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A series of Mg-Al-Eu ternary hydrotalcite-like layered double hydroxides (LDHs), with Eu/Al atomic
ratios of ~0.06 and Mg/(Al+Eu) atomic ratios ranging from 1.3 to 4.0, were synthesized by a
coprecipitation method. The Mg-Al-Eu ternary LDHs were investigated by various techniques. X-ray
diffraction (XRD) results indicated that the crystallinity of the ternary LDHs was gradually improved
with the increase of Mg?*/(AI** +Eu>") molar ratio from 1.3/1 to 4/1, and all the samples were a single
phase corresponding to LDH. The photoluminescent (PL) spectra of the ternary Mg-Al-Eu LDHs
were described by the well-known °Do-’F; transition (J=1, 2, 3, 4) of Eu®>* ions with the strongest
emission for J=2, suggesting that the host LDH was favorable to the emissions of Eu®>* ions. The
asymmetry parameter (R) relevant to 5D0—7F] transition (J=1, 2) dependant of the atomic ratios of
Mg?*J(AI** +Eu®*) was discussed, and was consistent with the result of XRD.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Layered double hydroxides (LDHs) have attracted increasing
attention owing to their potential industrial applications as anion
ion-exchangers, adsorbents, catalyst, and functional materials
[1-5]. LDHs consist of positively charged brucite-like layers,
where a fraction of the divalent cations was replaced by trivalent
cations [6]. Up to now, most of the studies on MgAIl-LDHs were
focused on ion-exchanges [7], organic-intercalation [8,9], exfolia-
tion/self-assembly [10,11], etc. For the application of fluorescent
probe in biology or medical diagnosis, rare earth ions doped into
the layers of LDHs should be meaningful.

Rare-earth doped materials, such as nanocrystals or com-
plexes, have been extensively studied [12-14]. Among the RE
ions, trivalent europium ion was a well-known dopant for many
compounds, producing red emissions [12,13]. These materials
possessed a variety of applications including phosphors, display
monitor, X-ray imaging, scintillators, optical communication,
fluorescence imaging, etc. [15-17].

Recently, some researches about the intercalation of rare earth
ions complex into interlayer of LDHs have been reported [18-21],
and some rare earth layered hydroxides have been synthesized
[22-25]. However, to the best of our knowledge, the study on
Mg-Al-Eu ternary hydrotalcite-like LDHs was hardly reported.
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In views of cheap raw and simple processing, we have investi-
gated the synthesis and photoluminescence properties of Mg-Al-
Eu ternary LDHs in this paper. It will be a candidate for the fluore-
scent probes applied in biology or medical diagnosis by varied
photoluminescent properties resulted from different interlayer
guests, and the probe fabricated with inorganic materials may
possess better thermal stability and less toxicity than those
probes fabricated with organic materials.

2. Experimental section
2.1. Sample preparation

MgClz, A1C136H20, Eu,03, NHs-H,0, and HCl were of AR.
grade, and were purchased from Chemistry Reagent Corporation
of National Medicine Group. CO,-free deionized water was used in
all experiments. MgCl,, AlCl3 - 6H,0, and Eu,05 solid were mixed
and dissolved in a ~250 mL CO,-free HCI aqueous solution at the
Mg/(Al+Eu) molar ratios of 1.3/1, 2/1, 3/1, and 4/1, respectively,
and an Eu/Al molar ratio of 0.06 was maintained. Then, a series of
Mg-Al-Eu ternary hydrotalcite-like layered double hydroxides,
with Eu/Al atomic ratios of ~0.06 and Mg/(Al+Eu) atomic ratios
ranging from 1.3/1, 2/1, 3/1 to 4/1, were synthesized by the
coprecipitation method.

The procedure was followed as NH;-H,O solution was
gradually dropped into the prepared mixed solutions of MgCl,,
AlCl3, and EuCls, and continuously stirring. After precipitation
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(pH ~ 8), the slurry was filtrated, washed with CO,-free deionize
water, and dried at 90 °C for 6 h. The Mg-Al-Eu ternary products
with Mg/(Al+Eu) molar ratios of 1.3/1, 2/1, 3/1, and 4/1 were
signed as Mg, 3(AlEu)-LDH, Mg,(AlEu)-LDH, Mgs(AIEu)-LDH, and
Mg4(AlEu)-LDH, respectively. A binary MgAI-LDH with Mg/Al
molar ratio of 2/1 was prepared by the same method as above and
signed as Mg,Al-LDH.

