times, and then put under H, for 4 h. The
completion of the reaction was determined by thin layer chroma-
tography (TLC). The reaction was filtered and washed with EA. The
filtrate was concentrated to give product 3 as a pale yellow solid
(391 mg, 98% yield). 'TH NMR (400 MHz CDCl3) 6 1.69 (s, 2H), 4.82 (s,
2H), 747 (t, 2H, ] = 7.4 Hz), 7.55 (t, 2H, ] = 8 Hz), 8.02 (d, 2H,
J =8.4Hz),8.33(d, 2H, ] = 8.8 Hz); 8.40 (s, 1H); 1*C NMR (100 MHz
CDCl3) ¢ 38.24, 123.72, 125.01, 126.19, 126.97, 129.33, 131.72; EI
found 207.1 [M]" calculated for C15H;3N:207.1.

2.2.3. Synthesis of N-(9-anthylmethyl)-2-chloro acetamide (4)

Compound 3 (414 mg, 2 mmol) and triethylamide (0.3 mL) were
dissolved in dichloromethane (20 mL) at O °C. Then chloroacetyl
chloride (0.17 mL) was added. The mixture was warmed to room
temperature and allowed to react overnight. The solvent was
evaporated under vacuum. The crude product was further purified
by silica gel chromatography (PE/EA = 3). A yellow solid was ob-
tained (416 mg, Yield: 74%). "H NMR (400 MHz CDCl3) 6 4.10 (s, 2H),
5.49 (d, 2H, ] = 5.2 Hz), 6.72 (s, 1H), 7.52 (t, 2H, ] = 7.2 Hz), 7.60 (t,
2H,J = 8.0 Hz), 8.06 (d, 2H, ] = 8.4 Hz), 8.27 (d, 2H, J = 9.2 Hz), 8.51
(s, TH); 13C NMR (100 MHz CDCl3) 6 36.45, 42.50, 123.50, 125.30,
127.00, 128.62, 129.36, 130.43, 131.49; ESI found 284.1 [M+H]"
calculated for C17H14CINO: 283.08.

2.2.4. Synthesis of 2-(3-(triethoxysilyl) propylamino)-N-(9-
anthrylmethyl) acetamide(5, SGAAn)

A mixture of 4 (309 mg, 1.40 mmol) and K,CO3 (261 mg,
1.91 mmol) in CH3CN (10 mL) was added to a solution of 4 (360 mg,
1.27 mmol) in CH3CN (20 mL) and the mixture was refluxed over-
night under N; protected. The solvent was evaporated under
vacuum and the crude product was purified by silica gel
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Scheme 1. Synthetic route for SGAAn.
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chromatography (EA) to give 5 as yellow oil. 'H NMR (400 MHz
CDCls) 6 0.37 (t, 2H, ] = 8 Hz), 113 (t, 9H, ] = 7.2 Hz), 1.30—1.40 (m,
2H), 1.61 (s, 1H), 2.43 (t, 2H, | = 7.2 Hz), 3.27 (s, 2H), 3.67 (q, 6H,
J=6.8Hz),5.42(d, 2H, ] = 5.2 Hz), 7.47 (t, 3H, ] = 7.6 Hz), 7.55 (t, 2H,
J=8Hz),7.80(d, 2H,] = 8.4 Hz), 8.30 (d, 2H, ] = 8.4 Hz), 8.44 (s, 1H);
13C NMR (100 MHz CDCl3) ¢ 7.61, 18.23, 23.13, 35.47, 152.28, 52.58,
58.29, 123.91, 125.16, 126.60, 128.00, 129.18, 130.37, 131.51, 171.61;
ESI found 469.1 [M+H]" calculated for CogH36N204Si: 468.24.

2.2.5. Synthesis of SGAAn modified mesoporous silica nanosphere
(MSN)

Mesoporous silica nanosphere (MSN) was prepared according to
a method reported in our previous publication [30]. The prepara-
tion of dye modified MSN was as follows: 100 mg dried MSN was
first suspended in 30 mL of anhydrous acetonitrile in a round
bottomed flask connected to a Dean-stark apparatus under
nitrogen, and then 14 mg SGAAn was added. The mixture was
stirred for 24 h at 100 °C. The SGAAn modified MSN was collected
by filtration and repeatedly washed with anhydrous acetonitrile,
dichloromethane and ethanol under ultrasonic condition. Unreac-
ted organic material was completely removed by monitoring the
absorbance of the washing liquid. The ultimate powder was dried
under vacuum and named as SGAAn-MSN. The actual loading
amount of SGAAn per gram of SGAAn-MSN was calculated to be
1.26 x 10~* mol according to the UV—vis absorption spectra of the
filtration eluent. The following study concerned with SGAAn-MSN
without specific explanation refers to sample loaded with
126 x 10~* mol SGAAn per gram of SGAAn-MSN. Moreover,
another two samples loaded with 0.96 x 10~% and 2.31 x 10~% mol
SGAAn per gram of SGAAn-MSN were also prepared to study the
influence of SGAAn amount to the detection sensitivity.

