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A  novel  fluorescent  film  based  on  8-aminonaphthalene-1,3,6-trisulfonate/layered  double  hydroxide
composite  (ANTS/LDH)  has  been  synthesized  by the  electrophoretic  deposition  (EPD)  method,  and  its
application  as  an  optical  sensor  for  Mg2+ is  demonstrated.  The  ANTS/LDH  film  with  a thickness  of  2 �m
exhibits  a good  c-orientation  of  LDH  platelets,  which  is  confirmed  by  X-ray  diffraction  (XRD)  and  scanning
electron  microscopy  (SEM).  The  ANTS/LDH  film  shows  a good  fluorescent  response  for  Mg2+ ion.  Mean-
while,  a  linear  correlation  between  the  fluorescence  intensity  of  the  ANTS/LDH  film  and  the  concentration
of  Mg2+ is  obtained  (I  =  0.496  + 0.0708  log c (Mg2+),  R2 =  0.996),  with  a  detection  limit  of 2.37  ×  10−7 M.
The  results  indicate  that  ANTS/LDH  film  has  a  high  fluorescence  selectivity  for  Mg2+ ions, with  no sig-
nificant  response  to other  metal  ions,  including  Ca2+, Na+, K+, Fe3+, Co2+, Ni2+, or Cu2+. Furthermore,  the
ANTS/LDH  thin  film  shows  a  good  reusable  ability  for Mg2+ by  alternately  changing  the  solution  of  Mg2+

(5.0  ×  10−3 M)  and  EDTA  (8.0 × 10−2 M),  and  the  relative  standard  deviation  of 8  cycles  is  calculated  as
2+
1.7%  (EDTA)  and  0.14%  (Mg ).  The  specific  fluorescence  response  of  the  film  sensor  is  attributed  to  the

complexation  between  ANTS  and  Mg2+, which  is  verified  by 13C solid  state  NMR  spectroscopy.  In  addi-
tion,  density  functional  theory  (DFT)  calculation  confirms  that  a  strong  interaction  occurs  between  Mg2+

and  ANTS  molecule,  which  is responsible  for  the  significant  fluorescence  quenching  of  the  ANTS/LDH
film.  The  results  indicate  that  the ANTS/LDH  thin  film  in  this  work  can  be  used  as a  chemsensor  for  the
quantitative  detection  of Mg2+.
. Introduction

Sensing of a metal ion with selective reagents has received
onsiderable attention because of its important application in
iological and environmental systems [1]. Magnesium ion, being
he most abundant intracellular divalent cation, plays a major
ole in many cellular processes including stabilization of DNA
onformation, ion transport through the membrane and signal
ransduction. Additionally, the activity of magnesium in blood and
erum is an important clinical parameter that needs to be moni-
ored in different situations. All these provide sufficient impetus to
abricate chemical sensors for the detection of magnesium. Owing
o the spectroscopic silence of Mg,  the development of fluorescent
hemosensors with high selectivity toward Mg2+ represents an
mportant challenge, especially in the discrimination of calcium
or many applications [2].  Recently, Farruggia et al. reported the

-hydroxyquinoline derivatives as effective Mg2+ indicators [3].
aruta and coworkers synthesized a porphyrin analogue with
n embedded 1,10-phenanthroline moiety, and found that this

∗ Corresponding author. Tel.: +86 10 64412131; fax: +86 10 64425385.
E-mail address: weimin@mail.buct.edu.cn (M.  Wei).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

complex could be exploited as a Mg2+-responsive fluorescent
sensor [4]. A new multifunctional ferrocenophane derivative has
been reported to selective recognition of Mg2+ [5].  Although much
progress has been made in designing chemsensors for magne-
sium ion, some problems associated with their application remain
unresolved, which include interference from other metal ions, irre-
versible response, and need to work in organic or aqueous solution.

It is known that organic indicator in solution generally suffer
from the leaching or degradation of active species over a long
period of application. In this regard, a supramolecular assembly
based on the immobilization of organic indicator in an inorganic
matrix would be a good resolution with the following advantages:
the improved stability, higher fluorescence emission and can be
used conveniently to achieve real-time and real-space measure-
ments. However, the investigation on solid film chemsensors for
magnesium which meets the requirements of high stability, sensi-
tive detection as well as facile manipulation has been rarely studied
and remains a challenging goal.

Recently, metallic nanoparticles, quantum dots, silica nanopar-

ticles and layered double hydroxides have been used as the matrix
of various chemosensors [6–10]. Among these solid matrices,
layered double hydroxides (LDHs) have been reported as attractive
supports for many applications because of its simple synthetic

dx.doi.org/10.1016/j.snb.2011.11.018
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:weimin@mail.buct.edu.cn
dx.doi.org/10.1016/j.snb.2011.11.018
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rocedure, good biocompatibility and low toxicity. LDHs are lay-
red inorganic materials which can be represented by the general
ormula [MII

1−xMIII
x(OH)2]x+ (An−)x/n·mH2O, where MII and MIII

re di- and tri-valent metal cations, respectively, and (An−) is the
nterlayer charge-balancing anion. Numerous studies show that
DHs have been widely used in the fields of catalysis [11,12],
eparation technology [13], biology and medicine [14,15].  Some
uorescence films based on fluorophore/LDH composites have
lso been successfully prepared [16–18].