2.2. Characterization techniques

Fourier transform infrared (FTIR) spectra of the solid materials
were obtained with Shimadzu IR Prestige-21 FTIR spectrometer
by the KBr method. X-ray diffraction measurements (XRD) were
performed on a Bruker D8 Focus (40 kV, 40 mA) with CuKuo
radiation; data acquisition was performed using a scan speed of
2°/min, and 26 ranging from 4.0° to 70°.

Thermogravimetric (TG) and differential thermogravimetric
(DTG) data were collected using synchronous thermal analyzer
(PYRIS DIAMOVD, AMERICAN PE COMPANY) under nitrogen
atmosphere at a scan rate of 10 °C/min. Chemical contents of
Mg, Al, and Eu were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, OPTIMA 5300DV, AMER-
ICAN PE COMPANY). The chemistry formula was estimated from
the results of ICP and TG analyses. The photoluminescent property
of the samples was studied with the help of F-4600 FL Spectro-
photometer.

3. Results and discussion
3.1. Structural characterization

The chemical compositions of the different LDHs were
included in Table 1. The atomic ratios of Mg?*/(A**+Eu®") in
the solids were almost in agreement with those in the starting
materials from Table 1. The formula in the table considers that
chloride was the only compensating anion and did not take into
account the presence of small carbonate impurities in the
interlayer space. The XRD patterns of the products were shown

cobalt oxide of Na,CoO, - yH,0 [27,28], Nag3NiO, - 1.3H,0 [29,30],
and hydrated chalcogenides with alkali ions A,(H,0),[MX], [31].

The crystallinity of the Mg—Al-Eu ternary LDHs was dependant
of the Mg?* J(AI3* +Eu®") molar ratios. According to the diffraction
intensity of XRD, the crystallinity of the ternary LDH tended to be
better while the Mg?*/(AI** +Eu>*) molar ratio varied from 1.3/1,
2/1, 3/1 to 4/1. No phase corresponding to Eu®*-contained
compounds was observed. This indicated that the Eu®>* jons may
be isomorphously present in the brucite-like layer because of
their favorable jonic radii (Eu* 0.95, AI>* 0.51, and Mg?* 0.66 A)
[32]. Meanwhile, the crystallinity of the binary Mg,Al-LDH
was higher than that of the ternary Mg,(AIEu)-LDH due to
more distortions of lattices after substitution of a part of AI®*
(0.51 A) by Eu®*(0.95 A) in the LDH framework. Nijs et al. have
successfully synthesized pillared [Fe(CN)g]-MgAl-LDHs with
different Mg?*/AI>* ratios (between 1.5 and 4.5) by the
coprecipitation [33].
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Fig. 1. XRD patterns of (a) Mg,AI-LDH, (b) Mg, 3(AlEu)-LDH, (c) Mg,(AlEu)-LDH,
(d) Mgs(AlEu)-LDH, and (e)Mgg4(AIEu)-LDH.

Table 2
Lattice parameters and symmetry of LDHs.

. . . Samples Symmetr Lattice parameters
in Fig. 1. All the samples can be indexed to hexagonal symmetry P v y P
(shown in Table 2). In light of the chemical formula and results of Mg,Al-LDH Hexagonal a=3.205(0.001), c=23.397(0.004)
XRD, the interlayer space may be accommodated by two layers of Mg 5(AlEu)-LDH Hexagonal a=3.204(0.004), c=23.43(0.01)
water molecules. Such a bilayer hydrate interlayer structure was Mg,(AIEu)-LDH Hexagonal a=3.296(0.002), c=24.00(0.03)
also found in the layered compounds with other brucite-layers Mgs(AlEu)-LDH Hexagonal a=3.302(0.009), ¢=24.1(0.2)
: y poun Yyers, Mg(AIEu)-LDH Hexagonal a=3.303(0.002), c=24.32(0.01)

such as buserite-type manganese oxide [26], the superconducting
Table 1
Compositions of the binary MgAl-LDH and ternary Mg-Al-Eu LDHs.