2.2.6. Relations between pH value and fluorescence of SGAAn-MSN
The pH value of SGAAn-MSN solution was adjusted using 2 M
NaOH aqueous solution. The specific operation was as follows: (1)
Preparation of a EtOH—Water solution of SGAAn-MSN with pH = 3
(30% EtOH, 100 mL, 10> M for SGAAn); (2) 100 pL Cu®*
(2 x 1072 M) was added to the SGAAn-MSN solution and the
fluorescent intensity was recorded; (3) The pH value of the above
complex solution was adjusted from 3 to 12 using 2 M NaOH
solution and the fluorescent intensity change was recorded.

2.2.7. Reversibility of SGAAn-MSN as Cu?* fluorescent sensor

The chelate agent used in this experiment was a solution of
EDTA—2Na (0.1 M). The whole process for the investigation of
reversibility was as follows: (1) Preparation of a EtOH—Water

solution of SGAAn-MSN (30% EtOH, 100 mL, 10~ M SGAAn); (2)
excessive amount of Cu?* (2 x 10~4 mol) was added to the solution
to adequately coordinate with SGAAn; (3) 5 x 10~% mol EDTA-2Na
was added to the above complex solution to replace SGAAn. The
fluorescence intensities of the above solutions for each step were
recorded. SGAAn-MSN was recovered by centrifuging and washed
with a tris—HCl (0.01 M) solution (water, pH = 7.10) and distilled
water. The above process was totally repeated for 4 circles.

2.3. Characterization

X-ray powder diffraction (XRD) patterns of all samples were
recorded on Rigaku D/MAX-2550 diffractometer using Cu Ko radi-
ation on wavelength of 0.154 nm, operated at 40 kV and 100 mA.
UV—visible absorbance spectra were obtained with a scan
UV—visible spectrophotometer (Varian, Cary 500). The fluores-
cence spectra of all samples were recorded with Cary Eclipse
fluorescence spectrophotometer. Scanning electron microscopy
(SEM) images were obtained with a JEOL JSM-6360LV microscope
at an accelerating voltage of 15 kV. Transmission electron micros-
copy (TEM) images were collected on a JEOL JEM 2010F, electron
microscope operated at an acceleration voltage of 200 kV. 1H and
13C NMR spectra were obtained on a Bruker AVANCE DMX500
spectrometer in CDCl3 with tetramethylsilane (TMS) as internal
standard. ICP-AES data were recorded on Varian-710-ES instru-
ment. Electron impact mass spectra were recorded on an Agilent
5973N MSD instrument, and ESI mass spectra were recorded on
Agilent 11100-Finnigan instrument.

3. Results and discussion
3.1. Mesoporous structure

Fig. 1 shows the SEM and TEM images of mesoporous silica
nanoparticles. It is obvious that these particles are spherical and
highly dispersive. The approximately average particle size is about
125 nm as seen from TEM by measuring over 100 particles. The
pore channel is aligned from the center to the fringe, which is an
ideal structure for the access and dispersion of guest molecules. As
seen from Fig. 2(a), sample without dye modification shows a clear
peak at 26 = 1.53, which further verifies the mesoporous charac-
teristic of MSN. However, it is obvious that the introduction of dye
molecules into the pore channel makes some deterioration of pore
ordering since the peak intensity is largely decreased, which is
further approved by N, adsorption—desorption experiment.
Fig. 2(b) shows the N, adsorption—desorption isotherms and

Fig. 1. SEM (a) and HRTEM (b) images of MSN.
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Fig. 2. XRD patterns (a) and N, absorption/desorption isotherms (distribution of pore
size, insert) of MSN before (black) and after (gray) loaded with dye molecules.

distribution of pore size (inset b) of samples before and after dye
loading, which both exhibit a type IV isotherm typical for meso-
porous material. It can be seen that the introduction of dye mole-
cules into MSN decreases the N; adsorption ability of MSN. The BET
surface area decreases from 631 to 497 m? g~!, the pore volume
calculated by BJH method decreased from 0.526 to 0.472 ccg~ ! and
the pore size calculated by BJH method show small decrease from
2.50 to 2.49 nm.