8-Aminonaphthalene-1,3,6-trisulfonate (ANTS) is a fluores-
ence dye that has been generally used for labeling the protein in
lectrophoresis [19–21].  Taking into account the affinity of ANTS to
g2+ in solution [22], herein we fabricate a thin film of ANTS assem-

led with LDH by the electrophoretic deposition method, which
an signal Mg2+ specifically. The molecule of ANTS in this com-
osite film serves as the metal ion receptor. This composite film
an be utilized as a chemosensor specific for detection of Mg2+ by
onitoring the changes in luminescence spectrum, with no signif-

cant response to other metal ions, especially Ca2+. Furthermore,
he ANTS/LDH composite shows a good regeneration ability for

g2+ by alternately changing the solution of Mg2+ (5.0 × 10−3 M)
nd EDTA (8.0 × 10−2 M).  The ANTS/LDH thin film exhibits the fol-
owing advantages: ease in handling, short analysis time and low
ost. Additionally, few or no organic liquid reagents are required.
herefore, this work demonstrates a successful paradigm for the
abrication of composite film based on organic indicator immobi-
ized within an inorganic matrix, which can be potentially applied
n the field of optical sensors.

. Experimental

.1. Materials

8-Aminonaphthalene-1,3,6-trisulfonate acid (ANTS) was pur-
hased from J&K Scientific Ltd. The analytical grade chemi-
als including Zn(NO3)2·6H2O, Al(NO3)3·9H2O, NaOH, disodium
thylenediamine tetraacetate (Na2EDTA) and other nitrate salts
f metal ion were used without further purification. The deion-
zed and decarbonated water was used in all these experimental
rocesses.

.2. Synthesis of ANTS/LDH colloid suspension

NO3–ZnAl–LDH (Zn/Al molar ratio 2:1) precursor was syn-
hesized by the hydrothermal method reported previously [23].
ubsequently, the ANTS intercalated LDH composite was  prepared
ollowing the ion-exchange method. ANTS (3.5 × 10−3 mol) were
issolved in 150 mL  of deionized and decarbonated water. The solu-
ion was adjusted to pH 7.0 with a NaOH (0.2 M)  solution. A freshly
repared NO3–ZnAl–LDH (1 g) was dispersed in the solution thor-
ughly. The suspension was stirred at room temperature under a N2
tmosphere for 48 h. The resulting product ANTS/LDH was  washed
xtensively with water. Then the ANTS/LDH colloidal suspension
5 × 10−2 M)  was obtained by dispersion in methanol. Element
nalysis results: Zn 63.14%, Al 14.41%, C 11.28%, N 0.71%, H 3.09%.
he chemical composition of the ANTS/LDH composite was  found
o be Zn0.66Al0.34(OH)2(ANTS)0.093(NO3)0.0066(CO3)0.013·0.32H2O.

.3. Fabrications of the ANTS/LDH thin films

Firstly, the substrates of fluoride-doped tin oxide (FTO) were
leaned in deionized water and ethanol (1:1, v/v) in an ultrasonic

ath for 30 min  each. The thin film of ANTS/LDH was  fabricated by
he electrophoretic deposition (EPD) method. Two FTO substrates
ere used as the working and counter electrodes, respectively,
hich were placed parallel to each other with a separation of 1 cm
rs B 161 (2012) 714– 720 715

in a 10 mL  of ANTS/LDH colloidal suspension. The voltage between
the two  electrodes was  30 V and the thickness of the film can be
precisely controlled by changing the electrophoretic time.

2.4. The measurement for Mg2+

The Mg2+ solutions with different concentration were prepared
by dissolving Mg(NO3)2 in deionized water. The ANTS/LDH film flu-
orescent sensor was  immersed in a quartz cell with Mg2+ aqueous
solutions ([Mg2+] = 1.0 × 10−6, 5.0 × 10−6, 1.0 × 10−5, 5.0 × 10−5,
1.0 × 10−4, 5.0 × 10−4, 1.0 × 10−3, 5.0 × 10−3 and 1.0 × 10−2 M,
respectively) with pH = 7.0. The fluorescence response was
recorded by a RF-5301PC fluorophotometer with a liquid holder
based on the fluorescence quenching as a function of Mg2+ concen-
tration.