Samples 3 %

p Content (%) for found (cald.) bweight loss (%)
Mg Al Eu

Mg,Al-LDH 20.31 (20.32) 11.44 (11.43) 10.0

Chemical formula Mg,Al(OH)gCl - 1.32H,0

Mg 3(AlEu)-LDH 15.49(15.48) 12.56(12.59) 4.50(4.53) 10.9

Chemical formula Mg1.3Alp 94EUg 06(OH)46Cl - 1.23H,0

Mg,(AlEu)-LDH 19.65(19.63) 10.35(10.38) 3.75(3.73) 10.0

Chemical formula Mg>Alp 94Eug 06(OH)eCl - 1.36H,,0

Mgs(AIEu)-LDH 23.82(23.84) 8.38(8.41) 3.04(3.02) 8.0

Chemical formula Mgs3Alp 94Eug 06(OH)sCl - 1.33H,0

Mg4(AlEu)-LDH 26.68(26.71) 7.02(7.06) 2.49(2.54) 6.5

Chemical formula Mg4Alp 94EUg 06(OH)10Cl - 1.30H,0

2 Analyzed by ICP.
b Obtained from the TG curves, 20-800 °C.
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The crystallographic parameters a and c of the Mg-Al-Eu
ternary LDHs and Mg-Al binary LDH were calculated using the
least squares method assuming a hexagonal crystal system
(shown in Table 2). It can be seen that there was a small increase
of a value with the increase of Mg content for the Mg-Al-Eu
ternary LDHs. Meanwhile, the parameter ¢, which depended upon
several factors such as the amount of interlayer water, crystal-
linity of the compound and the interaction between the layer and
the interlayer, tended to be larger with the increase of Mg content.
Since the synthetic parameters were constant for all the
compounds, while varying only the composition of the metal
ions, the increase in the ¢ parameter was due to the increase of Mg
content. Based on the electrostatic interactions between the
layers and the anions, the larger interlayer distance was found
for the sample with the higher Mg?*/(AI>* +Eu®*) ratio which
possessed of lower charge density. So the ¢ parameter of LDHs
gradually increased with the increase of Mg?*/(AP* +Eu®*)
ration. In addition, the parameters a and c of the ternary
Mg,(AlEu)-LDH were slightly larger than that of the binary
Mg,Al-LDH, which was possibly owing to small parts of AI**
(0.51 A) isomorphously substituted by Eu>*(0.95 A) in the LDH
framework.
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Fig. 2. TG-DTG curves of (a) Mg,Al-LDH, (b) Mg,(AIEu)-LDH, and (c) Mg4(AlEu)-LDH.

3.2. Thermogravimetry and differential thermogravimetry (TG-DTG)

The TG-DTG curves of representative samples were shown in
Fig. 2. There were similar weight losses in two steps for Mg,Al-
LDH and Mg,(AlEu)-LDH, which were the characteristics of the
layered double hydroxides [34]. The first loss step happened at
96-100 °C with mass losses of 10.0%, was attributed to the eva-
poration of physically adsorbed and interlayer water. The second
loss step took place around at 410-450 °C, due to the dehydr-
oxylation and decomposition of the interlayer small carbonate
anions impurities. This behavior was accordant with that reported
for MgAl-LDH(COs or Cl) [34,35]. However, four mass losses were
observed for the Mg,4(AIEu)-LDH. The first loss step happened at
94 °C with mass loss of 6.50%, was corresponding to the loss of the
adsorbed water and the interlayer water. The second loss step and
the third loss step, took place at 160 and 231 °C, respectively,
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Fig. 3. IR spectra of (a) Mg,AI-LDH, (b) Mg, 3(AlEu)-LDH, (c) Mg,(AlEu)-LDH,
(d) Mg3(AlEu)-LDH, and (e) Mg4(AIEu)-LDH.



Y. Chen et al. / Journal of Solid State Chemistry 183 (2010) 2222-2226 2225

were attributed to the dehydroxylation and decomposition of
the interlayer small carbonate anions impurities. The fourth
stage at 536 °C was most probably due to the elimination of
Cl~ intercalated in the Mg-Al-Eu LDH interlayers, similar to the
decomposition of MgAI-NOs [36].

