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Abstract

A Zn (II) based metal-organic framework with ligands 1, 4- benzenedicarboxylic acid (H2bdc) and 1-methyle
imidazole (1-MI) has been synthesized by simple and economic, room temperature stirring method without heating.
Crystals obtained were characterized by powder X-ray diffraction, FT-IR spectroscopy, CHNS, scanning electron
microscopy, Thermogravimetric analysis and by Brunauer-Emmett-Teller based N, gas adsorption studies. A
comparative study has been made between room temperature stirring method and conventional heating method in
order to understand the efficiency of the methods. The studies show that the compound network contains two Zn
center and each center displays a rare five-coordinated square pyramidal geometry.
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1. Introduction

Metal-Organic Frameworks (MOFs) are a novel class of hybrid materials built from metal ions with well defined
coordination geometry and organic bridging ligands. These fascinating materials are characterized by large internal
surface areas, ultralow densities, and uniformly structured pores and channels and hence they have received a great
attention in recent years, Ferey (2008), Tranchemontagne et al. (2009). In contrast to inorganic materials, the
compositions and structures of MOFs are innumerable owing to the choice of a vast range of metal ions and organic
linkers. Their diversity of possible topologies and useful properties allow possible application in areas such as host
materials for molecular separation and storage, Banerjee et al. (2008), hydrogen storage, Rossi et al. (2003),
molecular sieves, Bae et al. (2008), selective catalysis, Chae et al. (2004), Alkordi et al. (2008), magnetism, Sato et
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al. (1996), nonlinear optical devices, Zhang et al. (2008) luminescence, Fernandez et al. (2007), ion exchange
sensors, Katz (2008) and drug delivery, Horcajada et al. (2008), An et al. (2009).

The synthesis of MOFs is a process, which involves the self-assembling of molecular precursors leading to the
formation of one-, two- or three dimensional structures depending on their starting materials. The synthesis of MOF
can be influenced by many factors such as the nature of metal ions, Amabilino et al. (1995), Jung et al. (2000) and
organic ligands, Eddaoudi et al. (2001) solvent system, Burrows et al. (2005) counterions as well as molecular
interactions including hydrogen bonding and n-m interactions, Wang et al. (2012). Due to their excellent
coordination capability and possibility of offering new functional materials, the study on MOFs has been well
established, Eddaoudi, et al. (2001), Yaghi et al. (2003). Mixtures of carboxylates and amines or imines have also
been used for the construction of porous MOFs, Delgado-Friedrichs et al. (2007).0n the other hand, N-donor ligands
with certain spacers between the two terminal coordination groups can also be used as ancillary ligand together with
the carboxylate ligand to meet the requirement of coordination geometries of metal ions in the self-assembly
process. Such N-donor ligands are good candidates to produce unique structural motifs with beautiful aesthetics and
useful functional properties. There are several reports on the study using flexible bis(imidazole) and rigid
multicarboxylate as mixed ligands to build multidimensional frameworks with varied structures and topologies. This
is due to the nature of both flexible bis(imidazole) ligand and multicarboxylate to adopt a variety of coordination
modes to satisfy the coordination geometry requirements of the metal ions, Qi, Y et al. (2008), Zhang et al. (2008),
Liu et al. (2007).To gain more information about the coordination chemistry of mixture of ligands, we focus our
attention on the construction of novel MOFs by using carboxylate ligand and N-donar ligands. MOFs are frequently
synthesized by traditional hydro-/solvothermal methods: heating an organic linker (containing carboxylate link) and
metal salt in a solvent system that usually contains formamide or water functionality, Tsao et al. (2007), Zhi et al.
(2009), Wen et al. (2005).These methods often yield crystals suitable for single crystal X-ray diffraction analysis,
but have the obvious disadvantage of being relatively slow. Reactions have to be carried out at a higher temperature
for a prolonged period of time which can be in some cases as high as 8- 10 days as reported earlier in case of Be-btc.
Furthermore, solvothermal conditions are unsuitable for thermally sensitive starting materials.

