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Elllipse-like europium-based metal-organic framework (MOF) has been successfully synthesized on a large scale
through an efficient and facile direct precipitation method. The composition and structure of the samples were well
characterized by Fourier transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), elemental analysis
(EA), scanning electronic microscope (SEM), and photoluminescent spectra (PL), respectively. The speculated
molecular formula of the Eu-based MOF is [Eu(MA), (H,0),]*5H,0. The experimental result demonstrate that
these elllipse-like with diameter of about 3-5 um are assembled of a series of dense nanoplate. The effect of MA/
KOH molar ratio and surfactant on the morphologies and sizes of the final microcrystals were studied. Moreover, the
morphology-dependent photoluminescence properties were also investigated in detail. This preparation route is very
prospective for the synthesis of the other nano/micro-sized materials due to its simple synthesis method.
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Introduction

Nowadays, metal—-organic frameworks (MOFs) from metal ions with
organic bridging ligands have acquired tremendous attention attribute
to their diversified structure and potential appliances in gas storage,
photo-catalysis, chemical sensor, phosphor, and applications [1-4].
It is worth noting that the lanthanide metal-organic frameworks (Ln-
MOFs) has excellent luminescent properties due to superior vitality
and multi-coordination structure, such as large stokes migration, long
fluorescence lifetime,efficient selectivity for probe identify [5-7].
Ligand sensitization lanthanide luminescence is called “antenna
effect” or “luminescence sensitization”, the mechanism is that the
organic ligand coordinated with the metal ion absorbs UV or near
ultraviolet radiation and then transfers the energy to attached Ln
(I1I) ions [8,9]. Given the unique and commendable luminescence
properties, Ln-MOFs have been used in many applications such
as cations, anions, small molecules, and explosives [10-19].
Nonetheless, there are few reported on the morphology control
growth and their formation mechanisms of Ln-MOFs. Ln-MOFs
have been developed only a few preparation methods, including
template, hydrothermal and solvothermal synthesis, and so on
[20,21]. However, most of these methods require longer reaction
time, complicated conditions and higher costs, which greatly limit
their application prospects. Therefore, it is necessary to develop
a simple, rapid, and cost-effective method to prepare nano- and
microscale lanthanide metal-organic framework.

As we known, Eu*" is an excellent red-emitting activator attribute

to their particular energy level structure and the plentiful 4f-4f and
5d-4f transitions [22,23]. Mucic acid (MA) plays an important part
in life science, it is also a multi-functional multidentate chelator that
consist of four hydroxyl groups and two carboxyl along the carbon
chain, which may resulting in a variety of coordination modes and
the formation of multiple structures [24,25]. Until now, metal based
mucic acid MOFs have been reported [26-29]. However, there have
been few reports mentioning about nano/micro-sized lanthanide
mucic acid MOF materials. Moreover, a lot of research has been
devoted to adjusting the shape and size of the sample to control its
application. Although, the physical and chemical properties of the
fuctional materials greatly depend on the their morphology, phase,
shape, size, distribution, as well as their composition.

Hence, in this work, we report on novel design the system of
europium-based metal-organic framework via an efficient and facile
method at room temperature. More importantly, the effect of Eu/
KOH molar ratio and surfactant on the morphology of the samples
were studied. The composition, morphology, and photoluminescence
properties of the products were also investigated in detail.

Experimental section

Preparation of Eu-MOF's

A series of microstructures europium metal-organic frameworks
were synthesized, mucic acid (MA) was dissolved in 20 mL distilled
water system under agitated stirring to get a transparent solution, a
certain amount of KOH aqueous was added into the above solution
at room temperature. After vigorous stirring for 30 min, quantitative
surfactants were added to the mixture. Then 8 mL of 0.025 M
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Eu(NO,),*6H,0 solution was added into the solution under stirring.
After additional agitation for 30 min, the resulting precipitations
were separated by centrifugation, washed several times with distilled
water and absolute ethanol, and finally dried under oven at 55°C.

