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a b s t r a c t

The inorganic–organic composites have been prepared by intercalation of ammonium 1-
anilinonaphthalene-8-sulfonate (ANS) into ZnAl and MgAl layered double hydroxide (LDH) with
the molar ratio (M2+/M3+) of 2:1 and 3:1, respectively. The powder X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FT-IR) confirm the intercalation of ANS into the galleries of LDH.
Fluorescence polarization method was applied to investigate the preferential orientation of the inter-
layer ANS molecule, and the results show that ANS anions are accommodated between the sheets of
Zn2Al-LDH, Zn3Al-LDH, Mg2Al-LDH and Mg3Al-LDH with an orientation angle � (defined as the angle

◦

ntercalation
NS-LDH composites
ontrollable photoluminescence

between the transition moment of ANS molecule with respect to the normal to the LDH layer) of 58 ,
57◦, 55◦ and 52◦, respectively. TG–DTA results reveal that the thermal stability of ANS was markedly
enhanced upon intercalation. Fluorescence spectra demonstrate that the Zn3Al-ANS-LDH sample
exhibits the optimal luminous intensity among the four ANS-LDH composites. It was also found that the
luminescence behavior of ANS can be modulated via changing the two parameters: the type and ratio of

trix d
for so
cation species in LDH ma
used as good candidates

. Introduction

Ammonium 1-anilinonaphthalene-8-sulfonate (ANS,
cheme 1), also known as a fluorescence dye, has been widely
sed as a probe via changing its fluorescence parameters (emission
avelength, quantum yield and lifetime), for the purpose of indi-

ating the hydrophobic/hydrophilic circumstance [1,2], interactive
ocations [3,4] and the different conformation of proteins [5].
wing to its sensitivity to environment, ANS was also applied to
onitor the changes in pore volume of sol–gels [6]. In these cases,

he luminescence of ANS is governed by its microenvironment,
onformational changes and specific solute–solvent interactions.
n addition, the peculiar fluorescence behavior of ANS in solid
upramolecular environments, such as in solid complexes with
-, �-, �-cyclodextrin and cyclophane CP 66, has been studied [7].

agner reported an interesting inclusion compound in which ANS
olecules were co-crystallized in the lattice of a cucurbituril cages

8,9]. This structure is considered as a highly ordered solid solution
nd results in a strong fluorescence solid. Based on the previous
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ue to host–guest interactions. Therefore, the ANS-LDH composites can be
lid photoluminescence materials.

© 2010 Elsevier B.V. All rights reserved.

reports, it is known that both the immediate circumstance and
the arrangement of ANS molecules are key factors influencing its
fluorescence properties.

Layered double hydroxides (LDHs), whose structure can be gen-
erally expressed as [MII

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

are divalent and MIII trivalent metals respectively, and An− an n-
valent anion), are 2-D layered materials consisting of positively
charged host layers with charge balancing guest anions. LDH mate-
rials have been extensively studied in the areas of catalysis [10,11],
separation technology [12,13], drug delivery [14,15] and functional
materials [16,17]. Synthesis of organic–inorganic hybrid materials
based on LDHs has attracted much attention, for these materials
may show special physicochemical characteristics which are not
present in the individual components alone. Recently, the immobi-
lization of photoactive molecules and their optic-functionalization
with LDHs have been reported [18–21]. Our previous work [22]
shows that the immobilization of guest molecules with a pref-
erential arrangement in LDHs results in a desired alignment of
photo-functional molecules in a macro-scale domain. This inspires
us to challenge the goal of incorporation of ANS into LDH host
matrix, which may possess the following advantages: (1) the solid

matrix offers a confined environment for the immobilization and
homogeneous distribution of dye molecules based on host–guest
interactions, which can reduce dye aggregation and fluorescence
quenching effectively; (2) the solid matrix would enhance the opti-
cal and thermal stability of the dye, which is a prerequisite to meet

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:weimin@mail.buct.edu.cn
mailto:weimin-hewei@163.com
dx.doi.org/10.1016/j.cej.2010.04.031
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cheme 1. Molecular structure of ANS optimized by Gaussian 03 (C grey, H white,
red, N blue, S yellow). (For interpretation of the references to color in this scheme

egend, the reader is referred to the web version of this article.)

he fabrication of solid state light emission device; (3) LDH mate-
ials exhibit the advantages of facile manipulation, low-cost and
nvironment-friendliness. Although the fluorescence properties of
NS have been studied thoroughly in non-polar environments, its
ontrollable luminescence behavior by using polar inorganic mate-
ials, especially immobilization into a layered host matrix is scarce
nd remains a challenge.

