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a  b  s  t  r  a  c  t

A  novel  optical  chemosensor  was  fabricated  based  on  1-amino-8-naphthol-3,6-disulfonic  acid  sodium  (H-
acid)  intercalated  layered  double  hydroxide  (LDH)  film  via  the  electrophoretic  deposition  (EPD)  method.
The film  of  H-acid/LDH  with  the  thickness  of  1 �m  possesses  a well  c-orientation  of  the  LDH  microcrystals
confirmed  by  X-ray  diffraction  (XRD)  and  scanning  electron  microscopy  (SEM).  The  fluorescence  detection
for Hg(II)  in  aqueous  solution  was  performed  by  using  the H-acid/LDH  film  sensor  at  pH  7.0, with  a linear
response  range  in  1.0 × 10−7 to  1.0  × 10−5 mol  L−1 and  a detection  limit  of  6.3  ×  10−8 mol  L−1. Furthermore,
it exhibits  excellent  selectivity  for Hg(II)  over  a  large  number  of competitive  cations  including  alkali,
alkaline  earth,  heavy  metal  and  transitional  metals.  The  specific  fluorescence  response  of the  optical
sensor  is  attributed  to  the  coordination  between  Hg(II)  and  sulfonic  group  in  the  H-acid  immobilized
in  the  LDH  matrix,  which  was  verified  by  NMR  spectroscopy  and  UV–vis  spectra.  In addition,  density
functional  theory  (DFT)  calculation  further  confirms  that  the  coordination  occurs  between  one  Hg2+ and
two O  atoms  in  the  sulfonic  group,  which  is responsible  for the  significant  fluorescence  quenching  of  the
H-acid/LDH  film.  The  results  indicate  that  the  H-acid/LDH  composite  film  can  be potentially  used as  a
chemosensor  for the  detection  of  Hg2+ in the  environmental  and  biomedical  field.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Mercury is one of the most toxic elements that exists in metal-
lic, inorganic and organic forms, which is widely distributed in air,
water and soil [1–7]. As a consequence of this pollution, mercury
can accumulate in the human body causing a wide variety of dis-
eases, even in a low concentration, such as digestive, kidney and
especially neurological disorders. The determination of mercury
has been generally carried out based on atomic absorption spec-
trometry (AAS) [8,9] and inductively coupled plasma spectroscopy
(ICP) technique [10–12].  Although these methods have good sensi-
tivity and fast measurement capabilities, they require expensive
instruments, well-controlled experimental conditions and com-
plicated sample-pretreatment procedures. Therefore, it is highly
necessary to develop chemosensors with simple operation that can
selectively sense Hg2+ in aqueous media.

In the past decades, research interest was  focused on the
study of fluorescent chemosensors for Hg2+ because of their high
sensitivity, selectivity, fast response, low cost and easy signal detec-
tion [13–16].  It has been reported that a number of fluorophores
were synthesized to selectively detect highly toxic Hg2+ in aque-
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ous solution for meeting the environmental requirement [17–20].
However, the determination of Hg2+ in a liquid circumstance suf-
fers from difficulties of real-time and real-space measurements as
well as complicated operation, which cannot be used with practical
manipulation. Therefore, in terms of practicability, the fluorophore
indicators are generally immobilized in solid matrices for the pur-
pose of obtaining optical Hg2+ sensors with stability and long-term
lifetime. Several optical Hg2+ indicators were supported in swelling
polymer matrix [21], but their long-term sustainability was  not
satisfactory as a result of variation in illumination, temperature,
pressure, environmental pH, etc. Therefore, the incorporation of a
fluorophore indicator with an inorganic matrix should be an effec-
tive approach for obtaining durable solid Hg2+ chemosensor with
high stability and environmental compatibility.