3.2. Optical properties

Fig. 3(a) shows the absorption spectrum of SGAAn and solid
diffuse reflection spectrum of SGAAn-MSN. It is obvious that both
SGAAn and SGAAn-MSN show a maximum absorption peak at
about 254 nm. Therefore, the incorporation of SGAAn in the pore
channel does not change its absorption property, which indicates
the preserving of molecule structure of anthracene after reaction
with surface silanol groups. The average dye molecule numbers
doped into each MSN particle is calculated as follows: First, the
standard curve of absorbance versus concentration for SGAAn was
plotted; then the loading amount of SGAAn molecules per gram of
MSN was calculated from the maximum absorption intensity of
filtrated SGAAn solution; Subsequently, the numbers of per gram of
MSN was determined by drying and weighing a certain volume of
nanoparticle solution. Ultimately, the dye molecule numbers per
nanoparticle is calculated to be about 2000. The local concentration
of dye molecules in one silica nanosphere is calculated to be about
3 x 103 M. The fluorescence spectra of SGAAn and SGAAn-MSN
solution are shown in Fig. 3(b). The total dye concentration for
SGAAn and SGAAn-MSN in the solution using 30% EtOH and 70%
water as solvents is fixed as 10> M. EtOH in SGAAn solution is used
to relieve the hydrolysis of alkoxyl silane groups of SGAAn during
fluorescence analysis, and to keep the same with SGAAn, EtOH was
also added into the SGAAn-MSN solution although the alkoxyl
silane groups has already reacted with the silanol groups on the
pore surface. As seen from Fig. 3(b), SGAAn-MSN shows similar
fluorescence spectrum with SGAAn but has lower peak intensity.
Nevertheless, it seems that SGAAn-MSN still preserves observable
fluorescence intensity although SGAAn molecules anchored in MSN
has a high local concentration (3 x 10~ M) in the pore channel.
Generally, dye molecules in the homogeneous solution system will
encounter severe self-quench in the high concentration state.
Moreover, it is known the packing of dye molecules in the solid base
will also cause the fluorescence quench. The relieved fluorescence
quench of SGAAn-MSN can be explained as follows: MSN has
abundant pore channel and surface silanol groups. SGAAn mole-
cules can be highly dispersed into the pore channel of MSN and
covalently fixed in the different location of pore surface by reaction
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Fig. 3. (a) Absorption and solid diffuse reflection spectra of SGAAn and SGAAn-MSN
(inset) and (b) Fluorescence spectra of SGAAn (Dash) and SGAAn-MSN (solid). The
solution composes of EtOH and water with a ratio of 3:7.

with silanol groups, which means the mobility and rotation of
SGAAn is restricted in a fixed area. Therefore, the molecule collision
can be effectively avoided even dye molecules are densely located
in MSN, and the generally observed severe fluorescence quench in
dye solution with high concentration can be much reduced.

3.3. Influence of pH value to the fluorescence of SGAAn-MSN
solution

Fig. 4 shows the relation between pH value and the fluorescence
intensity of SGAAN-MSN (10> M) in the presence of Cu®*
(2 x 107> M). It can be found from Fig. 4 that the fluorescence
intensity of SGAAn-MSN has different responsive behaviors in
different pH ranges, which first slowly increases with the
increasing pH value from 3 to 6, especially in the range of 5—6, then
almost remains unchanged in the range of 6—9, and finally abruptly
increases with the increasing pH value from 9 to 12. The small
increase of the fluorescence intensity with the increasing pH value
from 3 to 6 should be attributed to the deprotonation of imine by
reducing the electron transfer fluorophore to protonated N. The
significant increase of the fluorescence intensity with the
increasing pH value from 9 to 11 should be attributed to the dis-
placing of Cu®* from the complex, leading to the recovery of the
fluorescence of SGAAn. From Fig. 4 we can conclude that the
coordination between SGAAn-MSN and Cu?* is stable in the pH
range of 7—9. Therefore, 0.05 M of HEPES buffer solution (pH = 7)
was selected for the subsequent studies.
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Fig. 4. Relation between pH value and fluorescence intensity of SGAAn-MSN (10~> M)
in the presence of Cu?* (2 x 107> M).

