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ABSTRACT: This paper reports a new short time
strategy for producing rod-like morphology of
metal-organic frameworks (MOFs), by using one
minute ultrasonic homogenizer (or “sonicator”)
at room temperature and ambient pressure.
The crystallinity of the obtained Cu,(BTC), was
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ONE MINUTE SONICATION

investigated by X-ray diffraction and its stable
formation corroborated with Fourier transform
infrared spectroscopy (FTIR) results. This study
promotes an optimization process to synthesize
MOFs.

KEYWORDS: Metal-organic frameworks (MOF),
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PRODUCAO DE REDES
TRIDIMENSIONAIS ORGANOMETALICAS
(MOFS) DO TIPO Cu,(BTC) COM
MORFOLOGIA DE BASTONETES
USANDO SONICAGAO POR APENAS UM
MINUTO

RESUMO: Este artigo demonstra uma nova
estratégia para a producéo réapida de estruturas
metal-organicas (MOFs) com  morfologia
de bastonete, usando um homogeneizador
ultrassénico (ou “sonicador”) por um minuto
em temperatura e pressdo ambientes. A
cristalinidade do MOF Cu3(BTC)2 obtido foi
investigada por Difracdo de Raios X e sua
estabilidade foi corroborada com os resultados
de Espectroscopia FTIR (Fourier Transform
Infrared Spectrometer). Este estudo contribui
para a otimizacdo do processo de sintese dos
MOFs.

PALAVRAS - CHAVE: Redes tridimensionais
organometalicas (MOF), Morfologia, Energia
ultrassoénica, Difragcéo de raios X, Espectroscopia
FTIR.
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11 INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline and porous materials with chemical
flexible properties which are composed of transition metals ions or clusters linked by organic
ligands (Doman et al.; Tranchemontagne et al.). They present wide applications, such as
gas storage and separation (Zhao et al.; Valadez Sanchez et al.; Shan et al.), catalysis
(Remya and Kurian), carbon dioxide capture (Trickett et al.), among others (Fischer and
Bétard; Kayal et al.). In this sense, researches have been done to improve its synthesis
parameters (T. Chen et al.; Moosavi et al.). The metal-organic framework Cu,(BTC),, a
coordination compound formed by copper and trimesic acid, also known as Cu-BTC and
HKUST-1, is one of the widely studied MOF.

Several methods are applied in Cu-BTC synthesis, such as sonochemical,
solvothermal, electrochemical and microwave (Furukawa et al.). The sonochemical
procedure, in particular, has been noted in the last years (Li et al.; Xu et al.), although some
ultrasonic machines offer dispersed energy, which difficult the synthesis of the material
(Sargazi et al.; da Silva et al.). This suggests the necessity to discover new routes to
achieve an increase in the yield of produced MOFs and reductions of the synthesis time.
In this scenario, the sonicator has been recently used to obtain the Cu-BTC MOF and
varied morphologies (Israr et al.; Luo et al.; Dhumal et al.). In this study, we produced a
rod-like Cu-BTC and presented an optimized synthesis through ultrasonic homogenizer (or
“sonicator”).

21 EXPERIMENTAL

2.1 CuBTC preparation

The Cu,(BTC), DMF-based was prepared using copper acetate anhydride (Cu(OAc),),
1,3,56-benzene tricarboxylic acid (H,BTC), and ethanol (99.5%), used without further
purification. All the reagents were purchased by Sigma-Aldrich. The H,BTC was dissolved
in 25 mL N,N-dimethylformamide (DMF 99,8%) and cupric acetate was added in the same
solution. Then ultrasonic irradiation was applied at different reaction times. The mixture was
filled in a 50 mL vessel and heated to 120 °C for 12 h, within and without autoclave to compare.
The products were filtered, washed with ethanol and dried at 60 °C.