Recently, the fabrication of chromophore-inorganic compos-
ite materials has attracted much attention owing to their novel
functionalities which are not present in the individual com-
ponents [22–26].  Among inorganic matrices, layered double
hydroxides (LDHs), whose structure can be generally expressed
as [MII

1−xMIII
x(OH)2](An−)x/n·mH2O (MII and MIII are divalent and

trivalent metals respectively, and An− a n-valent anion), are one
type of important layered materials which have been extensively
studied in the areas of catalysis [27,28],  separation technology
[29,30], drug delivery [31,32] and functional materials [33,34].
Some fluorescence films based on fluorophore/LDH composites
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have also been successfully prepared via the dip-coating [35], layer-
by-layer (LBL) deposition [36] and solvent evaporation method
[37]. This gives us impetus to challenge the goal of incorpora-
tion of fluorophores into LDH host matrix for achieving optical
chemosensors, which would exhibit the following advantages: (1)
the LDH matrix offers a confined environment for the immobi-
lization and homogeneous distribution of chromophore based on
host–guest interactions, which can suppress chromophore aggre-
gation and reduce fluorescence quenching effectively; (2) the LDH
matrix would enhance the optical and thermal stability of the
chromophore with facile manipulation, low-cost and environment-
friendliness.

1-amino-8-naphthol-3,6 disulfonic acid sodium (H-acid), with
strong fluorescence emission and good solubility in water, is an
important fluorescence indicator. It has been reported that H-acid
was used as fluorophore to recognize Hg2+ in aqueous solution
[38]; however, the performance in liquid media limits its appli-
cation owing to the complicated operation and unsatisfactory
stability. In this work therefore, we report a highly oriented photo-
luminescence film based on H-acid intercalated Zn2Al-LDH matrix
fabricated by the electrophoretic deposition (EPD) method, and
demonstrate its application as an optical sensor for Hg2+. The
chemosensor shows a wide linear response range (1.0 × 10−7 to
1.0 × 10−5 mol  L−1) and a low detection limit (6.3 × 10−8 mol  L−1)
at the optimal working pH (7.0). Moreover, it exhibits excellent
selectivity for Hg(II). The mechanism of fluorescence response
(quenching) is attributed to the coordination between H-acid
and Hg(II), which was studied thoroughly by solid-state NMR
spectroscopy, UV–vis spectra and density functional theory (DFT)
computation. Therefore, the novel strategy in this work provides a
successfully paradigm for the fabrication of highly oriented lumi-
nescence films based on an organic indicator immobilized within an
inorganic matrix, which can be potentially applied as chemosensors
in environmental and biological fields.

2. Experimental

2.1. Materials

1-Amino-8-hydroxy-3,6-disulfonaphthalene (H-acid) was pur-
chased from J&K Chemical Ltd. Analytical grade chemicals including
Zn(NO3)2·6H2O, Al(NO3)3·9H2O, HNO3 and NaOH were used with-
out further purification. The deionized and decarbonated water was
used in all the experimental processes.

2.2. Characterization techniques

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 5◦ min−1, and a 2�
angle ranging from 2◦ to 70◦. SEM images were obtained using a
ZEISS scanning electron microscope. Fluorescence emission spec-
tra were recorded on a RF-5301PC fluorophotometer in the range
400–600 nm with the excitation wavelength of 365 nm and a slit
width of 5 nm.  Elemental analysis samples were prepared by dis-
solving 30 mg  of solid sample with a few drops of concentrated
HNO3 and diluted to 50 mL  with water. Zn and Al elemental
analysis were performed by atomic emission spectroscopy with
a Shimadzu ICPS-7500 instrument. C, H, N content was  deter-
mined using an Elementar vario elemental analysis instrument. The
water content of the sample was obtained by thermogravimetry.
Solution 1H and 13C nuclear magnetic resonance (NMR) measure-
ments were recorded on a Bruker BioSpin AV 600 M spectrometer
under a static magnetic field of 14.1 T at 27 ◦C with DMSO-d6 as
a solvent. Solution 1H and 13C spectra were obtained at the fre-
quency of 600.13 and 150.92 MHz  respectively, with a relaxation

delay of 2 s and tetramethylsilane (Me4Si) as the internal stan-
dard (CH3 ı = 0 ppm for 1H). Solid state 13C cross polarization/magic
angle spinning (CP/MAS) NMR  was  recorded by Bruker BioSpin AV
300 MHz  spectrometer (frequency: 75.48 MHz; relaxation delay:
5 s; temperature: 20 ◦C). Glycine was  used as the external standards
(carbonyl ı = 176.03 ppm for 13C).

