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Modulator Effect of Acetic Acid on the Morphology of Luminescent Mixed Lanthanide-
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The control of the size and morphology of Metal-Organic Frameworks is a challenge that must be
overcome to ensure the use of these materials in advanced applications. Mixed Lanthanide-Organic
Frameworks (MLOFs) were synthesized via solvo(hydro)thermal method and then characterized by
PXRD, IR, TG/DTA, SEM and PL spectroscopy. The effect of the modulator (acetic acid) on the
morphological characteristics of the obtained powders was investigated. Trivalent terbium ions were
successfully incorporated into La-framework conferring green luminescence to the prepared samples.
It was observed that a gradual increase in acetic acid concentration led to the morphology change
from micro-rods to flower-like small particle agglomerates. Moreover, a higher concentration of the
acetic acid prevented the crystallization of secondary phases.
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1. Introduction

Metal-Organic Frameworks (MOFs) have attracted much
interest in recent years due to their intriguing structural and
topological characteristics as well as the variety of potential
applications for these materials. MOFs are composed of
metallic ions or clusters interconnected by polytopic organic
linkers along one-, two-, or three-dimensions'?. Different
combinations of metals and organic binders may provide an
infinite number of MOF structures with distinct physical and
chemical properties®. The unique characteristics of MOFs
such as high surface area, tunable porosity and high thermal
and chemical stability, allow its application in gas storage and
separation, catalysis, drug delivery, imaging, and sensing.

Lanthanide-based MOFs are especially attractive for the
development of light-emitting materials®*¢. The lanthanide
metals comprise a group of fifteen chemical elements from
lanthanum (La) to lutetium of the atomic number 57 and 71,
respectively. They show unique properties derived from their
electronic configurations, which are characterized (except
La and Lu) by the presence of partially filled 4f orbitals’.
These peculiar characteristics combined with the fascinating
structural diversity of MOFs may lead to improved or even
new properties.
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It is well known that one of the most important factors
that drive the formation of the desired structure of MOFs
are synthetic parameters. Among them, parameters such
as temperature, time of reaction, solvent, pH and metal/
ligand molar ratio are the most affecting on the structure and
morphology of prepared materials®'¢. Although MOFs in their
bulk form may offer the needed properties to destine them
for a series of applications, nano-sized MOFs are required
mostly for biomedical applications such as drug delivery or
imaging probes®%'5.

Several reports on the preparation of nano-MOFs can
be found in the literature. Among them: room-temperature
precipitation's, water-in-oil microemulsion-based method'”,
surfactant-assisted high-temperature synthesis'®'®, microwave-
or ultrasonic-assisted method'® are the most frequently used
approaches for the preparation of MOF nanomaterials.
However, the control of the size and shape of nano-MOFs
particles is still a great challenge.

Recently, the coordination modulation method was
applied for the fabrication of nano-sized MOFs*2!, This
method is based on the addition of a monodentate ligand
(called modulator or capping agent) in the reaction mixture.
The modulator has only one functional group similar to the
polytopic organic linker. Modulators compete with polytopic
organic binders by coordination to the metal ions preventing
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the growth of MOF crystals. Therefore, this mechanism tends
to favor the formation of nano-scale MOFs.

Several monodentate binders such as acetic acid*?,
benzoic acid?*, dodecanoic acid or lauric acid*? used
as capping agents have been reported in the literature.
These monocarboxylate ligands were used to modulate the
morphology and crystal size of MOFs?2%.

In this paper, we present the synthesis and characterization
of Tb**-doped La-MOFs prepared by a hydro(solvo)thermal
method using the acetic acid as a modulator. The effects of
both, the reactant content and the modulator concentration
on the morphological properties of these materials, were
investigated.

2. Experimental section

2.1 Materials and methods

Reactants and solvents were used as received without
further purification. Lanthanum nitrate hexahydrate
(La(NO,),.6H,0), acetic acid (CH,COOH), nitric acid (HNO,),
N,N-dimethylformamide (DMF) and ethanol (EtOH) were
acquired from Vetec. Hydrogen peroxide (H,O,) was purchased
from Dinamica. Terbium oxide (Tb,0,) and isophthalic acid
(1,3-H,BDC) were acquired from Sigma-Aldrich.