2.5. Techniques of characterization

The powder XRD measurements were performed on a Rigaku
XRD-6000 diffractometer, using Cu K  ̨ radiation (� = 0.15418 nm)
at 40 kV, 30 mA,  with a scanning rate of 10◦/min, and a 2� angle
ranging from 3◦ to 70◦. The morphology and thickness of the
thin film were investigated by using a ZEISS scanning electron
microscope (SEM). The surface roughness data were obtained
by using the atomic force microscopy (AFM) software (Digital
Instruments, Version 6.12). Zn and Al elemental analysis were
performed by atomic emission spectroscopy with a Shimadzu ICPS-
7500 instrument. C, H, and N contents were determined using an
Elementar vario elemental analysis instrument. Fluorescence emis-
sion spectra were recorded on a RF-5301PC fluorophotometer in
the range 400–650 nm with the excitation wavelength of 365 nm
and a slit width of 10 nm.  Solid-state 13C cross polarization/magic
angle spinning (CP/MAS) NMR  was  recorded by Bruker BioSpin AV
300 MHz  spectrometer (frequency: 75.48 MHz; srelaxation delay:
5 s; temperature: 20 ◦C). Glycine was used as the external standards
(carbonyl ı = 176.03 ppm for 13C).

2.6. Computational details

The structure of ANTS–Mg2+ was fully optimized by using Gaus-
sian03 package [24] with B3PW91 functionals [25], which has
been proven to produce a more reliable performance where weak
interactions are involved than other functionals such as the most
popular B3LYP [26]. All calculations were carried out in combina-
tion with 6-31G** [27] basis set for H, C, N, O, S atoms and LANL2DZ
[28] basis set for Mg  atom. Bond orders were characterized by the
Wiberg’s bond index (WBI) [29] and calculated with the natural
bond orbital (NBO) methods, which has been demonstrated as a
useful tool to provide quantitative description of interatomic and
intermolecular interactions [30].

3. Results and discussion

3.1. Structural and morphological study of the ANTS/LDH film

The XRD patterns of the NO3–ZnAl–LDH precursor, the
ANTS/LDH powder and the ANTS/LDH thin film are shown in Fig. 1.
From Fig. 1, it can be seen that the reflections can be indexed to
a hexagonal lattice with R-3m rhombohedral symmetry, which is
often used for the description of LDH structure. Compared with
NO3–ZnAl–LDH (Fig. 1a, 2� = 10.0◦, d0 0 3 = 0.88 nm), the basal reflec-
tion (0 0 3) of ANTS/LDH powder (Fig. 1b, 2� = 6.5◦, d003 = 1.17 nm)

shifts to a lower 2� angle, and the expansion of interlayer dis-
tance was observed. The results indicate that ANTS anions have
been intercalated into the LDH lamellar. For the ANTS/LDH thin film
(Fig. 1c), the XRD profiles only reveal (0 0 l) reflections, indicating
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Fig. 1. XRD patterns of (a) NO3–ZnAl–LDH, (b) ANTS/LDH powder and (c) ANTS/LDH
thin film. (The * symbol indicates peaks from the FTO substrate.)
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cheme 1. A schematic representation for the structure of ANTS/LDH composite. (C
rey, H white, S brown, O red, and N blue). (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

 highly ordered stacking of the LDH layers in the c-direction nor-
al  to the supporting surface. Taking into account the dimensions

f ANTS molecule and the basal spacing of ANTS/LDH composite,
t is concluded that ANTS adopt a monolayer arrangement in the
nterlayer region of LDH. The schematic structures of ANTS/LDH
omposite were tentatively proposed and presented in Scheme 1.

SEM images of the ANTS/LDH samples are displayed in Fig. 2A
nd B. It can be seen that the ANTS/LDH lamellar crystallites are
tacked with ab-plane parallel to the substrate, which is consistent

ith the XRD result. The thin film is continuous and uniform in

he top view (Fig. 2A), with the average film thickness of ca. 2 �m
bserved from its side-view of SEM image (Fig. 2B). The AFM image
f the thin film is shown in Fig. 2C. The average root-mean-square

Fig. 2. (A and B) Top view and side view of SEM images of the ANT
Fig. 3. Fluorescence intensity of (a) ANTS/LDH film and (b) ANTS/LDH film in the
presence of Mg2+ as a function of pH.

(rms) roughness for the film is ca. 9.40 nm,  indicating a relatively
smooth surface of the film.

The FT-IR spectra of NO3–ZnAl–LDH precursor, ANTS and
ANTS/LDH film are shown in Fig. S1.  For the sake of clarity,
only the main absorption bands were listed. The spectrum of
NO3–ZnAl–LDH (Fig. S1a) shows a strong absorption band at
1384 cm−1 and a weak one at 825 cm−1, which can be assigned
to the stretching vibration of interlayer NO3

−. In the spectrum of
ANTS (Fig. S1b), the strong absorption bands at 1200 and 1047 cm−1

are due to the O S O stretching vibration of the sulfonate group
[31]; the band at 1380 cm−1 is assigned to the C–N stretching vibra-
tion of aromatic amine. The spectrum of the ANTS/LDH composite
(Fig. S1c)  displays characteristic bands of –SO3– group at 1200 and
1047 cm−1, and C–N at 1386 cm−1 with a little shift compared with
pristine ANTS, as a result of host-guest interactions between ANTS
and LDH matrix [32]. Compared with the NO3–ZnAl–LDH precursor
(Fig. S1a), the intensity of absorption band at 1384 cm−1 attributed
to NO3

− decreases significantly for the ANTS/LDH composite, con-
firming the coexistence of ANTS anion and NO3

− in the galleries
of LDH. This is in agreement with the chemical composition of the
ANTS/LDH composite.