In this work, we report the incorporation of ANS into LDH matrix,
nd the composites are characterized by means of XRD, FT-IR, ele-
ental analysis and TG/DTA thermal analysis. The luminescence

roperties of the composites can be tuned by changing the cation
pecies and the molar ratio (M2+/M3+) of the LDH host layer. The
nfluences of composition of LDH matrix on both the orientation
nd luminescence properties of interlayer chromophore have been
tudied and discussed thoroughly, for the purpose of obtaining
uperior photoluminescence materials based on host–guest inter-
ctions. Therefore, this work provides a new method for controlling
he luminescence behavior of composite materials via regular
rrangements of organic chromophores within an inorganic matrix,
hich can be potentially used in the field of photoluminescence.

. Experimental

.1. Materials

ANS was purchased from J&K Chemical Ltd. Analytical
rade chemicals including Zn(NO3)2·6H2O, Al(NO3)3·9H2O,
g(NO3)2·6H2O and NaOH were purchased from the Beijing

hemical Co. Limited, and used without further purification. The
eionized and decarbonate water was used in all the experimental
rocesses.

.2. Synthesis of ANS-LDH composites

The Zn2Al–NO3-LDH, Zn3Al–NO3-LDH, Mg2Al–NO3-LDH and
g3Al–NO3-LDH precursors were synthesized by the hydrother-
al method reported previously [23]. A solution of NH3·H2O

25%) was added dropwise to a solution (200 mL) containing

n(NO3)2·6H2O and Al(NO3)3·9H2O (molar ratio 2:1) with vigor-
us stirring under nitrogen. The pH value of the solution at the end
f addition was 8.5. The suspension was transferred to an autoclave
nd heated at 140 ◦C for 10 h. The resulting precipitate was sepa-
ated by centrifugation, washed thoroughly with deionized water.
Journal 161 (2010) 293–300

Subsequently, the ANS intercalated LDHs were prepared by the
ion-exchange method as following: ANS (1.2 g) was dissolved in
a mixture solution of ethanol–water (1:1, v/v) with pH adjusted to
7.5 by adding NaOH solution (0.1 M), and then 1.50 g of freshly pre-
pared Zn2Al–NO3-LDH (0.51 g, 1.62 mmol after drying) was added.
The mixture was stirred at 70 ◦C under N2 atmosphere for 48 h.
The resulting precipitate Zn2Al-ANS-LDH was centrifuged, washed
thoroughly with ethanol and water. Zn3Al-ANS-LDH, Mg2Al-ANS-
LDH and Mg3Al-ANS-LDH were synthesized according to a similar
procedure. Elemental analysis: found (Zn2Al-ANS-LDH) Zn 23.18%,
Al 6.86%, C 23.01%, N 2.98%, S 3.48%, H 3.52%; found (Zn3Al-ANS-
LDH) Zn 40.07%, Al 6.20%, C 28.91%, N 3.71%, S 4.72%, H 4.47%; found
(Mg2Al-ANS-LDH) Mg 10.71%, Al 6.14%, C 39.74%, N 3.41%, S 6.27%,
H 5.26%; found (Mg3Al-ANS-LDH) Mg 10.32%, Al 4.97%, C 29.41%, N
2.63%, S 4.44%, H 4.11%.

2.3. Fabrication of ANS-LDH Thin Films

Thin film of Zn2Al-ANS-LDH was fabricated by the solvent evap-
oration method. Substrates of Si wafer were firstly cleaned by
immersing in a bath of H2SO4/H2O2 (3/1, v/v) and then were treated
in an ultrasonic bath for 30 min. Pasty Zn2Al-ANS-LDH (0.05 g)
was suspended in water (25 mL) in a glass flask and treated in
an ultrasonic bath under N2 atmosphere for 5 min. The resulting
Zn2Al-ANS-LDH suspension was dropped on Si substrates and dried
in vacuum at ambient temperature for 5 h. The thin films of Zn3Al-
ANS-LDH, Mg2Al-ANS-LDH and Mg3Al-ANS-LDH were fabricated
following the same procedure.