3.4. Selectivity

Fig. 5 shows the fluorescence spectra of SGAAn and SGAAn-MSN
with dye concentration of 107> M in the presence of various metal
ions. It can be found that the fluorescence intensities of SGAAn and
SGAAN-MSN considerably decrease in the presence of Cu** with
10~* M. However, the addition of other metal ions such as Zn*,
Fe**, Pb?* and Ag™ with the same concentration does not trigger
obvious fluorescence change of the sensor, which well illustrates
the selectivity of the above sensors to Cu®>*. Generally, the fluo-
rescence quench efficiency is determined by the coordinating and

Intensity

Agh b

Fig. 5. Fluorescence spectra of SGAAn (a) and SGAAn-MSN (b) in the presence of
various metal ions (1074 M) excited with 254 nm. 0.05 M HEPES buffer solution was
used to keep pH at 7.0. The solution composes of EtOH and water with a ratio of 3:7.

size matching state between metal ions and the recognition site of
sensor molecule as well as the quenching ability of ions. It is well
known that ions such as Zn®*, Cu®>*, Pb** and Ag* have high
thermodynamic affinity for chelate ligand composed of N, O and S
and fast metal-to-ligand binding kinetics. However, as seen from
Fig. 5, only Cu®* cause obvious fluorescence quench of anthracene.
It is because Cu?* with d° electronic configuration has good ability
to accept electron. The radiationless deactivation of the excited
state of the fluorophore by Cu®* can take place by means of either
an energy transfer mechanism occurring by electron exchange with
an unpaired d orbital of Cu?>* or an anthracene-to-Cu®* electron
transfer process [9]. Therefore, the effective fluorescence quench
can occur when Cu®?* coordinates with the recognition site of
sensor molecule. Different from Cu?*, ions such as Zn** and Cd?*
with d'° electronic configuration and no unpaired electron has poor
ability to accept electron from anthracene, leading to the negligible
influence to the fluorescence. lons such as Ag" also have no influ-
ence on the fluorescence of anthracene, which may be due to the
inefficient coordination between Ag™ with large size and chelate
group. Except for Cu?*, Pb>* shows more obvious influence to the
fluorescence of anthracene than other metal ions, which should be
attributed to the heavy atom effect. The interference of different
metal ions to Cu®* was also studied as seen from Fig. 6. It is obvious
that the addition of other metal ions in the presence of Cu?>* has
a negligible influence on the fluorescence intensity of SGAAn and
SGAAn-MSN, which indicates the sensor presented here has high
anti-interference ability.

3.5. Sensitivity

The contact-time between Cu®* and SGAAn-MSN is very short,
which is only about 4—5 s. Here, the detection sensitivities of
SGAAn and SGAAn-MSN were mainly evaluated by using 10%
decrease of the initial fluorescence intensity of SGAAn and SGAAn-
MSN in the presence of Cu?*. As shown in Fig. 7, the obvious 10%

Intensity

Z.n++C15+ b

Fig. 6. Fluorescence intensity of SGAAn (a) and SGAAn-MSN (b) (107> M) in the
presence of various metal ions (104 M) and Cu?* (10~ M).
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Fig. 7. Fluorescence spectra of SGAAn (a) and SGAAn-MSN (b) with different amount of
Cu®* (a: from the top of 4 x 107 to the bottom of 103 M; b: from the top of 5 x 10~8
to the bottom of 104 M).

decrease of the fluorescence intensity is observed when the
concentration of Cu** reaches to 10~® M for SGAAn and 5 x 108 M
for SGAAn-MSN, which indicates the sensitivity of SGAAn-MSN is
significantly improved compared with SGAAn. The detection limit
of SGAAn-MSN was calculated according to equation (1), where
Xmin 1S the minimal analytical signal that can be detected, Xg is the
average fluorescence intensity of blank SGAAn-MSN solution under
the same condition, K is the confidence level and Sy is the standard
deviation of blank. Here, xq and Sp are calculated to be 497 and 4.5,
respectively. Xmip, is calculated to be 483.5 by setting the K value as
generally used 3, which corresponds to 2 x 10~8 M Cu®*. Therefore,
the detection limit of SGAAn-MSN for Cu®* is 2 x 1078 M.