3.2. The response of ANTS/LDH film for Mg2+

3.2.1. Effect of pH
For many biological applications, it is very important that
the sensor can be suitable for measuring specific cation in the
physiological pH range. Therefore, we measured the fluorescence
intensity of ANTS/LDH composite film in the absence and presence
of Mg2+ at various pH values. As can be seen from Fig. 3, the emission

S/LDH thin film; (C) AFM images of the ANTS/LDH thin film.
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sor for Mg2+. The film was alternately exposed to the magnesium
ion aqueous solution (5.0 × 10−3 M)  and EDTA aqueous solution
(8.0 × 10−2 M),  and the corresponding fluorescence emission at
477 nm was  measured every 2 min. It was  found the ANTS/LDH thin
ig. 4. (A) Fluorescence spectra of the ANTS/LDH film upon addition of different M
g2+ concentration (�ex = 365 nm).

ntensity (477 nm)  of ANTS/LDH film remains essentially constant
ver a broad pH range 5.5–8 (Fig. 3a). After the film being immersed
nto Mg2+ aqueous solution, the response is slightly affected by pH,
nd the fluorescence intensity gradually decreased from pH 5.5 to
.0, then increased at pH 8.0 (Fig. 3b). So a large variation in fluo-
escence intensity was observed at pH 7.0 for the ANTS/LDH film
pon the addition of Mg2+. The results indicate that the ANTS/LDH
lm maintains a good fluorescence sensing ability toward Mg2+

ver a wide pH range, which is feasible for its biological usage.
aking into account the most significant change in fluorescence
ntensity, the pH value of 7.0 was chosen in the following study.

.2.2. Sensor response to Mg2+

To investigate the optical response of the ANTS/LDH film sen-
or toward Mg2+, the fluorescence spectra of ANTS/LDH film before
nd after the addition of Mg2+ solutions (concentration range
rom 1.0 × 10−6 to 10−2 M)  are shown in Fig. 4. From Fig. 4A,

 significant decrease in fluorescence intensity of the ANTS/LDH
lm was observed upon increasing Mg2+ concentration in this
ange. A linear relationship between fluorescence intensity and
g2+concentration was obtained from 1.0 × 10−6 to 10−2 M,  with

he following linear regression equation: I = 0.496 + 0.0708 log c
Mg2+), R2 = 0.996 (Fig. 4B). The absolute detection limit is
.4 × 10−7 M.  It meets the requirement for Mg2+ detection in intra-
ellular free Mg2+ concentration levels (0.1–10 mM)  [3].  The change
f the fluorescence may  originate from the following: ANTS is a
aphthalene derivative which the 8-amino is an electron-donating
roup and 1,3,6-sulfonic group is an electron-acceptor, therefore
NTS is a donor–acceptor conjugated �-electron system and can
ndergo intramolecular charge transfer upon excitation [33]. Upon
oordinated Mg2+ with the donor or acceptor moiety, the photo-
hysical properties of ANTS will be changed. This was  confirmed
uantitatively by the DFT calculation results, which will be further
iscussed in the next section.

.2.3. Selectivity studies
An important feature of the chemosensor is its high selectivity

oward analyte over other competitive species. The fluorescence
ntensity of the ANTS/LDH film was carried out against several
iologically relevant alkali, alkaline earth ions and transition metal
ons (Na+, K+, Ca2+, Fe3+, Co2+, Ni2+ and Cu2+: 5.0 × 10−3 M,  respec-
ively). Fig. 5 illustrates the change of the fluorescence intensity
f the ANTS/LDH film at 477 nm for various metal ions. Remark-
bly, no optical intensity change was observed before or after the
ncentrations in aqueous solution. (B) Plot of fluorescence intensity as a function of

addition of the ions except Mg2+. The results demonstrated that the
ANTS/LDH thin film can be useful as a chemosensor for selective
detection of Mg2+ over a range of other metal ions.

In addition, the fluorescence response of the film toward Mg2+

ion in the presence of other metal ion was  investigated as well.
Among these metal ions, Ca2+ is known to be a serious competi-
tor of Mg2+ for many proposed Mg2+ sensors. Fig. 6 shows the
fluorescence intensity change of ANTS/LDH film in detecting Mg2+

(5.0 × 10−3 M)  in the presence of Ca2+ (5.0 × 10−3 M).  From Fig. 6, no
significant variation in fluorescence intensity was found by com-
parison with that without Ca2+ ions (curves c and d). This means
that ANTS/LDH composite film has a high selectivity for Mg2+.