2.2 Synthesis of Tb*" - doped La-MOFs

In a typical procedure, terbium nitrate was prepared by
dissolving a stoichiometric amount of Tb,O, in an aqueous
solution of HNO,, and simultaneously adding a small amount
of H,0, to reduce Tb** to Tb**. This solution was kept under
stirring at 80 °C until complete solvent evaporation. Next, the
stoichiometric amounts of La(NO,),.6H,0 and 1,3-H,BDC
were added, and then dissolved at room temperature in 7 mL
of DMF and 3 mL of distilled water. The resulting solution
was transferred to a sealed glass vial which was maintained
at 90 °C for four days. Finally, the obtained white solid was
filtered, washed with DMF and ethanol, dried overnight at
60 °C and then characterized.

To evaluate the effect of total reactant concentration, three
samples were synthesized using the following amounts (in
mmol) of Th**:La’*:1,3-H,BDC, (0.02:0.9:1), (0.01:0.49:0.5)
and (0.002:0.098:0.1). These samples were designated as
MLOF1, MLOF2 and MLOF3a, respectively.

Three other samples, so called, MLOF3b, MLOF3c, and
MLOF3d, were synthesized as MLOF3a. However, instead of
3 ml of distilled water, the mixture of acetic acid and distilled
water in the following ratio in mL: (0.5:2.5), (1.5:1.5) and
(2.0:1.0), respectively, were used. In this case, the goal was
to evaluate the effects of the modulator concentration on the
morphological characteristics of the products.

2.3 Sample characterizations

Powder X-ray diffraction (PXRD) data were recorded
on a Bruker D2 Phaser diffractometer using Cu Ka radiation
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(L = 1.5406 A) with a Ni filter, operating at 30 kV and 10
mA. The PXRD patterns were recorded between 5 and 70°
at steps of 0.02°.

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) experiments were carried out on a Bruker Vertex
70/v spectrometer in the range of 400-4000 cm'.

TG/DTA curves were obtained in the temperature
range of 25-800 °C (10 °C/min) using a thermogravimetric
and simultaneous calorimeter analyzer model SDTQ600
manufactured by TA Instruments under atmospheric air at
a flow rate of 50 mL/min.

Morphological analysis of powders was performed
on Scanning Electron Microscopy (SEM) in a Shimadzu
Microscope equipment with 15 kV acceleration, Superscan
SSX-550 TM. The excitation and emission spectra were
collected in a solid state at 298 K on a K2 spectrofluorometer
(ISS) equipped with 300 W Xe lamp.

3. Results and discussion

3.1 Sample characterization

3.1.1 Powder XRD and Structure

Lanthanide nitrates and isophthalic acid were used as
starting materials in the synthesis of Mixed Lanthanide-
Organic Frameworks (MLOFs). The produced powders
were characterized by XRD to determine the crystalline
phases, and the patterns are shown in Figure 1. Surprisingly,
no phase containing the deprotonated form of isophthalic
acid was identified. Instead of that, it was found that the
most intense diffraction lines match well with the simulated
pattern from the single-crystal structure of [Ce(HCOO),] ,
indicating that they are isostructural. Low-intensity peaks in
the range of 20 7.5-10° suggest the presence of a Lanthanide
(Ln) Complex [Ln(n,-0),(1,-OH),(HCOO), (NO,),]-(NO
),(NH,)(H,0))].

Figure 1. PXRD patterns of the synthesized MLOFs samples in
comparison with the simulated from single-crystal data PXRD
patterns of MLOF and Ln-Complex.
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Both structures have been previously reported by Hennig
and co-workers?”’. Data are available in CIF COD files n°
4336405 and 4336406, for Ln Complex and [Ce(HCOO),]
» respectively. The peaks related to the Ln Complex are
observed in the diffraction patterns of the samples MLOF1,
MLOF2, and MLOF3a. Worth noting is the fact that the
intensity of these peaks increases for samples prepared
with a higher total concentration of reactants. Samples
MLOF3b, MLOF3c, and MLOF3d, were synthesized using
the same starting reactants, but with the addition of acetic
acid (modulator). In this case, only the main phase was
formed, which indicates that the modulator may also inhibit
the crystallization of the Ln Complex.