2.3. Computational details

The structures of the complexes were fully optimized using
Gaussian03 package [39] with B3PW91 functionals [40,41], which
has been proven to produce a more reliable performance where
weak interactions are involved than other functionals such as the
most popular B3LYP [42]. Our calculations were carried out with 6-
31G** [43] basis set for H, C, N, O, S atoms, and LANL2DZ [44] basis
set with effective core potential (ECP) for Hg atom. Bond orders
were characterized by the Wiberg’s bond index (WBI) [45] and cal-
culated with the natural bond orbital (NBO) methods, which has
been demonstrated as a useful tool to provide quantitative descrip-
tion of interatomic and intermolecular interactions [17].

2.4. Synthesis of H-acid/LDH colloid suspension

The Zn2Al–NO3-LDH precursor was synthesized by the
hydrothermal method reported previously [46,47].  Subsequently,
the H-acid/LDH colloid suspension was  prepared by the ion-
exchange method as following: H-acid (0.01 mol) was dissolved in
300 mL  water with pH adjusted to 7.0 by adding NaOH solution
(0.1 mol  L−1), and then 50 mL  of freshly prepared Zn2Al–NO3-LDH
colloid was added. The mixture was stirred at 70 ◦C under N2 atmo-
sphere for 72 h. The H-acid/LDH colloid suspension (0.32 mg mL−1)
was obtained by washing extensively with water and then dis-
persed in methanol. Elemental analysis: found (H-acid/LDH) Zn
26.81%, Al 6.27%, C 12.96%, N 1.78%, S 6.77%, H 1.05%.

2.5. Fabrication of the H-acid/LDH thin film

Substrates of fluorine-doped tin oxide (FTO) were firstly cleaned
by immersing in a bath of deionized water and ethanol (1:1, v/v)
in an ultrasonic bath for 30 min. The thin film of H-acid/LDH was
fabricated by the electrophoretic deposition (EPD) method. In the
EPD process, charged particles, dispersed or suspended in a liquid
medium, are attracted and deposited onto a conductive substrate of
opposite charge with application of a DC electric field. Two FTO sub-
strates were used as working and counter electrode respectively,
which were parallel placed with a distance of 1 cm. The voltage
between two  electrodes was set at 12 V and the electrophoretic
time was 50 s.

2.6. The fluorescence measurement for Hg2+

The Hg2+ solutions with different concentration were prepared
by dissolving Hg(NO3)2 in deionized water. The H-acid/LDH film
chemosensor was immersed into Hg2+ aqueous solutions with
different concentration ([Hg2+] = 1.0 × 10−9, 1.0 × 10−8, 1.0 × 10−7,
5.0 × 10−7, 1.0 × 10−6, 5.0 × 10−6, 1.0 × 10−5, 5.0 × 10−5, 1.0 × 10−4

and 5.0 × 10−4 mol L−1, respectively) with pH 7.0 for 10 min. The
film was washed thoroughly and dried at 60 ◦C for 20 min, and its
response was  recorded by a RF-5301PC fluorophotometer with a
solid holder based on the fluorescence quenching as a function of
Hg2+ concentration.
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Fig. 1. XRD patterns for (a) the NO3-LDH powder sample, (b) the H-acid/LDH powder
sample and (c) the H-acid/LDH film. The asterisk symbol indicates reflections from
the  FTO substrate.

3. Results and discussion

3.1. Structural and morphological study on the H-acid/LDH film

The XRD patterns of the LDH precursor, H-acid/LDH powder and
H-acid/LDH film are shown in Fig. 1. In each case, the reflections can
be indexed to a hexagonal lattice with R-3m rhombohedral symme-
try, commonly used for the description of the LDH structures. For
the LDH precursor (Fig. 1a), the (0 0 3) reflection gives a interlayer
distance of 8.92 Å, in accordance with the reported value for NO3-
LDH [48]. After the anion-exchange reaction, the basal reflection
(0 0 3) of the H-acid/LDH composite powder sample (Fig. 1b) shifted
to lower 2� angle, and the basal spacing expanded to 10.9 Å. The
results confirm that H-acid anions were intercalated into the LDH
lamellar. Moreover, compared with H-acid/LDH powder (Fig. 1b),
the XRD profile of the H-acid/LDH film (Fig. 1c) only reveals (0 0 l)
reflections, indicating a highly ordered stacking of the c-oriented
LDH microcrystals (ab plane parallel to the substrate) [49].