Here, we have made an attempt to synthesize MOF by a rapid, simple and high yielding room temperature
reaction with mixture of ligands. Here, we are showing that heating to higher in order to carry out the reaction is not
necessary and still by the reaction at room temperature highly crystalline MOFs can be produced. We illustrate this
by the synthesis of MOF by both conventional heating and room temperature stirring methods. It has been reported
carlier that the subsequent addition of triethylamine causes deprotonation of the organic linker to precipitate MOFs
at room temperature, Tranchemontagne et al. (2008). This procedure involves no addition of tricthylamine and the
reaction takes place at room temperature under atmospheric pressure. The MOFs obtained were characterized by
FTIR spectroscopy, X-ray diffraction (XRD), Thermogravimetric analysis (TGA) and by Brunauer-Emmett-Teller
(BET) based N2 gas adsorption studies.

2. Experimental Section-
3. 2.1. Materials

All the chemicals, such as Zinc nitrate hexahydrate, 1-4 benzene dicarboxylic acid (Terephthalic acid), N,N-
dimethyleformamide (DMF) etc., used in this research work were purchased from s d fine Chem. Ltd. of analytical-
grade. 1-methyleimidazole and chloroform obtained from Spectrochem pvt. Ltd. They all were of reagent grade

and used as they received without further purification. The reactors used were stainless steel autoclaves with Teflon
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liners of 60 ml capacity.

2.2. Synthesis Processure

Compound was synthesized under room temperature conditions with-out heating the reaction. In a typical
reaction, 1 gm of hexahydrated Zinc nitrate and 0.7 gm of terephthalic acid were dissolved separately in 15 ml of
DMF with mild stirring. The clear solution of Zinc nitrate hexahydrate, terephthalic acid in DMF added along with
0.5 ml of 1-methyle imidazole. The system was sealded and stirred at room-temperature for 3 h. Now the reaction
had kept without touching for overnight. Resulting crystals were collected after continuous washing with DMF and
chloroform followed by drying at room temperature. Figure 1 shows the synthesis of MOF with the reactants at
room temperature. We had also performed the same reaction under similar reaction conditions by solvothermal
route.

@) O H
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4+ zosrsmo 4 Nl f“ﬁ [Zn(bdo)2(1-MD)]
O O
1-methyle

1,4 benzene imidazole
dicarboxylic acid

Figurel. Reaction scheme for the formation of Zinc metal organic framework.

2.3. Characterization Techniques

As obtained colorless crystals were characterized by powder X-ray diffraction (PXRD) analysis which has
inferred about the purity and phase structure and nature (crystalline or amorphous) of the product. The PXRD
patterns were obtained on Bruker D8 Advance powder X-ray diffractometer with CuKa radiation, at A= 0.1541874
nm. The vibrational properties of the MOF material was studied by using FTIR, an 8400S Shimadzu
spectrophotometer in the range from 4000 to 400 cmusing KBr pellets. Elemental analysis was performed by
Elementar Vario MICRO V1.9.7 analyzer to study the purity and composition of the products. The morphologies of
the samples were observed through JEOL model JSM 6490 LV scanning electron microscope (SEM).
Thermogravimetric analysis (TGA) was performed using a Thermal analysis (TA) SDT-Q600 simultaneous
DTA/TGA system. For TGA, the samples were taken in alumina crucible and heated under a flow of air or nitrogen
at a rate of 20 °C/min up to 800 °C. Also, Brunauer-Emmett-Teller (BET) based N2 gas adsorption studies were
made using NOVA — 2000 Ver. 2.00, a BET surface area measurement instrument.