The main phase identified [Ln(HCOO),] , crystallizes
in the trigonal system, space group R3m. Lanthanide (Ln
= La, Tb) ions are nine-coordinated to oxygen atoms from
formate ions. As depicted in Figure 2a, one oxygen atom from
the formate ion is shared by two lanthanide ions, whereas
the second oxygen atom of the same carboxylate group is
coordinated to a third single lanthanide ion. The crystalline
framework is presented in Figure 2b. Chains of Ln atoms
lie along the c-axis and are interconnected through formate
ions, forming triangular channels.

Figure 2. View of the obtained La/Tb-MOF structure: (a) coordination
environment of Ln** (b) and partially expanded framework. Color
code: black (carbon), red (oxygen), gray (hydrogen) and blue
(lanthanum or terbium).

Since the formic acid was not used as the starting reactant,
the presence of the formate ion in the crystalline structure
of the MLOF can be explained by the process of DMF
hydrolysis. When hydrolyzed, DMF decomposes forming
dimethylamine and formate ions according to the reaction
presented below?3!,

(CH;)L,N — CHO + H,0 — HCOOH +
(CH;)HN — HCOO™ + H,N(CH,);

3.1.2 IR spectra

In the IR spectra of the prepared samples, no bands at
around 1670 cm! can be observed (Figure 3) what indicates
the absence of the protonated carboxylic acid COOH groups
in the structure. Samples MLOF3a-MLOF3d have almost
identical IR spectra confirming the formation of the same
pure-phase of Ln-formate (as identified by XRD). The bands
at around 1573 and in the region of 1428-1362 cm! can be
observed and correspond to the stretching, asymmetric (v, )
and symmetric (v,) vibrations of COO" groups, respectively.
Although the spectra of MLOF1 and MLOF2 also contain
these bands, a greater number of the bands assigned to
COO- vibrations may suggest the presence of the second
absorbing species with COO-Ln bonds. This is consistent
with the XRD results of the samples MLOF1, MLOF2 and
MLOF3a, which suggest the presence of a Ln Complex as a
secondary phase. The presence of the Ln Complex in MLOF3a
is not evident based on the IR spectrum, probably due to
its small quantity in the sample. Nevertheless, XRD pattern
of MLOF3a presents peaks corresponding to both phases.

Figure 3. FTIR spectra of the prepared MLOF samples compared
to the pure 1,3 - H,BDC.

Both samples MLOF1 and MLOF2 presumably contain
solvent molecules in the structure. The bands around 1656
and 662 cm’! may be attributed, respectively, to the stretching
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v (C=0) and 6 (OCN) bending vibrations of non-coordinated
DMEF molecule. The broadband at around 3400 cm™! and
the bands at 720 and 511 cm™ suggest the presence of a
coordinated water in both samples. The bands attributed to
the solvent bond vibrations are more intense for MLOF1
than for MLOF2 accounting for the higher number of solvent
molecules adsorbed/coordinated in the structure. Water
molecules may originate from the hexanuclear complex
present in the structure of both samples. Also, XRD data
showed the greater quantity of the complex phase for MLOF1
than for MLOF2, what may explain the difference in the
intensity of solvent bands.

3.1.3 Thermal analysis

TG-DTA curves of the synthesized powders are shown
in Figure 4. All samples show a continuous mass loss event
from room temperature until 300 °C associated with the
presence of solvent molecules in the pores and on the particle
surface. This weight loss remains smaller than 5%, except
for the sample MLOF3d, reaching around 10%.

The decomposition of [Ln(HCOO),] (Ln=1Laand Tb)
takes place in two steps. The first weight loss at 350-400
°C, an endothermic event, corresponds to the formation of
lanthanide carbonates. The second event around 650-700 °C,
also endothermic, is associated with the decomposition of
carbonate and its transformation into corresponding oxides.

Figure 4. TG/DTA profiles of MLOF samples.
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The weight loss at 550-600 °C is observed only for samples
MLOF1 and MLOF2. This endothermic event is associated
with the decomposition of the secondary phase, Ln Complex.