3.2.4. The regeneration and reversibility
An important advantage of the detection method is the low-

carbon recycling yield and facile regeneration. So the regeneration
of fluorescence chemosensor was performed by immersing the
quenched ANTS/LDH film into EDTA (a strong metal ion chelator)
solution. Fig. 7 displays the reversibility (reusability) of the film sen-
Fig. 5. Fluorescence intensity changes ([F0 − F]/F0) of ANTS/LDH film before and
after addition of Mg2+, Ca2+, Fe3+, K+, Na+, Co2+, Ni2+ and Cu2+ aqueous solutions,
respectively (the concentration of metal ions is 5.0 × 10−3 M)  (�ex = 365 nm).
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ig. 6. Fluorescent spectrum of (a) ANTS/LDH film, (b) ANTS/LDH film in the pres-
nce of Ca2+, (c) ANTS/LDH film in Mg2+ solution with the presence of Ca2+ and (d)
NTS/LDH film in Mg2+ solution with the absence of Ca2+.

lm shows a good reusable ability for Mg2+, and the relative stan-
ard deviation of 8 cycles was calculated as 1.7% (EDTA) and 0.14%
Mg2+). However, when the quenched ANTS/LDH film was  washed
ith just pure water, the emission could not be restored. This result
ay  indicate that Mg2+ was not simply adsorbed in the ANTS/LDH

lm, but complexed by the ANTS recognition in the film. The rea-
on for the reversibility is that, EDTA has a stronger complexation
apability with Mg2+ than ANTS dye, and upon being treated by
DTA, the ANTS molecule turns back. Therefore, the regeneration
nd reversibility of the ANTS/LDH film create new opportunities for
he design and application in optical chemosensors.

To examine the structure stability of the ANTS/LDH film,
e have also conducted XRD of the ANTS/LDH film after the

uenching experiments and the subsequent washing or recov-
ring (Fig. S2, Supporting Information). It can be seen that the
-ray diffraction pattern is almost identical to that of the original

NTS–LDH film (Fig. 1c), and there is no change occurred in

nterlayer distance and the host layers of LDH. It is indicated that
NTS molecules exist in the interlayer of LDH, and do not lose
uring the quenching experiments and the subsequent washing

ig. 7. Fluorescence intensity for the ANTS/LDH film chemosensor after alternate
reatment by aqueous solution of Mg2+ (5.0 × 10−3 M)  and EDTA (8.0 × 10−2 M)
�ex = 365 nm).
Fig. 8. C solid state NMR  spectrum for (a) ANTS/LDH composite and (b) ANTS/LDH
after the determination of Mg2+. The inset shows the assignments of carbon atoms
in  ANTS anion and its 13C NMR  in DMSO-d6 solution.

or recovering. Therefore, the ANTS/LDH thin film possesses high
structure stability for sensor in Mg2+ ion.

3.3. Mechanism of the detection of Mg2+

To gain insights into the sensing mechanism of ANTS/LDH for
Mg2+, 13C solid state NMR  were performed to obtain more infor-
mation about the interaction between ANTS and Mg2+. 13C CP-MAS
NMR  observations were carried out for pristine ANTS in DMSO-d6
solution and ANTS/LDH film before and after detection of Mg2+,
respectively (Fig. 8). Firstly, a assignment of 13C NMR  resonances
was  performed for pristine ANTS, and the results were shown in the
inset of Fig. 8 (ten signals: C7 123.2, C9 123.9, C10 126.5, C5 127.0,
C2 129.3, C4 131.6, C1 135.1, C3 137.7, C8 140.2, and C6 141.1 ppm).
Compared with pristine ANTS in solution medium, the observed 13C
resonances for the ANTS/LDH film were rather broad (Fig. 8a) owing
to the superimposed resonances. The peak at 136.4 ppm (curve a)
is deemed to contain the C1 and C3 line, and the resonance peaks
at 141.0 and 143.9 ppm are assigned to the C8 and C6 of ANTS moi-
ety, respectively. After determination of Mg2+ (curve b), a regular
upshift of the peaks can be found. The peak corresponding to the
C1 moved from 136.4 to 132.4 ppm, with a shift of ∼4 ppm com-
pared with curve a. Meanwhile, the peak corresponding to C8 and
C6 shifted to 136.9 and 135.7 ppm, respectively. It indicates that the
coordination may  occur among Mg2+, O atoms of sulfonic group and
N atom of amino linked to C1 and C8 in the ANTS moiety, accounting
for the fluorescence quenching of the ANTS/LDH thin film.

DFT calculations have been performed to obtain more infor-
mation about the structure of the complex between ANTS and
Mg2+ (see Supplementary data). The structure for the ANTS–Mg2+

complex was calculated, based on the previous report of stoichio-
metric between Mg2+ and ANTS [22]. In view of the participation
of possible anions, the optimized structure (ANTS–Mg2+) (Fig. 9)
shows that one Mg2+ ion essentially coordinated with two oxy-
gen atoms of one sulfonic group (d(Mg· · ·O) = 2.062 and 2.056 Å,
WBI(Mg· · ·O) = 0.1025 and 0.0965), one nitrogen atom of amino
(d(Mg· · ·N) = 2.197 Å, WBI(Mg· · ·N) = 0.0812), and two oxygen atoms of
nitrate anion (d(Mg· · ·O) = 2.022 and 2.122 Å, WBI(Mg· ·  ·O) = 0.897 and

2+
0.0636). It means that Mg has a square pyramidal geometry
with an axially coordinated with nitrogen from amino. Therefore,
the computational results further confirm that the complexation
occurs between ANTS and Mg2+, which is responsible for the
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Table 1
Data for Mg2+ concentration determined in real samples by ICP-AES and the ANTS–LDH film sensor.