4. Result and discussion

The colorless crystals of Zinc metal-organic framework so obtained by the reaction of 1,4-benzene dicarboxylic
acid and 1-methyl imidazole in N,N-dimethylformamide were well characterized and compared with the ones
synthesized by solvothermal procedure. The Figure 2 (a) and (b) respectively show the FTIR spectra of the so
obtained MOF synthesized at room temperature and conventional heating at higher temperature. The absorption
band in the region 3200-3100 cm’ in the spectra is due to —C-H stretching vibration mode originating from benzene
ring of 1,4-benzenedicarboxylic acid. The second absorption band is observed in the region 2980 - 2940 cmis due
to —C-H stretching in methyl group. Further, the weak and intense absorption peaks are observed in the region 1650
- 1300 c¢m™ which could be due to asymmetric and symmetric stretching modes at 1625 cm™ and 1506 cm™ are
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correspond of C=0 of the 1,4-benzenedicarboxylic acid. Aromatic ring can also show the peaks in this region
corresponding particularly at 1600 em™(v), 1580 cm’(v), 1440 cm™” due to C=C stretching and C-H bending
vibrations. The absorption peaks in the region 1300 - 1200 cmare due to C-N stretching and C-H bending in the
plane. The region showing absorption bands in the range 1100- 1060 cm™ indicates the aromatic 1,4 substitution. In
the same region, C=C and C=N streachings can show the absorption peaks. The peaks in the region, 930 - 880 cm™
correspond to C-N-C bending in the plane. The region from 780 — 850 cmcan attributed to the deformation of
carbonyl substituent out of the plane. This FTIR pattern is almost similar to the pattern (b), which corresponds to the
MOF synthesized by conventional heating. However, it differs from pattern (b) with respect to intensity. The peak
intensities are more in pattern (a) when compared to that of pattern (b). Elemental analysis, % obs. (calc. for
[Zn(bde)2(1-MD)], C: 30.9, H: 1.14, N: 8.011. Found C: 32.02, H: 2.20, N: 10.66 and C: 31.9, H: 1.98, N: 9.94 for
the complex synthesized at room temperature and by conventional heating route respectively. Results are infer that
the synthesis of similar MOF by applying both routes with high purity.
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Figure 2. FTIR spectra for the MOFs (a) synthesized at Room-temperature by stirring (b) synthesized by conventional heating at elevated
temperature.

Table 1. FTIR spectral data of the as synthesized MOF.

Wave Number (cm™) Assignment
3116 C-H streaching of benzene ring
2358 C-H streaching in methyl group
1615,1450,1430, Aromatic skeleton peaks
1288 C-N streaching
1105, 1018 Peaks indicate the aromatic substitution pattern and 1,4- substitution
C-N (1)-C
952,889 C-H bending out of the plane
808 Associated with the out of plane deformation of the two carbonyl substituents.

748

Powder X-ray diffraction (PXRD) studies were employed to characterize the MOFs as it is a very informative tool
to investigate crystalline properties of a synthesized material. The XRD patterns for zinc MOFs are presented in
Figures 3. In the figure, pattern (a) and (b) correspond to the MOFs synthesized at room temperature and
conventional heating route respectively. The PXRD data was collected with the monochromatic high-intensity CuKo
radiation at A= 0.1541874 nm. The solid crystals obtained in the synthesis were used directly without any
modifications. High intensity Bragg diffraction peaks areobserved at 26 values, 10.6 and 17.2 in pattern (b). The
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same peaks are also present in pattern (a), but the relatively intensities are significantly less. The broader Bragg
diffraction peaks in pattern (a) in comparison with pattern (b) indicate the presence of smaller crystallites.
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Figure 3. PXRD patterns of the MOFs: (a) synthesized at Room-temperature (b) synthesized by conventional heating at elevated temperature.

The morphologies of the sample MOFs were further investigated by Scanning electron spectroscopy. In the Figure
4, the images (a) and (b) correspond to the MOF synthesized at room temperature, images (c) and (d) correspond to
the MOF synthesized by conventional heating route. SEM images by both the synthesis routes are almost similar. In
all images particles are aggregated among themselves to form clusters. The particles are distributed in MOFs as
clusters of irregular shaped flakes. Similar morphologies for both samples proving that we are able to synthesize
desired MOF under room temperature conditions.