Fig. 2 displays the FT-IR spectra of NO3-LDH, pristine H-acid
and H-acid/LDH, respectively. For the sake of clarity, only the
main absorption bands were listed. The spectrum of NO3-LDH
(Fig. 2a) shows a strong absorption band at 1384 cm−1 and a
weak one at 830 cm−1 that can be attributed to the �3 and
�2 stretching vibration of NO3

−group, respectively. In the spec-
trum of pristine H-acid (Fig. 2b), the strong absorption bands
at 1222 and 1046 cm−1 are due to the O S O stretching vibra-
tion of the sulfonate group [34,50]; the band at 1380 cm−1 is
assigned to the C–N stretching vibration of aromatic amine. The
spectrum of the H-acid/LDH composite (Fig. 2c) displays char-
acteristic bands of SO3

− group (1215 and 1044 cm−1) and C–N
(1388 cm−1) with a little shift compared with pristine H-acid, as a

Fig. 2. FT-IR spectra of (a) the NO3-LDH, (b) pristine H-acid and (c) the H-acid/LDH
composite.

result of host–guest interactions between H-acid and LDH matrix.
Compared with the NO3-LDH precursor (Fig. 2a), the intensity
of absorption band attributed to NO3

− at 1384 cm−1 decreases
significantly for the H-acid/LDH composite, confirming the coex-
istence of H-acid anion and NO3

− in the galleries of LDH. The
chemical composition of the H-acid/LDH composite was found
to be Zn0.640Al0.360(OH)2(H-acid)0.164(NO3)0.032·0.88H2O based on
the elemental analysis results, in agreement with the FT-IR spectra.

The morphology of the H-acid/LDH thin film revealed by SEM
is shown in Fig. 3. A multi-apertured and continuous surface was
observed in the top view (Fig. 3a). High magnification SEM image
(Fig. 3b) demonstrates that the individual H-acid/LDH platelets are
densely packed on the substrate with a well c-orientation (ab plane
of LDH platelets parallel to the substrate), consistent with the XRD
results in Fig. 1. The film thickness of ∼1 �m was  observed from its
side-view SEM image (Fig. 3c).

3.2. The response of H-acid/LDH film for Hg2+

3.2.1. Effect of pH
The influence of pH on the response of H-acid/LDH film for Hg2+

was studied. As can be seen in Fig. 4, the fluorescence intensity at
465 nm of the H-acid/LDH film (without Hg2+) increases at first to a
maximum and then decreases along with the increase of pH value
(curve a), which is possibly related to the deprotonation of naphthol
or naphthylamine group. The response of H-acid/LDH film for Hg2+

follows a similar change in the studied pH range (curve b), except
that significant fluorescence quenching was observed. Moreover, it

Fig. 3. Top-view SEM images of the H-acid/LDH film with (a) low magnification and (b) high magnification; (c) side-view SEM image of the H-acid/LDH film.
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Fig. 4. Variations in fluorescence intensity for the H-acid/LDH film along with the
increase of pH value: (a) with the absence of Hg2+ and (b) with the presence of Hg2+

(concentration of Hg2+: 1.0 × 10−5 mol  L−1; �ex = 365 nm;  �em = 465 nm). Indicated
values are means of three measurements with the standard error less than 3%.

can be found that the maximum sensitivity for the determination of
Hg2+ was observed at pH 7. The results indicate that the H-acid/LDH
film maintains good fluorescence sensing ability towards Hg2+ at
pH 7, which is feasible for the environmental and biological usage.

3.2.2. The detection of Hg2+ by the H-acid/LDH film
To investigate the optical response of H-acid/LDH film towards

Hg2+, a fluorescence determination was carried out in the Hg2+

concentration range from 1.0 × 10−9 to 5.0 × 10−4 mol  L−1. A sig-
nificant decrease in fluorescence intensity of the H-acid/LDH film
was observed upon increasing Hg2+ concentration in this range
(shown in Fig. 5A). The changes in fluorescence of the H-acid/LDH
film after the determination of Hg2+ were further demonstrated
by its photographs with irradiation by UV light (Fig. S1),  from
which a remarkable fluorescence quenching was observed. A lin-
ear relationship between fluorescence intensity and −log[Hg2+]
was obtained from 1.0 × 10−7 to 1.0 × 10−5 mol  L−1 (Fig. 5B), with
the following linear regression equation: I = −333.4 − 132 log c(M),
r2 = 0.990. The absolute detection limit was 6.3 × 10−8 mol  L−1. This
linear response range is much broader compared with that of H-
acid in aqueous solution (2.9 × 10−6 to 5.5 × 10−5 mol  L−1) [38]