2.4. 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◦. FT-IR spectra were recorded on a Bruker Vec-
tor 22 Fourier transfer infrared spectrophotometer using the KBr
disk method in the range from 4000 to 400 cm−1, with a resolution
of 2 cm−1 and accumulation of 32 scans. SEM images were obtained
using a Hitachi S-4700 scanning electron microscope operating at
20 kV. Metallic elemental analysis was performed by atomic emis-
sion spectroscopy with a Shimadzu ICPS-7500 instrument. C, H, N
content was determined using an Elementar vario elemental analy-
sis instrument. Thermogravimetry and differential thermal analysis
(TG–DTA) curves were obtained on a Beifen PCT-IA instrument
in the temperature range 25–700 ◦C. The solid UV–vis adsorption
spectra were collected in the range from 200 to 600 nm on a Pup-
kinje General TU-1901 with the slit width of 1.0 nm, and BaSO4
was used as reference. The fluorescence spectra were performed
on RF-5301PC fluorospectrophotometer under the identical condi-
tion with excitation wavelength of 370 nm and emission spectra in
the range 400–600 nm.

2.5. Fluorescence polarization

The fluorescence polarization technology was used to deter-
mine the orientation of ANS, and was performed according to the
method reported by our group previously with some modifications
[22]. Thin films of ANS-LDHs were fabricated according to the same
procedure as reported by our group [22]. The spectra of the com-
posites film were registered after excitation at 370 nm and scanned
in the range 425–600 nm. The angle between the normal to the thin

film and the excitation axis (defined as the ı angle) was scanned
from 40◦ to 70◦. To correct the instrumental response to the lin-
early polarized light, 1.5×10−5 mol/L and 4.0×10−5 mol/L of ANS
ethanol solutions were used as the isotropic system for ZnAl-ANS-
LDH and MgAl-ANS-LDH system, respectively.



Z. Sun et al. / Chemical Engineering Journal 161 (2010) 293–300 295

F
N
A

n
s
i
m

h
r
t
fl
V
(
e

(

w
t
t
i
c
u
i
t
(
t

3

3

Z
i
a
u
c
o
r
t
s
1
M
r

ig. 1. Powder XRD patterns for (a) Zn2Al-NO3-LDH, (b) Zn3Al-NO3-LDH, (c) Mg2Al-
O3-LDH, (d) Mg3Al-NO3-LDH, (e) Zn2Al-ANS-LDH, (f) Zn3Al-ANS-LDH, (g) Mg2Al-
NS-LDH and (h) Mg3Al-ANS-LDH. Asterisk denotes the reflections of ZnO impurity.

As quantum mechanic calculations suggested, 1-substituted
aphthalenes exhibit mainly a-type activity, i.e., the S0→ S1 tran-
itions of 1-substituted naphthalenes is polarized along the long
n-plane axis [24]. Therefore, the transitional direction of ANS

olecule is along its long axis [25,26] (as shown in Scheme 1).
The responses of fluorescence spectrum of the ANS film to

orizontally (H) and vertically (V) polarized incident light were
ecorded by varying the orientation angle ı between the normal
o the film and the incident light. A linear relationship between the
uorescence dichroic ratio (DHV was defined as the ratio of H and
polarized emission spectra, DHV≡ IHH/IHV) and the twist angle ı

with a right-angle configuration between the excitation and the
mission beam) was established by means of:

DHV)cor = IVH
IVV
× G = 2 cot2 + (1− 2 cot2 ) cos2(90+ ı)

here G is the instrumental G factor which makes a correction for
he instrumental response to the emission H and V polarizer by
aking into account the evolution of the fluorescence band of an
sotropic system with the twist angles ı recorded under identical
onditions, i.e., (G≡ (IHV/IHH)iso). An aqueous solution of ANS was
sed as the isotropic system. From the corresponding slope and/or

ntercept of a plot of (DHV)cor vs. cos2(90 + ı), the relative orienta-
ion of the interlayer ANS can be evaluated in terms of the angle�
defined as the angle between the transition moment of ANS and
he normal to the LDH layer) (Figs. S1 and S2).