MOF synthesized by conventional heating at elevated temperature.
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The thermal stability of the as synthesized MOFs was studied using thermogravimetric analysis (TGA) under N,
atmosphere at a heating rate of 20 °C/min without any pre-treatment (Figure 5). Almost similar results were
observed for The MOFs obtained by both solvothermal and room temperature. The thermograms show two major
weight losses. The first weight loss has been observed in the temperature range of 300°C to 400°C and the second
weight loss has been observed in the range 460 °C- 540 °C. The first weight loss in about 27 % occurred could be
due to the loss of free and lattice water molecules and also DMF molecules. The second weight loss in about 37%
can be attributed to removal of phenyl ring and carboxylate group. Once all the solvent molecules were evaporated,
the framework starts to collapse and finally results in the formation of amorphous solid. The TGA curve of the
compounds indicate two points: (i) the possibility of removal of Hybde molecules in the temperature range of 460—
540 °C (ii) the frame work stability in the temperature range of 460-540 °C.

Temperature (*C)
Figure 5. TGA curves of the MOFs synthesized (a) Room-temperature stirring and (b) conventional heating at elevated temperature.

To study the porosity of the MOF samples, nitrogen gas sorption isotherms were measured at 77K. Prior to gas
sorption measurements both the samples were degassed at 150° C under vacuum for 2 h. Nitrogen physisorption
isotherm is of the type II as expected for the activated samples with diameter more than microporous (Fig. 6). The
adsorption and desorption curves trace almost the same isotherm, indicating the retention of the framework during
this process. The specific surface area calculated is 140.42 m?*/g for MOF synthesized at room temperature and the
specific pore volume is 0.0347 cc/g. The surface area of MOF synthesized by conventional heating route was almost
close to the above value. The pore size distributions for both the MOFs displayed in Fig. 7. In figure plot (a)
corresponds to MOF synthesized at room temperature and plot (b) correspond to the MOF synthesized by
conventional heating at elevated temperature.

3.04
2.5

2.0 (@)

(b)

Vol. Adsorbed @STP (cc/g)
o

0.0 0.2 04 0.6 0.8 1.0
PIPg

Figure 6. N, adsorption / desorption isotherm for as synthesized MOF samples (a) at room temperature (b) by conventional heating at the elevated
temperature.
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Figure 7. The pore size distribution for as synthesized MOF samples (a) at room temperature (b) by conventional heating at the elevated
temperature.

By comparing the complex formed at room temperature with the complex formed by conventional heating route,
we had predicted the crystal structure of the complex formed at room temperature (Figure 8). Here, each Zn (II)
exhibit square pyramidal coordination environment formed by four oxygen atoms from four bdc ligands. Another
oxygen atom from each bdc ligands behaves as a bridging carboxylate for another Zn (II) and one individual 1-MI
ligand occupies the axial sites as illustrated in figure. The Zn cation is coordinated by four monodentate carboxylate
groups (via oxygen atoms,01 02, O3 and O4) from four different bdc anions. Also by one imidazole nitrogen atom
(N1) from one 1-methyleimidazole molecules with Znl —N distance of 2.001 A and four O atoms (O1 02, O3 and
04) from four distinct 1,4- bdc with Zn1-O bond length 2.072 A, 2.093 A, 2.058 A and 2.050 A respectively. Weak
H- bonding provides stability to the framework.

n

Figure 8. Crystal structure of MOF. Coordination environment around a Zn center. Atomic labelling is given for atoms in the asymmetric unit.
Color code: zinc, green; carbon, black; nitrogen, blue; oxygen, red; hydrogen ,yellow.

Conclusion

A comparative study of the synthesis of Zinc metal-organic framework by a convenient and cost effective at room
temperature under normal atmospheric pressure has been investigated. We have successfully synthesized MOF at
room temperature without addition of any additional reactant to enhance the reaction rate. The physicochemical and
texture properties were found to be similar for the MOFs synthesized by both conventional and solvothermal route.
A comparative study can help one to predict the structure of the complex with two Zn centre and each of which has
five coordinated square pyramidal geometry. This method has been proved as a viable alternative to the
conventional heating solvothermal route. This method is even safer when compared to the microwave-assisted
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solvothermal synthesis, it does not imply the heating of a closed reactor containing nitrates and volatile solvents.
Acknowledgements

The Authors would like to acknowledge DST for XRD, FTIR and TGA facility at our Department premises. We
would also like to acknowledge Mr. Vankatesh, Bangalore Institute of Technology for his help in performing BET
analysis.