3.2.3. Selectivity of the H-acid/LDH film
An important feature of a chemosensor is its high selectivity

towards analyte over other competitive species. Fig. 6 illustrates

the fluorescence response of H-acid/LDH film at 465 nm for various
metal ions, especially possible competitive ions in practical deter-
mination. As shown in Fig. 6A, slight changes in the fluorescence
intensity of H-acid/LDH film were observed with the presence of
alkali metal ions (Li+, Na+, K+), alkali earth metal ions (Mg2+, Ca2+),
IIIA metal ion (Al3+), heavy metal ion (Pb2+), transition metal ions
(Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+) and common anions
(Cl−, NO3

−) (1.18 > I/I0 > 0.95; I0 and I correspond to the original
and final intensity of the H-acid/LDH film), indicating rather low
sensitivity for these metal ions. Moreover, the influence of inter-
ferential species (Cr3+, Zn2+, Cd2+, Cu2+: 5.0 × 10−5 mol  L−1 each)
on the determination of Hg2+ was also investigated by fluorescence
spectra. The results show that no significant effect on the response
of H-acid/LDH film to Hg2+ was found with the presence of these
metal ions. The fluorescence intensity was  still proportional to the
Hg2+ concentration in the range 1.0 × 10−7–1.0 × 10−5 mol  L−1 with
r2 = 0.992 (Fig. 6B), which unambiguously demonstrates the high
sensing selectivity of the H-acid/LDH film towards Hg2+. There-
fore, the H-acid/LDH film as a fluorescence chemosensor for Hg2+

exhibits a broad linear response range and high selectivity. A com-
parison study between this work and other reported chemosensors
of Hg2+ [51–53] was performed (Table 1). It can be seen that the
H-acid/LDH fluorescence sensor in this work displays a wide lin-
ear range response, but the detection limit is not as low as that of
the sophisticated analytical techniques (cold vapor atomic absorp-
tion spectrometry (CVAAS) [54] and voltammetry [55]). Compared
with other reported optical chemosensors [56–60],  the H-acid/LDH
chemosensor shows a wider linear range and lower detection limit.
In addition, the H-acid/LDH chemosensor possesses the advantages
of high stability, strong resistance to interference and facile manip-
ulation.

3.2.4. Determination of Hg2+ in real water samples
To validate the practical application of the H-acid/LDH

chemosensor, two samples (tap water and lake water collected
from the Kunming lake in the Summer Palace in Beijing) were
used for the Hg2+ determination. Each water sample was filtered
through a 0.45 �L membrane, and the elemental analysis results
based on inductively coupled plasma atomic emission spectrome-
try (ICP–AES) showed that no Hg(II) was found for both the samples.
Thus, different concentrations of Hg2+ were respectively added
in the water samples and then analyzed with the fluorescence
chemosensor. Table 2 lists the data of Hg2+ determination, from
which satisfactory results for Hg2+ recovery were obtained. This
indicates that the H-acid/LDH composite film can be potentially
used as a chemosensor for the detection of Hg2+ ion in the environ-
mental field.

Fig. 5. (A) Fluorescence spectra of the H-acid/LDH film chemosensor with the presence of Hg2+ with different concentrations (�ex = 365 nm; �em = 465; pH 7.0): (a)
[Hg2+] = 1.0 × 10−9, (b) 1.0 × 10−8, (c) 1.0 × 10−7, (d) 5.0 × 10−7, (e) 1.0 × 10−6, (f) 5.0 × 10−6, (g) 1.0 × 10−5, (h) 5.0 × 10−5, (i) 1.0 × 10−4 and (j) 5.0 × 10−4 mol  L−1. (B) Plot
of  fluorescence intensity as a function of −log[Hg2+] in aqueous solution. Indicated values are means of three measurements with the standard error less than 3%.
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Fig. 6. (A) Changes in fluorescence intensity (I/I0) of the H-acid/LDH film chemosensor towards various metal cations and common anions (5.0 × 10−5 mol L−1) in water
solution. I0 and I correspond to the original and final intensity of the H-acid/LDH film. (B) Plot of fluorescence intensity as a function of −log[Hg2+] with the presence of
interferential species Cr3+, Zn2+, Cd2+, Cu2+ (5.0 × 10−5 mol  L−1 each) in aqueous solution. Indicated values are means of three measurements with the standard error less than
3%  (�ex = 365 nm;  �em = 465 nm).