Xmin = Xo +KSp (1)

The sensitivity of SGAAn-MSN loaded with different amount of
SGAAnN to Cu®* was also compared. As seen from Fig. 8(a), the actual
loading amounts of SGAAn per gram of MSN for samples a, b and ¢
is 0.96, 1.26 and 2.31 x 10~% mol/g, respectively. It is obvious that
sample b shows the best sensitivity. It indicates that too much or
too less loading amount leads to the decrease of sensitivity, which
can be explained as follows: Dye molecules introduced into the
pore channel may lead to some deterioration of mesoporous
structure and the obstruction of pore channel, which is approved by
N, absorption—desorption isotherms. Fig. 8(b) shows the N
absorption—desorption isotherms of MSN with various loading
amounts of SGAAN. It can be seen that the N, adsorption ability of
SGAAn-MSN decreases with the increasing loading amounts of dye
molecules because the relative pressure becomes lower. The BET
surface area decreases from 497, 432 to 368 m? g~ ! and the aver-
agepore size calculated by BJH method decreases from 2.49, 2.11 to
1.76 nm for sample a, b and c. Cu** can not well interact with dye
molecules if the pore channel is severely obstructed when too
much dye molecules are introduced. However, too less dye
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Fig. 8. Sensitivities and N, adsorption/desorption isotherms of SGAAn-MSN loaded
with different amount of anthracene.

molecule is also disadvantageous to the sensitivity since the local
concentration of dye molecules around Cu* in the pore channel is
low. Furthermore, to study the removing ability of SGAAn-MSN for
Cu?t, we evaluated the removing efficiency of sample b for Cu®* by
ICP-AES. A Cu®" solution of 3 x 107% M (50 mL, 0.19 ppm) was
treated with 40 mg of sample b (1 x 10~% M SGAAn) for 1 h and then
the nanoparticle was filtrated. The residual Cu?* in the filtrate is
0.02 ppm determined by ICP-AES, which means that about 90% of
Cu?* in aqueous solution is adsorbed by SGAAn-MSN. Therefore,
SGAANn-MSN is a promising functional material for the use in the
removal of Cu®* from polluted water.

3.6. Detection reversibility of SGAAn-MSN

To evaluate the sensing reversibility of SGAAn-MSN to Cu?*, the
fluorescence changing of SGAAn-MSN coordinating with Cu?* was
repeatedly studied for 4 cycles by using EDTA-2Na (10~ M) as the
chelate agent and the results are shown in Fig. 9. As seen from Fig. 9,
the fluorescence of SGAAn-MSN can almost be totally recovered
after the addition of EDTA-2Na, which shows good response to the
further addition of Cu®>* for each cycle. The above result means
SGAAn-MSN possesses an excellent reusability and stability for the
sensing of Cu®™.

3.7. Mechanism

To investigate the coordination information between Cu®* and
SGAAN, the titration curve of SGAAn (107> M, Fig. 10) in the pres-
ence of various amount of Cu?>t was plotted. According to the
inflection point, SGAAn molecules and Cu?* form a 1:1 complex.
The fluorescence quenched by further addition of Cu®>* above
10~> M becomes moderate, which should be caused by molecule
collision between fluorophore and Cu®*. Differently, quench caused
by the complex formation is named as static quench, which is
more effective and can be described as Stern—Volmer equation,
Io/l = 1 + Ksv [Q], where [Q] is the Cu®>* concentration, Ksy is the
Stern—Volmer quenching constant, and I and Ip are fluorescence
intensities of SGAAnN in the presence and absence of Cu?*, respec-
tively. As shown in the insert of Fig. 10, a good linearity is observed
when the concentration of Cu®>* is below 10~> M and K value is
found to be 1.6 x 10° M~

Since Cu®* and SGAAn form a 1:1 complex and Cu?* desires
a square planar geometry when it is coordinated, we infer that the