References

Alkordi, M. H., Liu, Y., Larsen, R. W., Eubank, J. F., Eddaoudi, M., 2008, Zeolite-/ike Metal-Organic Frameworks as Platforms for
Applications: On Metalloporphyrin-Based Catalysts. Journal of American Chemical Society 130, 12639-12641.

Amabilino, B. B., Stoddart, J. F., 1995, Interlocked and intertwined structures and superstructures. Chemical Reviews 95, 2725-2828.

An, J., Geib, S. J., Rosi, N. L., 2009, Cation-Triggered Drug Release from a Porous Zinc—Adeninate Metal—Organic Framework. Journal of the
American Chemical Society 131, 8376-8377.

Bae, Y. S., Mulfort, K. L., Frost, H., Patrick, R., Punnathanam, S., Broadbelt, L. J., Hupp, J. T., Snurr, R. Q., 2008, Separation of CO, from CH,
using Mixed-Ligand Metal—Organic Frameworks. Langmuir 24, 8592-8598.

Banerjee, R., Phan, A., Wang, B., Knobler, C., Furukawa, H., O'Keeffe, M., Yaghi, O. M., 2008, High-Throughput Synthesis of Zeolitic
Imidazolate Frameworks and Application to CO, Capture. Science 319, 939-943.

Burrows, A. D., Cassar, K., Friend, R. M. W., Mahon, M. F., Rigby S. P., Warren, J. E., 2005, Solvent hydrolysis and templating effects in the
synthesis of metal-organic frameworks. Crystal engineering communication, 7, 548-550.

Chae, H. K., Siberio- Perez, D. Y., Kim, J., Go, Y., Eddaoudi, M., Matzger, A. J., O’Keeffe, M., Yaghi, O. M., 2004, A route to high surface
area, porosity and inclusion of large molecules in crystals. Nature 427, 523-527.

Delgado-Friedrichs, O., O’Keeffe, M., Yaghi, O. M., 2007, Taxonomy of periodic nets and the design of materials. Physical chemistry chemical
physics 9, 1035-1043.

Eddaoudi, M., Kim, J., Wachter, J. B., Chae, H. K., O’Keeffe, M., Yaghi, O. M., 2001, Porous Metal-Organic Polyhedra: 25 A Cuboctahedron
Constructed from 12 Cu,(CO,), Paddle-Wheel Building Blocks. Journal of the American Chemical Society 123, 4368-4369.

Eddaoudi, M., Moler, D. B., Li, H., Chen, B., Reineke, T. M., O’Keeffe, M., Yaghi, O. M., 2001, Modular Chemistry: Secondary Building Units
as a Basis for the Design of Highly Porous and Robust Metal—Organic Carboxylate Frameworks. Accounts of chemical research 34, 319-330.

Ferey, G., 2008, Hybrid porous solids: past, present, future. Chemical society reviews 37, 191-214.

Fernandez, E. J., Laguna, A., Lopez-de-Luzuriaga, J. M., 2007, Gold—heterometal complexes. Evolution of a new class of luminescent materials.
Dalton Transactions 20, 1969-1981.

Horcajada, P., Serre, C., Maurin, G., Ramsahye, N. A., Balas, F., Vallet-Regi, M., Sebban, M., Taulelle, F., Ferey, G., 2008, Flexible Porous
Metal-Organic Frameworks for a Controlled Drug Delivery. Journal of the American Chemical Society 130, 6774-6780.

Jung, O. S, Kim, Y. J., Lee, Y. A, Park, J. K., Chae, H. K., 2000, Smart Molecular Helical Springs as Tunable Receptors. Journal of the
American Chemical Society 122, 9921-9925.