3.3. Mechanism of the detection of Hg2+

Solid-state NMR  is a powerful technique to investigate the
structure of organometallic complexes (copper, iron and mercury)
[61,62]. In this work, 13C CP-MAS NMR  observations were car-
ried out for H-acid in DMSO-d6 solution and the H-acid/LDH film
before and after detection of Hg2+ (Fig. 7). Firstly, a complete assign-
ment of 13C NMR  resonances was performed by the combined
analysis of 1H NMR  spectrum, Heteronuclear Multiple-Quantum
Coherence (HMQC) and Heteronuclear Multiple-Bond Correlation
(HMBC) spectrum (Figs. S2–S4), and the results are shown in Fig. 7a
(ten signals: C2 109.3, C4 116.9, C5 117.6, C10 118.8, C7 124.6, C9
129.3, C6 135.2, C8 145.8, C3 147.6, C1 153.4 ppm). The observed
13C resonances for the H-acid/LDH film was rather broad (Fig. 7b),
owing to the superimposed resonances compared with H-acid in
solution medium. The peak at 145.8 ppm in Fig. 7b is deemed to
contain the C3 and C8 line, and the resonance peak at 137.4 ppm
is assigned to the C6 in the H-acid moiety. After the determina-
tion of Hg2+ (Fig. 7c), the resonance peaks corresponding to the C3
and C6 moved to 143.7 and 139.0 ppm respectively, with a shift
of ∼2 ppm compared with Fig. 7b, indicating that the coordina-
tion occurs between Hg2+ and sulfonic groups linked to C3 and
C6 in the H-acid moiety. In addition, the pristine H-acid and H-
acid/LDH film before and after the determination of Hg2+ have been
investigated by UV–vis spectra, as shown in Fig. S5. Compared with

Fig. 7. (a) 13C NMR  spectrum for H-acid solution in DMSO-d6; 13C CP-MAS NMR
spectra for (b) the as-prepared H-acid/LDH composite and (c) after the determina-
tion of Hg2+. The inset shows the assignments of carbon atoms in H-acid anion.

Table  1
Comparison study between the H-acid/LDH sensor in this work and the previously reported methods for the measurement of Hg2+ ion.

Sensor Working range (mol L−1) Detection limit (mol L−1) Selectivity for Hg2+ Method Reference

H-acid/LDH 1.0 × 10−7 to 1.0 × 10−5 6.3 × 10−8 High Fluorescence This work
Dithizone/triacetylce-llulose film 7.5 × 10−6 to 9.7 × 10−6 1.0 × 10−7 Middle Absorbance 51
1-(2-pyridylazo)-2-naphthol/PVC/cellulose

film
1.0  × 10−5 to 1.0 × 10−3 5.5 × 10−5 High Reflectance 52

Ehexathiacyclooctadecane/
chromoionophore V/PVC film

2.1 × 10−7 to 1.2 × 10−4 2.0 × 10−7 High Reflectance 53

Cyanex 923 9.97 × 10−11 to 9.97 × 10−9 9.97 × 10−12 Middle CVAASa 54
Carbon electrode
/methyl-red film 1.1 × 10−10 to 1.1 × 10−7 4.4 × 10−11 Middle Voltammetry 55
Borate/oxacarbocyanine/PVC film 2.0 × 10−7 to 3.2 × 10−6 1.0 × 10−7 High Fluorescence 56
Tetraarylborate/porphyrin/PVC film 1.0 × 10−7 to 2.6 × 10−6 1.0 × 10−7 Middle Fluorescence 57
Porphyrin/PVC film 4.0 × 10−8 to 4.0 × 10−6 8.0 × 10−9 High Fluorescence 58
Quinolin-8-ol p-[10′ ,15′ ,20′-triphenyl-5′-

porphyrinyl]benzoate
solution

3.0 × 10−7 to 2.0 × 10−5 2.2 × 10−8 Middle Fluorescence 59

CdTe/butyl-rhodamine B solution 6.25 × 10−8 to 2.5 × 10−6 2.03 × 10−8 High FRETb 60

a CVAAS stands for cold vapor atomic absorption spectrometry.
b FRET stands for fluorescence resonance energy transfer.
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Fig. 8. The atomic orbital compositions of the frontier molecular orbital for (a) pristine H-acid and (b) the [2Hg–(H-acid)] complex.