Characterization

Fourier transform infrared spectroscopy (FTIR) spectrum was
obtained on NEXUS 670 (Nicolet, America). The spectrum was
recorded in the 4000-400 cm™! region by using pressed KBr tables.
The powder X-ray diffraction (XRD) data were examined on the
Rigaku Smart Lab X-ray diffraction with Cu K radiation (A =
0.15406 nm) at a scanning rate of 8°/min in the 20 range from 5° to
70°. Elemental analysis of C, and H in the solid samples was carried
out on EA 3000 (EuroVector). The morphology of the samples was
examined on a Quanta 250 scanning electron microscope (SEM).
The luminescent excitation and emission spectra (PL) were acquired
on a F-7000 fluorescence spectrophotometer equipped with a 150
W xenon lamp as the excitation source. All measurements were
performed at room temperature.

Results and Discussion
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Figure 1: FTIR spectra of MA (a) and Eu-based metal-organic
framework (b)

FTIR spectra were firstly used to investigate the chemical
composition of the ligand (mucic acid, MA) and as-synthesized
Eu-based metal-organic frameworks. From Figure 1, it can be clearly
seen that the characteristic bands of the nonionized carboxyl group
of MA disappear (1726 cm™) and new bands observed at 1594 and
1388 cm which are attributed to the asymmetric and symmetric
stretching vibration of the ionized carboxyl group [30,31]. It proves
that the Eu*" ions have been coordinated with the mucic acid ligands
successfully. In addition, the broad band centered at 3325 cm™' should
be the stretching vibration of -OH, indicating that water molecules
exist in the structure of the Eu-based metal-organic frameworks.
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Figure 2: XRD patterns of reported [Tb(MA), (H,0),]-5H,O crystal
(a) and the as-obtained EuUMA samples (b)

To further investigate the chemical composition and crystal structure
of Eu-based metal-organic frameworks products, X-ray powder
diffraction (XRD) were characterized. As shown in Figure 2, it can
be seen that the as-obtained samples present high crystallinity in
spite of the moderate reaction conditions (such as room temperature
reaction, 30 min). All the displayed diffraction peaks can be well
indexed to the known crystal phase of [Tb(MA), ,(H,0),]*5H,0,
demonstrating that the as-synthesized product is identical structural
with this reported structure [32]. So the products can be presumed
to be a composition of [Eu(MA), ,(H,0),]*5H,0 (EuMA). No peak
shift and other phases can be detected in the XRD patterns, indicating
that the pure EUMA crystals have been obtained by this method.
Moreover, elemental analysis was also studied. The experimental
contents of C and H are shown to be 19.91 and 3.62%, respectively,
which are basically in consistent with theoretical datas of C (18.49%)
and H (3.42%), confirming the molecular formula of the europium-
based MOF is [Eu(MA), (H,0),]*5H,0.
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Figure 3: SEM images (a, b) and TEM images (c)and EDX spectrum
(d) of EuMAsamples

The morphology and structural features of the as-synthesized EuUMA
products were characterized using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Figure 3a
displays a representative overview of the samples. It can be seen
that the products consist of uniform and well-dispersed 3D ellipse-
like structures with lengths of about 3 to 5 um on a large scale.
The magnified SEM image shown in Figure 3b reveals that the
ellipse-like is composed of a great deal of dense nanoplates with
a thickness of about 50 nm. In addition, this elliptical structure of
the as-obtained EuMA samples could not be destroyed and broken
into discrete nanoplates even by ultrasonically treating for 30 min,
indicating that the structures are not a random aggregate but the
ordered self-assembly of the nanoplates. Figure 3¢ show the low-and
high magnification TEM images. It can be seen that the nanoplates
are assembled in a radial form from the center to the surface of
ellipse-like EUMA samples. The EDX spectrum (Figure 3d) of the
EuMA products demonstrate the presence of C, O, and Eu(Au from
the coating for SEM measurement), which is in agreement with the
aboved composition analysis. This further verifys that the expected
products have been synthesized successfully by introducing the
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solution of Eu(NO,), into the mucic acid solution under stirring at
room temperature.
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Figure 4: SEM images of EuUMA samples prepared with different
MA/KOH molar ratios: (a) 1:0.88; (b) 1:1.31; (c) 1:1.75; (d) 1:2.19;
(e) 1:2.63; (f) XRD patterns of these samples