. Results and discussion

.1. Characterization of the ANS-LDH composites

The powder XRD patterns of LDH precursors, Zn2Al-ANS-LDH,
n3Al-ANS-LDH, Mg2Al-ANS-LDH and Mg3Al-ANS-LDH are shown
n Fig. 1, respectively. In each case, the reflections can be indexed to
hexagonal lattice with R-3m rhombohedral symmetry, commonly
sed for the description of the LDH structures. For the four LDH pre-
ursors (Fig. 1a–d), the 0 0 3 reflection gives the interlayer distance
f 8.92, 8.91, 8.89 and 8.94 Å respectively, in accordance with the
eported value for NO3-LDH [27]. After the anion-exchange reac-

ion, the basal reflection (0 0 3) of ANS-LDH composites (Fig. 1e–h)
hifted to lower 2� angles, and the basal spacing expanded to
9.6, 20.1, 21.5 and 21.6 Å for the Zn2Al-ANS-LDH, Zn3Al-ANS-LDH,
g2Al-ANS-LDH and Mg3Al-ANS-LDH samples, respectively. The

esults indicate that ANS anions have been intercalated into the
Fig. 2. FT-IR spectra of (a) NO3-LDH, (b) ANS, (c) Zn2Al-ANS-LDH, (d) Zn3Al-ANS-
LDH, (e) Mg2Al-ANS-LDH and (f) Mg3Al-ANS-LDH.

LDH lamellar. The compositions of the LDH precursors and result-
ing products are listed in Table 1, and the XRD parameters (d0 0 3 and
a) are also presented. It can be seen that a little amount of NO3

−

co-existed with ANS anions in LDH galleries.
The FT-IR spectra of NO3-LDH, ANS, Zn2Al-ANS-LDH, Zn3Al-

ANS-LDH, Mg2Al-ANS-LDH and Mg3Al-ANS-LDH are shown in
Fig. 2, respectively. For the sake of clarity, only the main absorp-
tion 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. The characteristic absorption band of carbonate
at 1360 cm−1 was not observed, confirming the absence of car-
bonate in precursors. In the spectrum of pristine ANS (Fig. 2b),
the strong absorption bands at 1182 and 1051 cm−1 are due to
the O S O stretching vibration of the sulfonate group [28,29]. The
absorption bands in the region 1500–1600 cm−1 are attributed to
the benzene vibration. The four spectra of ANS-LDH composites
(Fig. 2c–f) display characteristic bands of –SO3

− group at 1176 and
1045 cm−1 with a red-shift of 6–8 cm−1 compared with pristine
ANS, as a result of host–guest interactions between LDH matrix
and ANS [30]. Compared with the NO3-LDH precursor (Fig. 2a),
the intensity of absorption band attributed to NO3

− at 1384 cm−1

decreases significantly for the ANS-LDH composites, confirming
that the ANS anion and NO3

− coexist in the galleries of LDH. This is
in agreement with the elemental analysis results (Table 1).

The morphology of composites (both the powder and thin film)
revealed by SEM is shown in Fig. 3. The powder samples (Fig. 3a–d)
afford a rough surface composed of randomly oriented LDH par-
ticles with irregular morphology. In contrast, the thin films of
ANS-LDH (Fig. 3e–h) exhibit a smooth and continuous surface in
the top view and also demonstrate that the individual ANS-LDH
platelets are densely packed on the substrate with well c orienta-
tion. A few claviform crystalloids which could be attributed to a
ZnO impurity phase were observed for the Zn3Al-ANS-LDH sample
(Fig. 3f), consistent with the XRD results.

3.2. Orientation of ANS intercalated in LDH determined by the
fluorescent polarization
The preferential orientation of ANS intercalated into LDHs was
obtained by the fluorescence polarization technology. The results
show that the values of orientation angle (� ) were calculated to
be 58◦ for Zn2Al-ANS-LDH, 57◦ for Zn3Al-ANS-LDH, 55◦ for Mg2Al-
ANS-LDH and 52◦ for Mg3Al-ANS-LDH respectively (see Section
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ig. 3. SEM images of the powder samples of (a) Zn2Al-ANS-LDH, (b) Zn3Al-ANS-LDH
f) Zn3Al-ANS-LDH, (g) Mg2Al-ANS-LDH, (h) Mg3Al-ANS-LDH.