2.2 Ultrassonic radiation interfence experiments

During the ultrasonic irradiation cited step, the reaction times were varied from 1
min to 60 min at a frequency of 24 KHz and 60% of power (UP 200S, Hielscher Ultrasonics
GmbH, Teltow, Germany), called in this work “sonicator”, output 200W, Figure 1, Sonotrode
S3. The time was varied to find the necessary minimum time to obtain the material.
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2.3 Techniques used for characterization

The materials were characterized by powder X-ray diffractometer (XRD) PANalytical
Empyrean X-ray in the 26 range from 5° to 20°, using scan speed of 0.02° with an acquisition
time of 20s per step. Due to the anisotropic shape of the particles, preferential orientation
was checked with the help of the Williamson-Hall approach (G.K. Williamson and W.H.
Hall). FTIR spectroscopy (Perkin-Elmer Frontier spectrometer with aid of ATR accessory)
was performed between 4000 cm™' and 400 cm, with a resolution of 4 cm™ and 128 scans.
Scanning electron microscope (SEM) Quanta 3D FEG FEI was used for morphologies
analyses. To perform the analysis on the SEM, the samples were powdered and their
surfaces were covered with a layer of about 15 nm of amorphous carbon to improve surface
conductivity, avoiding the accumulation of charges during image acquisition. TEM images
were obtained from transmission electron microscope G2-20-SuperTwin FEI microscope.
Thermal analyses (TGA) were measured using a Perkin-EImer STA 6000 simultaneous
thermal analyzer Instrument in N, atmosphere. The materials were heated from 30 °C to
900 °C at a rate of 10 °C / min.

31 RESULTS AND DISCUSSION

In this study we use an ultrasonic homogenizer (or “sonicator”) that works both
directly through cavitation energy transfer mechanism, whereby bubbles form and collapse,
as well as through the ultrasonic forces, by introducing a probe into the sample, as shown
in Fig. 16. The probe vibrates rapidly and transfers its ultrasonic energy to the sample with
a more localized process, which provides uniform MOFs in just a few seconds (da Silva et
al.; Li et al.; Sargazi et al.).

Ultrasound is cyclic mechanical vibration between 20 kHz and 10 MHz. It can
interact with liquids, alternating areas of compression (high pressure) and rarefaction (low
pressure). In the low pressure region small bubbles are formed. The bubbles grow (tens of
micrometers) under alternating pressure and ultrasonic energy is accumulated. When the
bubbles reach their maximum size, they become unstable and collapse: cavitation process.
Rapid energy release with heating and cooling rates of 10'° K/s, temperatures around 5000
K and pressures of around 1000 bar. Thereby, these points present very unusual conditions
of short duration and extremely high temperatures and pressures inside the collapsing
bubble and nearby (ring of + 200 nm) (Stock and Biswas).
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Figure 1. lllustration of the dispersion of nanoparticles by using high energy ultrasonic
homogenizer to MOF preparation

In this way, the Cu-BTC MOFs were prepared by using copper acetate and H.BTC in
DMF under sonicator for only 1 min, at room temperature and ambient pressure, (Figure 2a)
which was enough to obtain a high amount of Cu,(BTC), (68,5%, based on Cu). Furthermore,
combining with the solvothermal method, by using autoclave, we achieved even higher
values of Cu,(BTC), (78,1%, based on Cu), Figure 2b and after the drying process Figure
2c.

(a) (b) (c)

Figure 2. Process of obtaining MOFs: (a) mixture of copper and BTC precursors, (b) separation
of the two phases (MOF and solvent) characteristic of the formation of the MOF and (c) final
MOF powder.
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3.1 XRD
The Figure 3 shows the XRD patterns of the resulting MOFs obtained by using

sonicator even at very low times. The results for the samples obtained using one and five
minutes of sonication were evaluated and compared with the literature. In this sense, all of
the diffraction peaks could be correlated to the crystalline Cu,(BTC), pattern (ref.(Schlichte
et al.; Chui et al.)). The absence of additional peaks in the presented range demonstrates a
satisfactory level of purity of the crystalline structure. In addition, reflections of an unknown
phase appear (not shown here) when the reaction time was increased to 30 min, 60 min and
120 min, indicating that the structure of the sample is changed due to ultrasound irradiation
for a long reaction time, as suggested by the results for the five minutes sample shown at
Figure 2. Furthermore, the yield of solvent into the MOF pores may interfere in the relative
intensities of the diffraction peaks (Li et al.; da Silva et al.). From the Williamson-Hall plot
applying all observed (hkl)-reflections, no anisotropy could be deduced. Thus, the shape
of the particles is not reflected in the crystalline domains. Their size was calculated from
the plot to 23 nm and the stress/strain parameter € to 0.0021 d_/d, with d the lattice plane
distance. These results indicated that fast sonicator dispersion of the particles allows the