Figure 4 illustrates the SEM images and XRD pattern of the as-
obtained EuMA samples synthesized at different MA/KOH molar
ratios. It is apparent that the samples present distinctly different
morphologies during crystal growth. When the MA/KOH molar
ratios is 1:0.88, the final products exhibit nanorods with an averge
length of 500 nm and a width of about 100-200 nm (Figure 4a).
As molar ratio decreases to 1:1.31, the samples consist of lots
of nanorods with an average size of 500 nm and some ellipse-
like particles appeared (Figure 4b). When molar ratio decreases
to 1:1.75 (Figure 4c), samples become regular and dispersive, and
ellipse-like particles with the average size of about 3-5 pum are
obtained. Further decrease the molar ratio to 1:2.19, some irregular
nano-sized particles can be observed (Figure 4d). Meanwhile, with
molar ratio further decreasing to 1:2.63, all the products show
irregular flocculent nanoparticles (Figure 4e). It is obvious that
MA/KOH molar ratios should be responsible for the morphology
of EuMA products and a moderate molar ratio is more effective for
the formation of the elliptical EUMA samples.

As shown in Figure 4f, the effect of MA/KOH molar ratios on the
crystal structure of EUMA was studied by XRD. It is can be seen that
the MA/KOH molar ratios had pivotal influences on the formation
of EuMA phase. At the MA/KOH molar ratios was 1:0.88, the
XRD pattern of the samples are weak and unique, and no reported
crystal can be indexed. We speculate that it is a new crystal phase
of EUMA. The new complexes formed by the Eu**cations and the
Cit3- anions. When the MA/KOH molar ratios lower than 1:1.31, all
the diffraction peaks of the as-prepared samples can be coincide the
phase of [Tb(MA), ,(H,0),]°5H,0. However, as the MA/KOH molar
ratios decrease to 1:2.63, there is no other diffraction peaks of phases,
indicating that the samples are amorphous and not crystalline.

From the above experimental results, it can be found that the MA/
KOH molar ratios play an important role in the formation of pure
phase and regular morphology of the final products. The well-
crystallized ellipse-like EUMA microcrystals can be synthesized
at appropriate MA/KOH molar under the room temperature. It is
well known that the growth process of crystals can be classified into
two steps: an initial nucleating stage and a crystal growth stage. At
the first stage, the formation of the crystal nucleus is crucial for

further growth of the crystals. The second crystal growth stage is a
kinetically and thermodynamically controlled process. In our case,
mucic acid is a typical multi-carboxylic acid ligands and KOH is
a representative strong alkali. In the present of KOH, MA can turn
into carboxylate. And carboxylate ions in the solution will react with
Eu’* cations to form EuMA nuclei duo to their strong coordination.
Thus, the MA/KOH molar would greatly effect the concentration of
carboxylate ions and further change the nucleation rate of crystal.
Moreover, at higher or lower MA/KOH molar, excessive carboxylate
ions will selective adsorb on certain crystal planes due to electrostatic
interaction. As a result, the reactivity and the growth rate of high-
energy facets will be reduced. Therefore, the nucleation and growth
behavior would be out of kinetic control and the final products tend
to be irregular and impure. On the basis of the above analyses,
well-crystallized EuUM A microcrystals with different morphologies
can be selectively synthesized by judicious choice of MA/KOH
molar ratios.

I SDES 10 mg

2 I | CTAB 50 mg|
I CTAB 10 mg,

T T T T T T
I o 3 40 0 60

26 (degree)

Figure 5: SEM images of EUMA samples synthsized with different
amounts of surfactants: (a) CTAB 10 mg; (b) CTAB 50 mg (¢)
SDBS 10 mg; (d) SDBS 50 mg; (¢) XRD patterns of these samples