Sample Mg2+ concentration as determined by
the ANTS–LDH sensor (ppm)

Mg2+ concentration as determined
by ICP-AES (ppm)

Commercially drinking water 54.4 ± 0.2 

Simulated physiological Solution of Mg2+ (100 ppm) 92.2 ± 0.1 

Fig. 9. Calculated structure for the complex [(ANTS)–Mg–(NO3)] by Gaussian03 (C
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rey, H white, O red, N blue, S yellow, and Mg  yellow green). (For interpretation of
he  references to color in this figure legend, the reader is referred to the web version
f  this article.)

ignificant fluorescence quenching of ANTS/LDH film. These results
re in agreement with the conclusion from 13C NMR  spectroscopy.

.4. Analytical application

To investigate practical application of the ANTS–LDH thin film,
wo samples (the commercially drinking water and the simu-
ated physiological solution of Mg2+, pH 7.0) were used for Mg2+

etermination. The simulated physiological solution is a phosphate
uffered solution (PBS) with 100 mM NaCl to keep constant ionic
trength. The results presented in Table 1 indicate very good cor-
espondence between the results obtained by ICP-AES and the
NTS–LDH film sensor. This indicates that the ANTS–LDH film can
e potentially used as a chemosensor for the detection of Mg2+ ion.

. Conclusions

In this work, we have successfully designed and synthesized a
hin film of ANTS assembled with LDH to develop a new fluorescent
ensor toward Mg2+ ion. The ANTS/LDH thin film with thickness
f 2 �m exhibits a good c-orientation of LDH platelets, which are
onfirmed by XRD and SEM. It was found that the ANTS/LDH thin
lm can be used for Mg2+ sensing in the concentration range
f 1.0 × 10−6–10−2 M,  and the detection limit of 2.37 × 10−7 M is
btained. Good selectivity toward Mg2+ over some other metal ions
ncluding Ca2+ has also been demonstrated. In addition, the mech-
nism of the ANTS/LDH thin film for determination of Mg2+ was
evealed by a combination study based on 13C NMR  spectroscopy

nd density functional theory (DFT) calculation, from which the
oordination between Mg2+ and ANTS immobilized in the LDH
atrix occurs and is responsible for the significant fluorescence

uenching of the ANTS/LDH film. Furthermore, the ANTS/LDH thin

[

54.1 ± 0.1
92.4 ± 0.2

film shows a good reusable ability for Mg2+. Therefore, this work
provides a facile and efficient strategy for the immobilization of
organic indicator into an inorganic matrix, which can be potentially
applied for the selective detection of Mg2+ ion.

Acknowledgments

This project was supported by the 973 Program (Grant No.
2011CBA00504), the National Natural Science Foundation of China,
the 111 Project (Grant No. B07004), the Collaboration Project from
the Beijing Education Committee and the Cooperative Special Pro-
gram of Beijing.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.snb.2011.11.018.

References

[1] D. Buccella, J.A. Horowitz, S.J. Lippard, Understanding zinc quantification with
existing and advanced ditopic fluorescent zinpyr sensors, J. Am.  Chem. Soc. 133
(2011) 4101–4114.

[2] P. Buhlmann, E. Pretsch, E. Bakker, Carrier-based ion-selective electrodes and
bulk optodes. 2. Ionophores for potentiometric and optical sensors, Chem. Rev.
98  (1998) 1593–1687.

[3] G. Farruggia, S. Iotti, L. Prodi, M.  Montalti, N. Zaccheroni, P.B. Savage, V. Tra-
pani, P. Sale, F.I. Wolf, 8-Hydroxyquinoline derivatives as fluorescent sensors
for  magnesium in living cells, J. Am.  Chem. Soc. 128 (2006) 344–350.

[4] M. Ishida, Y. Naruta, F. Tani, A porphyrin-related macrocycle with an embedded
1,10-phenanthroline moiety: fluorescent magnesium(II) ion sensor, Angew.
Chem. Int. Ed. 49 (2010) 91–94.

[5] J.L. Lopez, A. Tárraga, A. Espinosa, M.D. Velasco, P. Molina, V. Lloveras, J. Vidal-
Gancedo, C. Rovira, J. Veciana, D.J. Evans, K. Wurst, A new multifunctional
ferrocenyl-substituted ferrocenophane derivative: optical and electronic prop-
erties and selective recognition of Mg2+ ions, Chem. Eur. J. 10 (2004) 1815–1826.