Intensi
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Fig. 9. Reversibility of the sensing response of SGAAn-MSN (10~® mol SGAAn) to Cu?*
(2 x 104 mol). I; ~ I5 corresponds to the fluorescence intensity of SGAAn-MSN after
the displacing of SGAAn from the Cu?* complex by EDTA—2Na (5 x 10~* mol). I/ ~ 1/
corresponds to the fluorescence intensity of SGAAn-MSN coordinated with Cu?*.
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Fig. 10. Titration curve and Stern—Volmer plot (inset) of SGAAn (10> M) treated with
Cu?*,

two nitrogen atoms on SGAAnN, together with silanol oxygen on the
pore surface of MSN provide ligands to coordinate with Cu®*
(Fig. 11), leading to the fluorescence quench of SGAAn-MSN. The
Stern—Volmer plot for SGAAn-MSN in the presence of various
amount of Cu?* is shown in Fig. 12. As seen from Fig. 12(a), the
addition of tiny amount of Cu?* into SGAAn-MSN (1.26 x 10~ mol/
g) solution containing 10> M SGAAn leads to much more obvious
fluorescence quench than SGAAn solution with the same concen-
tration. Ip/I linearly increases with the increasing Cu®>* concentra-
tion in the range of 0—10~7 M and the corresponding Ksy value is
1.24 x 10? M~ (Fig. 12a (inset)). The improved quench constant can
be attributed to the following reasons: (1) The opening pore
channel and negatively charged pore surface of MSN make Cu®*
more accessible to the dye molecules; (2) The dye molecules
anchored in the pore channel are fixed and well dispersed. The local
concentration of dye molecules in one mesoporous silica nano-
particle is much higher than the total dye concentration in solution.
This arrangement avoids the molecule collision between dye
molecules and improves the contact possibility between dye and
metal ions. When Cu?* enters into the pore channel, it is sur-
rounded by anthracene in a restricted space of nanoporous channel,
leading to more effective energy or electron transfer. Therefore, the
fluorescence is more efficiently quenched even the total concen-
tration of anthracene in solution is low. For the homogeneous
SGAAnN solution, unless the quencher concentration is very high,
significant quenching requires fast diffusion to bring molecules into
contact. The increasing of dye concentration may also lead to the
situation that dozens of times of SGAAn molecules center around
Cu?* in a nanometer-sized circle region when tiny amount of Cu®*
is added into the solution. However, an over high concentration of
dye molecules often results in a severe self-quench of fluorescence

Fig. 11. Binding between Cu?* and ligands and the turn-off fluorescence response of
SGAAN-MSN.
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Fig. 12. (a) Stern—Volmer plot for SGAAn-MSN; (b) modified Stern—Volmer plots for
two populations of fluorophores in SGAAn-MSN.

since dye molecules are free in solution and these molecules will
inevitably encounter frequent intermolecular collisions.

Moreover, the Stern—Volmer plot of the above SGAAn-MSN
solution shows an unusually severe deviation from linearity
toward the x-axis when only half of fluorescence intensity is
quenched. Generally, a linear Stern—Volmer plot is indicative of
a single class of fluorophore, all equally accessible to quencher. If
two fluorophore populations are present and one class is not
accessible to quencher, the Stern—Volmer plots will deviate from
linearity toward the x-axis. This result is frequently found for the
quenching of tryptophan fluorescence in proteins by polar or
charged quenchers [9]. These molecules do not readily penetrate
the hydrophobic interior of proteins, and only those tryptophan
residues on the surface of the protein are quenched. For the dye
modified mesoporous structure, the dye anchored in the pore
channel may lead to the pore narrowing and even obstruction.
Therefore, dye molecules located in the interior center of meso-
porous sphere become inaccessible, which means two groups of
dye molecules divided into the accessible and the inaccessible lead
to the deviation of Stern—Volmer plot to x-axis.

b _ 1 1
Ip—1 Ka[Q]  fa

The accessible dye molecules in the pore channel can be calcu-
lated according to equation (2) [31], where Kj is the Stern—Volmer
quenching constant of the accessible fraction, f; is the fraction of
the initial fluorescence that is accessible to quencher and [Q] is the
concentration of quencher. A plot of Ip/(Iy — I) versus 1/[Q] yields 1/f,
as the intercept. As seen from Fig. 12(b), the f; value of the above
sample is about 0.6 calculated from the intercept, which means more
than half of dye molecules are accessible to Cu®*-

(2)
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4. Conclusions

Monodisperse mesoporous silica nanoparticles modified with
anthracene derivative present a good selectivity and a high sensi-
tivity to Cu®*. The presence of other metal ions such as Zn?*, Cd*",
Fe3*, Pb?* and Ag* has little influence on the selectivity of Cu®**
The sensitivity of this nanocomposite to Cu?* is determined by the
local concentration and accessibility of dye molecules in the pore
channel. The improved sensitivity of the nanocomposite is due to
the high local concentration of dye molecules in the pore channel
with less self fluorescence quench caused by molecule collision.
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