3.3. IR spectra

The FT-IR spectra of the LDHs samples were shown in Fig.3.
An intense and broad peak at 3445 cm~! was ascribed to the
stretching vibration of hydroxyl groups of LDH layers and inter-
layer water molecules [37]. The vibration of water molecules
was responsible for the band at 1635 cm™!. Despite the use of
CO,-free deionized water in all experiments, a weak band in the
region of 1500-1400 cm~' attributed to carbonate anions [38]
was observed, demonstrating that small carbon dioxides were
adsorbed during the synthesis. The band close to 650 cm™! was
due to both AI-OH and Zn-OH translational modes [39]. These
results were in agreement with that of the XRD.

3.4. Photoluminescent property

Fig.4 showed the photoluminescent spectra of the products
under excitation at 380 nm. In the 530-730 nm spectral range,
no emission occurred for the binary Mg,Al-LDH, while all the
Mg-Al-Eu ternary LDHs revealed the red-emitting characteristic
of Eu* ions from the transitions *Do-"F; (J=1-4) centered around
at 594, 618, 654, and 702 nm, respectively. It is well known that
Eu" ions can be also used as a sensitive structural probe to detect
the lattice symmetry of host materials [40]. The relative intensity
of the electric-dipole ®Do-’F, transition depended on the local
symmetry of Eu>* jons. The intensity of this transition increased
with decreasing local symmetry of the Eu?* ion. The asymmetry
parameter R (Eq. (1)) defined by the ratio of the area under

I(5D0—7F2)
R= m (M

electric-dipole transition (°Do-’F,) to that of magnetic-dipole
transition (°Do-’F;), gave information about surrounding and
environmental changes around the Eu®* ions. The asymmetry

Intensity/a.u
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Fig. 4. Photoluminescent spectra of (a) Mg,AI-LDH, (b) Mg 3(AlEu)-LDH,
(c) Mgy(AlEu)-LDH, (d) Mg3(AlEu)-LDH, and (e) Mg4(AlEu)-LDH.
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Fig. 5. Asymmetry parameter R as function of atomic ratios of Mg?* [(AI** +Eu®*).

parameter R dependant of the atomic ratios of Mg?* [(AI>* +Eu>")
was presented in Fig. 5. The highest value for the sample with
Mg?*|(A3* +Eu3*) atomic ratio of 1.3, suggested distorted local
environment for the Eu* jon. The lowest value of the asymmetry
ratio for sample with Mg?*/(AI>* +Eu3") atomic ratio of 4.0,
corresponded to less distorted local environment for the Eu* ion.
The asymmetry parameter R gradually decreased when the
atomic ratio of Mg?* /(A" +Eu3") varied from 1.3, 2.0, 3.0 to
4.0, indicating the less lattice distortion in the local environment
of the Eu®* ion, due to less divalent metal ions (Mg?")
isomorphously substituted by trivalent metal ions (AI**+Eu®*)
in the LDH framework. This result was in agreement with that of
the crystallinity of samples. In all samples the >Dy-’F, transition
band was dominant. The strong emission due to °Dg-’F,
transition appeared when Eu* ions occupied a site without
inversion symmetry. This fact suggested that Eu>* ions replaced
Mg?* in the host lattice. The transitions *Do-"F; (J=1-4) was often
observed in other Eu-doped systems [41,42].

4. Conclusions

In conclusion, Mg-Al-Eu ternary LDHs with various Mg?*/
(AP*+Eu®*) atomic ratios of 1.3-4.0 were synthesized by the
coprecipitation method. The crystallinity of the hydrotalcite
materials was improved with the increase of the Mg/(Al+Eu)
atomic ratio. Some intense emissions attributed to transitions
>Dy-"F; (J=1-4) of Eu®* ions were observed in all ternary LDHs.
The asymmetry parameter R decreased with the atomic ratio of
Mg?*|(A2* +Eu3*) increasing from 1.3/1 to 4/1, suggesting the
less lattice distortions in the local environment of the Eu®* ion
attributed to less M?* (Mg?*) ions isomorphously substituted by
M3* (AP*+Eu*") in the LDH framework. These results indicated
that the Mg-Al-Eu LDHs may be a potential candidate for
fluorescent probe applied in biological or medical diagnosis.
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