[6] A.B. Castle, E.G. Espino, C.N. Delgado, H. Terrones, M.  Terrones, S. Hussain,
Hydroxyl-functionalized and n-doped multiwalled carbon nanotubes deco-
rated with silver nanoparticles preserve cellular function, ACS Nano 5 (2011)
2458–2466.

[7]  K. Boeneman, B.C. Mei, A.M. Dennis, G. Bao, J.R. Deschamps, H.  Mattoussi,
I.L.  Medintz, Sensing caspase activity with quantum dot-fluorescent protein
assemblies, J. Am. Chem. Soc. 131 (2009) 3828–3829.

[8] H. Kong, D. Liu, S. Zhang, X.R. Zhang, Protein sensing and cell discrimination
using a sensor array based on nanomaterial-assisted chemiluminescence, Anal.
Chem. 83 (2011) 1867–1870.

[9] S. Bonacchi, E. Rampazzo, M.  Montalti, L. Prodi, N. Zaccheroni, F. Mancin, P.
Teolato, Amplified fluorescence response of chemosensors grafted onto silica
nanoparticles, Langmuir 24 (2008) 8387–8392.

10] Z.Y. Sun, L. Jin, W.Y. Shi, M.  Wei, X. Duan, Preparation of an anion dye inter-
calated into layered double hydroxides and its controllable luminescence
properties, Chem. Eng. J. 161 (2010) 293–300.

11] V.R.L. Constantino, T.J. Pinnavaia, Structure-reactivity relationships for basic
catalysts derived from a Mg2+/Al3+/CO3

2− layered double hydroxide, Catal. Lett.
23 (1994) 361–367.

12] M.S-P. Lopez, F. Leroux, C. Mousty, Amperometric biosensors based on
LDH–alginate hybrid nanocomposite for aqueous and non-aqueous phenolic
compounds detection, Sens. Actuators B 150 (2010) 36–42.

13] A.I. Khan, D. O’Hare, Intercalation chemistry of layered double hydroxides:
recent developments and applications, J. Mater. Chem. 12 (2002) 3191–3198.

14] M. Darder, M.L. Blanco, P. Aranda, F. Leroux, E.R. Hitzky, Bio-nanocomposites
based on layered double hydroxides, Chem. Mater. 17 (2005) 1969–1977.

15] B.M. Choudary, N.S. Chowdari, K. Jyothi, M.L. Kantam, Catalytic asymmet-
ric dihydroxylation of olefins with reusable OsO4

2− on ion-exchangers: the
scope and reactivity using various cooxidants, J. Am.  Chem. Soc. 124 (2002)

5341–5349.

16] Z.L. Wang, Z.H. Kang, E.B. Wang, Z.M. Su, L. Xu, Intercalation and photophysical
properties of the tetra-(8-hydroxyquinolinato) boron complex and 3,3′ ,4,4′-
benzophenone tetracarboxylic anion into Mg–Al layered double hydroxides,
Inorg. Chem. 45 (2006) 4364–4371.

http://dx.doi.org/10.1016/j.snb.2011.11.018


7 ctuato

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

20 L. Jin et al. / Sensors and A

17]  D.P. Yan, J. Lu, M.  Wei, S.H. Qin, L. Chen, S.T. Zhang, D.G. Evans, X. Duan, Hetero-
geneous transparent ultrathin films with tunable-color luminescence based on
the  assembly of photoactive organic molecules and layered double hydroxides,
Adv. Funct. Mater. 21 (2011) 2497–2505.

18] P. Gunawan, R. Xu, Lanthanide-doped layered double hydroxides intercalated
with sensitizing anions: efficient energy transfer between host and guest layers,
J.  Phys. Chem. C 113 (2009) 17206–17214.

19] G.L. Huang, H.C. Zhang, P.G. Wang, The analysis of oligosaccharides derived
from different sources by fluorophore-assisted carbohydrate electrophoresis,
Food Chem. 101 (2007) 392–396.

20] F. Abballe, M. Toppazzini, C. Campa, F. Uggeri, S. Paoletti, Study of molar
response of dextrans in electrochemical detection, J. Chromatogr. A 1149 (2007)
38–45.

21] Y. Oonuki, Y. Yoshida, Y. Uchiyama, A. Asari, Application of fluorophore-assisted
carbohydrate electrophoresis to analysis of disaccharides and oligosaccharides
derived from glycosaminoglycans, Anal. Biochem. 343 (2005) 212–222.

22] G. Das, S. Matile, Transmembrane pores formed by synthetic p-octiphenyl �-
barrels with internal carboxylate clusters: regulation of ion transport by pH
and Mg2+ complexed 8-aminonaphthalene-1,3,6-trisulfonate, PNAS 99 (2002)
5183–5188.