Katz, M. J., Ramnial, T., Yu, H. Z., Leznoff, D. B., 2008, Polymorphism of Zn[Au(CN),], and Its Luminescent Sensory Response to NH; Vapor.
Journal of the American Chemical Society 130, 10662-10673.

Liu, Y. Y., Ma, J. F,, Yang, J., Su, Z. M., 2007, Syntheses and Characterization of Six Coordination Polymers of Zinc(II) and Cobalt(II) with
1,3,5-Benzenetricarboxylate Anion and Bis(imidazole) Ligands. Inorganic Chemistry 46, 3027-3027.

Qi, Y., Luo, F., Che, Y. X., Zheng, J. M., 2008, Hydrothermal synthesis of metal-organic frameworks based on aromatic polycarboxylate and
flexible bis(imidazole) ligands. Crystal growth & Design 8, 606-611.

Rossi, N. L., Eckert, J., Eddaoudi, M., Vodak, D. T., Kim, J., O'Keeffe, M., Yaghi, O. M., 2003, Hydrogen Storage in Microporous Metal-
Organic Frameworks. Science 300, 1127-1129.

Sato, O., Iyoda, T., Fujishima, A., Hashimoto, K., 1996, Electrochemically Tunable Magnetic Phase Transition in a High-7; Chromium Cyanide
Thin Film. Science 271, 49-51.

Su, Z., Xu, J., Fan, J, Liu, D., Chu, Q., Chen, M., Chen, S., Liu, G., Wang, X., Sun, W, 2009, Synthesis, Crystal Structure, and
Photoluminescence of Coordination Polymers with Mixed Ligands and Diverse Topologies. Crystal growth & Design 9, 2801-2811.

Tranchemontagne, D. J., Hunt, J. R, Yaghi, O. M., 2008, Room temperature synthesis of metal-organic frameworks: MOF-5, MOF-74, MOF-
177, MOF-199, and IRMOF-0.Tetrahedron 64, 8553-8557.

Tranchemontagne, D. J., Mendoza-Cortes J. L., O’Keeffe, M., Yaghi, O. M., 2009, Secondary building units, nets and bonding in the chemistry
of metal-organic frameworks . Chemical society reviews 38, 1257-1283.

Tsao, C. S., Yu, M. S, Chung, T. Y., Wu, H. C., Wang, C. Y., Chang, K. S., Chen, H. L., 2007, Characterization of Pore Structure in
Metal-Organic Framework by Small-Angle X-ray Scattering. Journal of the American Chemical Society 129, 15997-16004.

Wang, L., Zhang, L., Song, T., Li, C., Xu, J., Wang, L., 2012, Solvothermal syntheses, structures and properties of two new In-MOFs based on
rigid 1,4-naphthalenedicarboxylate ligand. Microporous and mesoporous materials 155, 281-286.

Wen, L., Dang, D., Duan, C., Li, Y., Tian, Z., Meng, Q., 2005, 1D Helix, 2D Brick-Wall and Herringbone, and 3D Interpenetration d10 Metal-
Organic Framework Structures Assembled from Pyridine-2,6-dicarboxylic Acid N-Oxide. Inorganic Chemistry 44, 7161-7170.

Yaghi, O. M., O’Keeffe, M., Ockwig, N. W., Chae, H. K., Eddaoudi, M., Kim, J., 2003, Reticular synthesis and the design of new
materials. Nature 423, 705-714.

Zhang, L., Qin, Y. Y., Li, Z. J., Lin, Q. P., Cheng, J. K., Zhang, J., Yao, Y. G., 2008, Topology Analysis and Nonlinear-Optical-Active Properties
of Luminescent Metal—Organic Framework Materials Based on Zinc/Lead Isophthalates. Inorganic Chemistry 47, 8286-8598.

Zhang, W. L., Liu, Y. Y., Ma, J. F., Jiang, H., Yang, J., 2008, Syntheses and Characterizations of Nine Coordination Polymers of Transition
Metals with Carboxylate Anions and Bis(imidazole) Ligands. Polyhedron 27, 3351-3358.