Moreover, some surfactants, such as cetyltrimethyl ammonium
bromide (CTAB) and sodium dodecyl benzene sulfonate (SDBS)
were also introduced individually into the reaction system. Figure 5
shows the SEM images of the as-synthesized samples prepared by
adding different amount of CTAB (Figure 5a-b) and SDBS (Figure
Sc-d), respectively. It can be seen that the morphologies of the as-
synthesized samples are changed significantly. As shown in Figure
5a, when a small amount of CTAB (10 mg) was added, irregular
spherical particals were obtained. Interestingly, when further increase
CTAB to 50 mg, well-defined uniform flower-like microcrytals
with size of about 2-3 pum are observed in the SEM images (Figure
5b). Meanwhile, pure phase without impurity phases are detected
in the corresponding XRD patterns (Figure 5f). Figure 5c-d show
the SEM images of samples synthesized by using SDBS as an
organic additive. The product consist of ellipse-like and plate-like
microparticles with irregular shape when the content of SDBS is 10
mg. Interestingly, further increase the content of SDBS to 50 mg,
the plate-like microstructures with the size of 2-8 um were dominant
in the products. The XRD pattern show impurity peaks observed
and no matched reported crystal was found. These results indicate
that the organic additives have a remarkably different impact on
the morphologies and crystal structure of the final EuUMA products,
which is related to the differences of the chelating constant with
Eu’* and the adsorption ability of the different crystal facets of the
final products [33-34]. This facile, mild and cost-effective growth
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strategy may serve as guidance for the synthesis of other nano/micro
metal-organic materials with uniform and novel morphologies.
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Figure 6: Morphology-dependent excitation and emission spectra
of EuMA samples

The photoluminescence properties of EuUMA samples with different
morphology were investigated in detail. Figure 6 shows the room-
temperature PL excitation and emission spectra of EuMA with
ellipse, flower, plate-like morphology. It is apparent that all the
excitation and emission spectra of these three samples are similar
in shape, but different in the intensity to some extent. The excitation
spectrum (EX) was obtained by monitoring the emission of the °D-
’F, transition of the Eu*" ions at 615 nm. It can be easily seen that
the excitation spectrum consists of several lines in the range from
250 to 450 nm. The strong lines at 316, 364, 384, 393, and 418 nm
are contributed to the 'F -°H,, 'F -°D,, ’F -°G,, 'F -°L, and F -°D,
transitions of Eu*", respectively [34]. The most intense peak appear
at 393 nm, which are assigned to the transition between 'F and °L .

The emission spectra show peaks from the excited state °D to ’F (J
=1, 2, 3, 4) of the Eu*" ion electron energy levels. Upon the excitation
at 393 nm, the emission spectrum (EM) of the as-obtained sample
shows several sharp lines from 550-700 nm, which can be attributed
to°D,—’F, (593 nm), °D,—’F, (615 nm), °D —F (650 nm), °D —F,
(696 nm) of Eu** [35]. It is well known that Eu** 1ons are universally
structure probes to investigate the local environment in crystal. If
the electric dipole transition °D /’F, (615 nm) is dominant, the Eu**
ions occupy sites without inversion symmetry; however, when the
magnetic dipole transition D /’F (593 nm) is dominant, the Eu**
ions are in the sites of inversion center [36]. It can be seen that in
our case the emission peak at 615 nm is stronger than other peaks,
indicating that Eu** ions occupy the asymmetry sites. In addition,
the predominant emission peak at 615 nm is favorable to the high
purity of red color. As we all known, the properties of materials are
strongly dependent on their sizes and morphologies. Under identical
measurement conditions, the EuMA with ellipse-like morphology
had the highest relative emission intensity, while the samples with
plate-like morphology exhibited the lowest intensity. This interesting
phenomenon might arise from the difference in the surface defect
effects as a consequence of the different sizes of the three samples.

Conclusion

In conclusion, ellipse-like Eu-based metal organic frameworks were
successfully synthesized at room temperature without using any
template. According to FTIR, XRD and EA analysis, the structure
of product is [Eu(MA), ,(H,0),]*5H,0. The final morphologies and
sizes of the microcrystals can be easily controlled by MA/KOH
molar ratio and surfactant. Therefore, 3D ellipse-like, flower-like,

plate-like hierarchical architectures were prepared. The investigation
of morphology-dependent photoluminescence properties reveals that
the ellipse-like samples exhibits the strongest red emission, while
the emission intensity of plate-like samples with the smaller size is
the lowest, which may be ascribed to the grain size and the amount
of defects. This simple morphology-control synthesis strategy could
be extended for the preparation of other functional metal-organic
framework microstructures, and the obtained 3D architectures could
be introduced as the building block for novel optoelectronic devices.
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