23] R.P. Bontchev, S. Liu, J.L. Krumhansl, J. Voigt, Synthesis, characterization, and ion
exchange properties of hydrotalcite Mg6Al2(OH)16(A)x(A′)2−x·4H2O (A, A′ = Cl− ,
Br− , I− , and NO3

− , 2 ≥ x ≥ 0) derivatives, Chem. Mater. 15 (2003) 3669–3675.
24] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheese-

man,  J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M.  Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M.  Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M.  Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.  Klene, X. Li, J.E. Knox, H.P.
Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Strat-
mann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich,
A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari,
J.B.  Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Ste-
fanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.  Challacombe, P.M.W. Gill, B. John-
son,  W.  Chen, M.W.  Wong, C. Gonzalez, J.A. Pople, Gaussian 03, Revision C. 01,
Gaussian, Inc., Wallingford, CT, 2004.

25] J.P. Perdew, K. Burke, Y. Wang, Generalized gradient approximation for the
exchange-correlation hole of a many-electron system, Phys. Rev. B 54 (1996)
16533–16539.

26] H. Sun, D.J. Zhang, F. Wang, C.B. Liu, Theoretical study of the mechanism for
the  markovnikov addition of imidazole to vinyl acetate catalyzed by the ionic
liquid [bmIm]OH, J. Phys. Chem. A 111 (2007) 4535–4541.

27] R. Ditchfield, W.J. Hehre, J.A. Pople, Self-consistent molecular-orbital methods.

IX.  An extended Gaussian-type basis for molecular-orbital studies of organic
molecules, J. Chem. Phys. 54 (1971) 724–728.

28] P.J. Hay, W.R. Wadt, Ab initio effective core potentials for molecular calcula-
tions. Potentials for the transition metal atoms Sc to Hg, J. Chem. Phys. 82 (1985)
270–284.
rs B 161 (2012) 714– 720

29] K. Wiberg, Application of the pople-santry-segal CNDO method to the cyclo-
propylcarbinyl and cyclobutyl cation and to bicyclobutane, Tetrahedron 24
(1968) 1083–1096.

30] R. Martínez, A. Espinosa, A. Tárraga, P. Molina, A new bis(pyrenyl)azadiene-
based probe for the colorimetric and fluorescent sensing of Cu(II) and Hg(II),
Tetrahedron 66 (2010) 3662–3667.

31] R. Marangoni, M.  Bouhent, C. Taviot-Guého, F. Wypych, F. Lerouxc, Zn2Al
layered double hydroxides intercalated and adsorbed with anionic blue
dyes: a physico-chemical characterization, J. Colloid Interface Sci. 333 (2009)
120–127.

32] L.Y. Liu, M.  Pu, L. Yang, D.Q. Li, D.G. Evans, J. He, Experimental and theoreti-
cal study on the structure of acid orange 7-pillared layered double hydroxide,
Mater. Chem. Phys. 106 (2007) 422–427.

33] H.P. Li, H.Z. Xie, P.F. Wang, S.K. Wu,  The complexation of flavone derivatives
with alkali and alkaline earth metal cations studied by spectroscopic methods,
New J. Chem. 24 (2000) 105–108.

Biographies

Lan Jin received her PhD from Nanjing University in 1997, and was a postdoctoral
researcher at Nankai University from 1998 to 2000. She worked as an associate pro-
fessor in the College of Science in Beijing University of Chemical Technology in 2000.
Her  main research interests involve the preparation of functional organic–inorganic
composite materials, molecular recognition in supramolecular chemistry, and their
application in environmental, biosensors and biomedicine.

Zhijie Guo is a master student in the College of Science, Beijing University of Chem-
ical Technology. Her research interest is fabricating inorganic–organic composite
film for various sensing applications.

Zhiyong Sun is a PhD student in the State Key Laboratory of Chemical Resource
Engineering in Beijing University of Chemical Technology. His research interest
is  synthesis inorganic–organic functional material and applications for sensor and
catalyst.

Ailin Li continues her study for Bachelor of degree in Beijing University of Chemical
Technology and her research interest is mainly about the synthesis and application
of  inorganic–organic material.

Qi Jin continues her study for Bachelor of degree in Beijing University of Chemical
Technology and her research interest is mainly about the synthesis and application
of  enzyme–LDH composite material.
Min  Wei  received her PhD from Peking University in 2001. She is a full professor
in  the State Key Laboratory of Chemical Resource Engineering and the College of
Science in Beijing University of Chemical Technology. Her main research interests
are  in supramolecular assembly chemistry, functional intercalated materials, and
the development of organic–inorganic photoluminescence film materials.


	Assembly of 8-aminonaphthalene-1,3,6-trisulfonate intercalated layered double hydroxide film for the selective detection o...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of ANTS/LDH colloid suspension
	2.3 Fabrications of the ANTS/LDH thin films
	2.4 The measurement for Mg2+
	2.5 Techniques of characterization
	2.6 Computational details

	3 Results and discussion
	3.1 Structural and morphological study of the ANTS/LDH film
	3.2 The response of ANTS/LDH film for Mg2+
	3.2.1 Effect of pH
	3.2.2 Sensor response to Mg2+
	3.2.3 Selectivity studies
	3.2.4 The regeneration and reversibility

	3.3 Mechanism of the detection of Mg2+
	3.4 Analytical application

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data
	References