: 370 nm of excitation). The orientation of ANS for the samples
f Zn2Al-ANS-LDH and Mg2Al-ANS-LDH was also determined by
easuring the linearly polarized spectra at 390 nm (Fig. S3), and
he values obtained are in agreement to that of at 370 nm. The
DHV)cor value is practically independent of the emission wave-
ength, indicating the presence of only one type of ANS species
or an individual sample. According to the report of Arbeloa et
l. on the polarization technology, the difference of 1◦ in orien-
g2Al-ANS-LDH, (d) Mg3Al-ANS-LDH and the thin film samples of (e) Zn2Al-ANS-LDH,

tation angle is significant and accounts for the varieties in system
[31,32].

Furthermore, based on the basal spacing d0 0 3 of the composites

obtained from XRD, the values of gallery height were calculated
to be 1.48, 1.53, 1.67 and 1.68 nm for Zn2Al-ANS-LDH, Zn3Al-
ANS-LDH, Mg2Al-ANS-LDH and Mg3Al-ANS-LDH respectively, by
subtracting the thickness of the inorganic layer (0.48 nm). Taking
into account the molecular dimensions of ANS (0.68 nm for ANS
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Table 1
Chemical compositions and unit-cell parameters for NO3-LDHs and ANS-LDHs.

M2+/M3+ initial ratio Chemical composition d0 0 3 (Å) a (Å)

2:1 Zn0.632Al0.368(OH)2(NO3)0.368·0.45H2O 8.92 3.03
2:1 Zn0.637Al0.363(OH)2(ANS)0.211(NO3)0.152·0.97H2O 19.6 3.06
3:1 Zn0.732Al0.268(OH)2(NO3)0.268·0.58H2Oa 8.91 3.04
3:1 Zn0.726Al0.274(OH)2(ANS)0.165(NO3)0.109·0.75H2Oa 20.1 3.06
2:1 Mg0.647Al0.353(OH)2(NO3)0.353·0.56H2O 8.89 3.04
2:1 Mg Al (OH) (ANS) (NO )0.044(CO ) ·1.33H O 21.5 3.04

2O
0.042·(C
proxi

c
m
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A
S
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e
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0.646 0.354 2 0.286 3

3:1 Mg0.718Al0.282(OH)2(NO3)0.282·0.47H
3:1 Mg0.715Al0.285(OH)2(ANS)0.223(NO3)

a Owing to the low content of ZnO impurity, the two Zn3Al-LDH samples were ap

alculated by Gaussian 03), it can be speculated that ANS is accom-
odated in the interlayer region as double layer. On the basis of
NS dimension and its orientation, the schematic structures of
NS-LDH composites were tentatively proposed and presented in
cheme 2.

.3. Thermal satiability of the ANS-LDH composites

The four composites show very similar thermal decomposition
ehavior, as a result the Zn2Al-ANS-LDH sample was taken as an
xample. TG–DTA curves of the pristine ANS, Zn2Al-NO3-LDH and
n2Al-ANS-LDH are displayed in Fig. 4, respectively. A weight loss
round 70–130 ◦C was observed for the pure ANS (Fig. 4A), due
o the loss of crystalline water. Subsequently a rapid weight loss
n the temperature range 325–580 ◦C occurred accompanied with

xothermic peaks in the DTA curve, corresponding to the com-
ustion of the organic molecule. For the thermal decomposition
f Zn2Al–NO3-LDH (Fig. 4B), the weight loss below 125 ◦C with
n endothermic peak in the DTA curve corresponds to the loss of
rystalline water [33]. Upon increasing temperature, two weight

cheme 2. A possible representation for the structures of (a) Zn2Al-ANS-LDH, (b) Zn3Al-
lue, S yellow). (For interpretation of the references to color in this scheme legend, the re
3 0.012 2

8.94 3.04
O3)0.0101.07H2O 21.6 3.04

mately represented as a pure LDH composition.