3.1.4 Scanning Electron Microscopy (SEM)

The effect of the total reactant and the modulator (acetic
acid) concentration on the microstructure of the powders were
evaluated by scanning electron microscopy. The micrographs
are displayed in Figure 5. Two microstructures micro-rods with
alength greater than 10 um and agglomerates of the smaller
size particles with no well-defined shape, can be distinguished
in Figure 5a. The first microstructure is associated with the
crystal structure [Ln(HCOO),] (Ln = La and Tb), whereas
the second one corresponds to the secondary phase, both
previously identified by XRD.

It can be noticed that the quantity of the secondary phase
decreases for a lower total reactants concentration (Figure 5c).

Samples MLOF3d (micrograph 5d), MLOF3c (micrograph
5e) and MLOF3b (micrograph 5f), were prepared with
addition of 0.5, 1.5 and 2.0 mL of acetic acid (modulator),
respectively. As can be seen, micrographs Se and 5f presents
very similar microstructure composed of micro-rods with
a length up to 30 pm. On the other hand, the micrograph
5d does not show micro-rods, but agglomerates of small
particles with flower-like morphology. It appears that at
higher concentrations, acetic acid modulates both, the shape
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Figure 5. SEM images of MLOF samples; MLOF1 (a), MLOF2
(b), MLOF3a (c), MLOF3d (d), MLOF3c (e), MLOF3b (f).

and the size of particles. Moreover, the presence of acetic
acid prevents the formation of the secondary phase or at
least its presence is less evident (see Figures 5d-5f). These
results are consistent with the PXRD diffractograms which
showed only peaks corresponding to the pure-phase MLOF
in the case of MLOF3b, MLOF3c¢, and MLOF3d samples.
Similar conclusions were made on the basis of IR spectra.

3.2 Photophysical properties

The solid-state excitation and emission spectra of the
produced powders were measured at room temperature (see
Figure 6). A broadband with two humps is observed in the
excitation spectra (dashed lines) obtained by monitoring the
emission of the D, — F, transition of Tb** ions at 544 nm.
The first hump, with a maximum at 251 nm, can be assigned
to the charge-transfer band between oxygen and terbium
ions, while de second one at 295 nm may be attributed to
the 4% — 4f75d" (Tb*) transition®**. It is worth noting that
these two bands present different intensity ratio for samples
prepared in the presence (MLOF3b, MLOF3c, and MLOF3d)
or absence of the modulator (MLOF1, MLOF2 and MLOF3a).

The smaller intensity ratio (I ) in the second case, may

251/1295
suggest an overlapping of the bands corresponding to both,
MLOF and the secondary phase. A third low-intensity band is
observed in the spectrum of the sample MLOF3c, apparently
related to the Tb*" ions.

All samples displayed the characteristic green
photoluminescence of Tb** when exposed to UV light from
a standard lamp (254 nm). The emission spectra (solid line)
were recorded upon excitation at 295 nm. Four narrow
and intense peaks present at 486, 544, 584 and 620 nm
are attributed to the °D,-'F,, °D,-F,, °D,-’F, and °D,-'F,
transitions of Tb*", respectively.

Figure 6. Solid-state excitation (dashed line, A = 544 nm) and
emission (solid line, A_ = 295 nm) spectra of prepared MLOF

> Tex

samples measured at room temperature.

4. Conclusions

The solvo(hydro)thermal reaction between generated in
situ terbium nitrate, isophthalic acid and lanthanum nitrate
in DMF/H, O solvent mixture carried out at 90 °C for four
days, yielded Mixed-Lanthanide Frameworks. Surprisingly,
instead of isophthalate linker, the formate anions were
coordinated to the Ln centers. The increase in a total reactants
concentration furnished the higher quantity of a secondary
minor phase identified as Ln Complex. It was demonstrated
that the presence of this impurity could be eliminated by the
addition of the acetic acid used as a capping agent. The higher
concentration of the acetic acid also influenced on the size
and shape of MOF particles. The prepared samples exhibited
green luminescent upon excitation at 295 nm. Further studies
will be performed to investigate the modulator effect of the
acetic acid on luminescent properties of these materials.
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