Table  2
Determination of Hg2+ in the tap and lake water.

Sample Number Hg2+ added (mol L−1) Hg2+ found (mol L−1) (meana ± S.D.b) Recovery (%)

Lake water
No. 1 3.0 × 10−7 (3.07 ± 0.10) × 10−7 97.7
No.  2 1.0 × 10−6 (1.05 ± 0.16) × 10−6 105.0
No.  3 5.0 × 10−6 (5.08 ± 0.14) × 10−6 101.6

Tap  water
No. 1 5.0 × 10−7 (4.99 ± 0.10) × 10−7 99.8
No.  2 1.0 × 10−6 (1.04 ± 0.15) × 10−6 103.6
No.  3 8.0 × 10−6 (7.98±0.19)×10−6 99.7

a Mean of three determinations.
b Standard deviation.

pristine H-acid film (235 and 299 nm,  curve a), a red-shift of ∼40 nm
was observed for the H-acid/LDH film (275 and 343 nm,  curve b),
which can be attributed to a rigid and constrained environment
for H-acid provided by the LDH matrix. Moreover, a signifi-
cant blue-shift occurred from 275 to 235 nm as the H-acid/LDH
film was immersed into Hg2+ aqueous solution (10−6 mol  L−1,
curve c), and its intensity increased slightly upon increasing Hg2+

concentration from 10−6 to 10−5 mol  L−1 (curve d). The results
further indicate that coordination may  occur between H-acid
and Hg2+, corresponding to the fluorescence quenching of the
H-acid/LDH film.

In order to validate the results obtained by NMR spectroscopy
and UV–vis spectra, binding of Hg2+ by the receptor H-acid was
also investigated by quantum chemical calculations at the DFT
level (see Supplementary data). The structure for the [2Hg-(H-
acid)] complex was calculated, based on the previous report of
stoichiometric (2:1) between Hg2+ and H-acid [38]. The result-
ing structure [2Hg-(H-acid)] (Fig. S6)  shows that two  Hg(II) ions
essentially coordinate with two sulfonic oxygen atoms in one H-
acid moiety (d3(O· · ·Hg) = 2.33 and 2.29 Å; WBI3(O· · ·Hg) = 0.271 and
0.335; d6(O· ·  ·Hg) = 2.33 and 2.29 Å; WBI6(O· · ·Hg) = 0.271 and 0.331),
in accordance with the results of NMR  spectroscopy. Highest
occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) for pristine H-acid and the [2Hg-(H-acid)]
complex were also calculated, respectively (Fig. 8). For H-acid
molecule, the HOMO and LUMO are mostly localized in the
central naphthyl group, with the HOMO-LUMO energy gap of
−0.147 a.u. (Fig. 8a). However, when coordination between H-

acid and Hg2+ occurs, the HOMO commonly resides on the whole
parts of complex (H-acid and Hg2+) while the LUMO is primarily
populated in the two Hg2+ and O atoms in sulfonic groups, and
the HOMO-LUMO energy gap decreases to −0.015 a.u. (Fig. 8b).
The low energy gap easily leads to rapid nonradiative decay of
excited electron according with the electron transfer (eT) or energy
transfer (ET) mechanism [63], which results in the fluorescence
quenching.

4. Conclusion

The H-acid/LDH composite film was fabricated by the EPD tech-
nique in this work, which exhibits application as a fluorescence
chemosensor for Hg2+. The film shows a well c-orientation of
LDH microcrystals verified by XRD and SEM. Furthermore, the H-
acid/LDH film as a fluorescence chemosensor for Hg2+ exhibits
a broad linear response range and high selectivity. In addition,
the mechanism of the film chemosensor for determination of
Hg2+ was revealed by a combination study based on NMR  spec-
troscopy, UV–vis spectra and density functional theory (DFT)
calculation, from which the coordination between Hg(II) and H-
acid immobilized in the LDH matrix occurs and is responsible for the
significant fluorescence quenching of the H-acid/LDH film. There-
fore, the novel strategy in this work provides a facile and efficient
methodology for the fabrication of fluorescence chemosensors via
incorporation of an organic fluorophore indicator within an inor-
ganic matrix, which can be potentially used for the detection and
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