loss stages in 180–290 and 290–500 ◦C were observed, which can
be attributed to the dehydroxylation and decomposition of nitrate
ions [34]. In the case of Zn2Al-ANS-LDH sample (Fig. 4C), several
endothermic peaks noted at 70–180 ◦C in the DTA curve correspond
to the removal of surface adsorbed and interlayer water molecules
[33,34]. A rapid and major mass loss due to the dehydroxylation
and decomposition of interlayer ANS anions in 180–560 ◦C occurs,
and the first exothermic peak related to the decomposition of
ANS anions shifts from 325 (Fig. 4A) to 360 ◦C (Fig. 4C). A similar
phenomenon was also observed in the case of Zn3Al-ANS-LDH,
Mg2Al-ANS-LDH and Mg3Al-ANS-LDH. Consequently, it can be
concluded that the thermal stability of ANS was enhanced to some
extent after intercalation into LDH matrix owing to the presence
of host–guest interactions. The thermal stability of ANS in LDH
matrix was further studied by recording the correlation between

fluorescence intensity and heat treatment for the ANS-LDH com-
posites. Fig. S4 shows the variation of fluorescence intensity for the
three samples (Zn2Al-ANS-LDH, Mg2Al-ANS-LDH and pristine ANS)
along with heat treatment temperature, from which a much slower
decrease in fluorescence intensity of Zn2Al-ANS-LDH and Mg2Al-

ANS-LDH, (c) Mg2Al-ANS-LDH and (d) Mg3Al-ANS-LDH (C grey, H white, O red, N
ader is referred to the web version of this article.)
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Fig. 5. UV–vis absorption spectra of (a) Zn2Al-ANS-LDH, (b) Zn3Al-ANS-LDH, (c)
Mg2Al-ANS-LDH, (d) Mg3Al-ANS-LDH, (e) physical mixture of ANS with Zn3Al-NO3-
LDH, (f) pristine ANS and (g) ANS in ethanol solution (10−4 mol/L).

Table 2
The maximum wavelength of absorption and emission of the ANS-LDH composites.

�max (nm) �em (nm)

Zn2Al-ANS-LDH 398 487
Zn3Al-ANS-LDH 400 490
Mg2Al-ANS-LDH 385 496
Mg3Al-ANS-LDH 385 499

the range 1.0×10−5–5.0×10−3 mol/L, indicating the formation of
J-type aggregate of ANS (Fig S5) [36–38]. Fig. 6 displays the fluores-
cence spectra of the ANS-LDH composites, which are significantly
different from that of pristine ANS. The fluorescence intensity obeys
ig. 4. TG–DTA curves for (A) ANS, (B) Zn2Al-NO3-LDH and (C) Zn2Al-ANS-LDH.

NS-LDH was observed compared with pristine ANS. This indicates
hat the thermal stability of ANS was enhanced upon intercalation
nto LDH matrix, in agreement with the result of TG–DTA.

.4. UV–vis absorption and fluorescence spectroscopy

The UV–vis absorption spectra of the composites are shown in
ig. 5, with comparison samples of ANS in ethanol solution, solid
NS and physical mixture of ANS with Zn3Al–NO3-LDH, and the
aximum absorption wavelength are listed in Table 2. Compared
ith ANS in solution (curve g, 370 nm), a red-shift of ∼36 nm was

bserved for the solid ANS sample, which can be attributed to
he J-type aggregate of ANS. A blue-shift of ∼6 nm was observed

or the physical mixture compared with pristine ANS, which can
e attributed to the decrease in aggregation of ANS by adding
n3Al–NO3-LDH [7]. For the ANS-LDH composites, the �max of ANS
anges in 385–400 nm (curve a–d in Fig. 5), larger than ANS in
thanol solution (370 nm) but less than solid ANS (406 nm). This
Pristine ANS 406 484
Physical mixture of ANS and Zn3Al-NO3-LDH 400 482
ANS in ethanol solution (10−4 mol/L) 370 470

indicates that the J-type aggregate of ANS may exist in the galleries
of LDH [35].

In ANS ethanol solution, a gradual red-shift for the maxi-
mum emission band from 470 to 481 nm as well as fluorescence
quenching were observed upon increasing the dye concentration in
Fig. 6. Fluorescence spectra of the composites of (a) Zn2Al-ANS-LDH, (b) Zn3Al-ANS-
LDH, (c) Mg2Al-ANS-LDH, (d) Mg3Al-ANS-LDH, (e) the mixture of ANS and Zn3Al-
NO3-LDH, (f) pristine ANS. �ex = 370 nm.
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ig. 7. Photographs of (a) Zn2Al-ANS-LDH, (b) Zn3Al-ANS-LDH, (c) Mg2Al-ANS-LDH
V irradiation of 365 nm.