formation of crystalline and well-defined structures, which is consistent with results obtained

from FTIR.
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Figure 3. Powder X-Ray diffraction patterns simulated from the crystallographic data of
Cu,(BTC), (ref. (Chui et al.)), and samples synthesized by using high energy sonicator: 1 min
and 5 min.
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3.2 FTIR

The FTIR spectrum illustrated in Figure 4 shows the comparison between the
synthesized Cu,(BTC), and H,BTC, source of BTC. The bands around 1634 cm', 1446 cm’,
1419 cm™ and 1372 cm refer to the pure Cu-BTC which are attributed to vibrations of its
carboxylate group. The 1634 and 1419 cm™' founded bands were attributed to asymmetric
vas(COO) and symmetric vs(COO) stretching modes, respectively. These modes can be
assigned to those carboxylate groups located in the big pores of Cu-BTC. Meanwhile,
the 1446, and 1372 cm™ peaks were attributed to asymmetric vas(COQO) and symmetric
vs(COO) stretching vibrations of those carboxylate groups located in the smaller pores
(Dhumal et al.; C. Chen et al.; Liao et al.).
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Figure 4. FTIR spectrum of HBTC and Cu,(BTC), sample synthesized by 1 min ultrasonic
homogenizer

3.3 Thermogravimetric analysis TG/Degradation

The obtained material was studied in terms of thermal stability by using TG/DTG
analysis. The curves of Cu-BTC are shown in Figure 5. The first region showed a weak
peak around 100 °C which was related to the small presence of water that was physically
adsorbed in the pores. The second region about 150 °C suggests the loss of residual DMF
and ethanol solvents. The third region of weight loss occurred around 330 °C, may be
associated with the decomposition of the BTC ligands and secondary building units in Cu-
BTC, which indicates a complete collapse and degradation of the MOF structure.
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Figure 5. TG/DTG of Cu,(BTC), sample synthesized with ultrasonic homogenizer

3.4 SEM and TEM

The SEM and TEM images shown in Figure 6 demonstrated the morphologies of the
Cu,(BTC), prepared by using 1 min sonication method. The morphologies features of rod-
likes are shown in Figure 6a, with a size range of 1-2 um. According to the literature, the
conventional solvothermal method presented MOFs with octahedral shape and crystal sizes
in the order of nanomaters, which were smaller than those found here (Li et al.; Furukawa).
The crystal size can also be tuned through the reaction conditions. When the reaction was
conducted using the same sonication process, although at ambient pressure, Figure 6b,
the rod-likes appeared more agglomerated, suggesting the formation of interconnected
hollow regions. Figure 6¢ and d well indicated the crystalline nature of the nanomaterials
by transmission electron microscope (TEM). These images corroborated the morphologies
presented above with a size around 1.4 um, and exhibited the regular rod-like morphology
with hexagonal-shaped transversal section with the diameter around 100 nm, respectively.
This indicated that using even few seconds of homogenizing ultrasonic irradiation, the rod-
like morphology of Cu-BTC can be achieved and modeled.
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(c) (d)

Figure 6. SEM images of Cu-BTC by one minute ultrasonic irradiation homogenizer under
different pressures (a) autoclave, (b) ambient pressure; and TEM images of Cu-BTC by one
minute ultrasonic irradiation homogenizer both (c) and (d) under autoclave.

41 CONCLUSIONS

In summary, the obtained results in this study confirmed the successful rapid
ultrasonic homogenization technique to rod-like Cu,(BTC), formation. The material could
be prepared by using one minute sonication method due its rapidly probe vibration and the
ultrasonic energy transference. This more localized process provided uniform MOFs even
at room temperature and ambient pressure. In addition, the studied homogenization step
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promoted an optimization process of the MOF synthesis and could be associated with the

as solvothermal and sonochemical conventional methods.
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