he following order: Zn3Al-ANS-LDH > Zn2Al-ANS-LDH > Mg3Al-
NS-LDH > Mg2Al-ANS-LDH. For the two ZnAl-ANS-LDH samples

curve a and b in Fig. 6), they exhibit strong fluorescence inten-
ity, which is about three times higher than that of pristine ANS
olid sample (curve f). However, ANS intercalated into MgAl-LDH
amples (curve c and d in Fig. 6) emit relative weaker fluorescence
ompared with that of pristine ANS. For the physical mixture of
n3Al–NO3-LDH and ANS, a blue-shift was found for the emission
pectra compared with pristine ANS, indicating that the aggrega-
ion was reduced by the dilution effect of Zn3Al–NO3-LDH. The
hanges in fluorescence of these samples are further demonstrated
y their photographs with irradiation by UV light (365 nm), from
hich ZnAl-ANS-LDHs show much stronger brightness in blue than

hat of MgAl-ANS-LDHs (Fig. 7). The enhancement of fluorescence
ntensity of ANS in the ZnAl-LDH matrix can be attributed to its low
ggregation degree in LDH gallery. It can be seen from the chem-
cal composition (Table 1) that the molar concentration of ANS in
nAl-LDHs is much lower than that of MgAl-LDHs. Consequently,
he lower content of ANS in the ZnAl-LDH matrix leads to lower
ggregation and thus stronger intensity of fluorescence emission.

It is also worth noticing that the fluorescence intensity of ANS-
DH composites increases with the molar ratio M2+/Al3+ of LDH
rom 2:1 to 3:1, which was further observed in their photographs
ith UV light irradiation (shown in Fig. 7). This can be attributed

o the decrease in aggregation of ANS upon increasing the M2+/Al3+

n LDH matrix. Its known that the anion in the interlayer galleries
ombines with LDH-sheet by electrostatic force. Therefore, the con-
entration of interlayer ANS can be controlled by the charge density
f host layers, i.e., the M2+/Al3+ ratio. Higher M2+/Al3+ ratio leads
o lower charge density and thus lower concentration of interlayer
NS. Owing to the previous report that M2+ and M3+ are ordered
istributed and no Al3+–Al3+ contacts exist in the LDH hydrox-

de layers [39], the average distance of Al3+–Al3+ in the LDH with
2+/Al3+ of 3:1 is larger than that of 2:1, which results in the well-

roportioned distribution and the decrease in aggregation of ANS
olecules in the LDH gallery. This is also in accordance with the

esults of elemental analysis (Table 1) that a higher content of ANS
as observed in the composites with M2+/Al3+ of 2:1 than that of

:1. The results above indicate that both the host–guest interaction
controlled by the metal type in LDH layers) and the guest–guest
nteraction (tuned by the M2+/Al3+ ratio) are key factors in deter-

ining the fluorescence properties of ANS in LDH matrix.

. Conclusions

The ANS molecule has been incorporated into the ZnAl–NO3-
DH and MgAl–NO3-LDH matrix by ion-exchange method, respec-
ively. XRD and FT-IR indicate the successful intercalation of ANS

nto galleries of LDHs. TG–DTA shows that the thermal stabilities of
ntercalated ANS exhibit a notable increase compared with that of
ristine ANS. The fluorescence polarization was employed to eval-
ate the preferential orientation of the interlayer ANS molecules,
nd the structures of ANS-LDHs composites were proposed. The

[

[

g3Al-ANS-LDH, (e) mixture of ANS and Zn3Al-NO3-LDH and (f) pristine ANS under

fluorescence intensity follows the orders: Zn3Al-ANS-LDH > Zn2Al-
ANS-LDH > Mg3Al-ANS-LDH > Mg2Al-ANS-LDH, which was further
demonstrated by the photograph of the samples with UV light irra-
diation. It was found that both the metal type in LDH layers and
the M2+/Al3+ ratio show significant influences on the fluorescence
properties of ANS in LDH matrix. Therefore, it can be concluded that
the luminescence of ANS molecules is dependent upon the con-
finement effect imposed by LDH matrix, and can by simply tuned
by changing the two factors mentioned above. This work provides
a facile method for the immobilization and dispersion of organic
dyes within a 2D inorganic matrix, for the purpose of prospective
application in solid photoluminescence materials.
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19] K. Lang, P. Bezdička, J.L. Bourdelande, J. Hernando, I. Jirka, E. Káfuňková, F.
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