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transition metals do show some encouraging results; however,

ABSTRACT: We report herein selective CO, gas the compounds exhibit poor thermal stability and undergo
adsorption by two azide-functionalized lanthanide-based decomposition immediately after loss of the azide group.10 To
metal—organic frameworks (MOFs). This work also bypass this stumbling block, we shift our focus to lanthanides,
demonstrates that azide-functionalized MOFs can be which are well-known to form thermally stable complexes with
used for postsynthetic cavity expansion, further corrobo- carboxylates. Indeed, the requisite thermal stability was
rated by enhanced gas-sorption data. achieved for the two lanthanide-based MOFs of interest,

[{(N4-IPA) (N;-HIPA)(H,0),Pr}(H,0),], (SGR-Pr) and

[{(N3-IPA)¢(Gd),(DMF);(H,0),} (DMF)(H,0),], (SGR-

Over the past 2 decades, development in the field of Gd; DMF = N,N-dimethylformamide). The structures of
porous metal—organic frameworks (MOFs), such as SGR-Pr and SGR-Gd were determined by single-crystal X-ray

zeolite analogues, has experienced remarkable growth and is diffraction (XRD) analysis, the details of which including
now an important market for the industrial sector.' Porous packing diagrams are given in the Supporting Information (SI).
MOFs, because of their high surface area, tunable framework, The carboxylate groups in compound SGR-Pr coordinate to
and adjustable pore size, have emerged, inter alia, as promising the metal ion in both chelating and bridging modes, and this
candidates as absorbents for gas storage and separation.” Of results in an infinite 1D chain of metal jons that are
particular interest is CO, sequestration, which has drawn a subsequently linked by the acid molecules and results in a
considerable amount of interest as an approach to mitigating 2D grid network. The network contains 1D pore channels
climate change as well as because of its potential for the storage running along the q axis, partially occupied by the azide groups,
and purification of fuel and flue gases.” Recent reports further which orient themselves away from the metal core and form a
support the usefulness and advantages of MOFs for selective closed loop of four azide groups (Figure SI-1 in the SI).
adsorption-based CO, separation.* For instance, owing to a Compound SGR-Gd, which results in a complex 3D network,
limitless choice of building blocks, it is possible to construct features a similar pore channel with free azide groups pointing
tailor-made MOFs with immobilized functional groups such as into it. From the immobilized functional group—gas substrate
—NH, or —OH within the porous surface.’ The presence of interaction point of view, such arrangements of azide groups are
such immobilized functional groups on the porous surface of huge significance with greater exposure to gas substrates.
facilitates direct interaction with the gas substrate, which in Thermogravimetric analysis (TGA) of SGR-Pr and SGR-Gd
effect can play a pivotal role in enhancing gas-separation shows some common trends: both of them underwent two
selectivity.® major mass losses at ca 100 and 180 °C. The weight loss at 100
The relationships between functionalized MOFs and CO, °C can be linked to the loss of solvent molecules, whereas the
gas sorption have attracted extensive interest in recent years weight loss at 180 °C is due to decomposition of the azide
with the aim of understanding the fundamental factors groups. The close resemblance of the TGA profile of the free
governing the ligand—CO, affinity.” Subsequently, various ligand further supports this. Furthermore, retention of the
ligand molecules with specific immobilized functionalities, framework integrity, an essential prerequisite for the gas-
such as —NH,, —OH, —CF;, —COOH, —CHj,, or halogen, sorption experiments, was confirmed by a comparison of the
have been explored.® Notwithstanding, the fact that there are powder XRD (PXRD) patterns collected at ambient conditions

hardly any examples of azide (—Nj,)-functionalized MOFs and at 110 °C (Figures SI-12 and SI-13 in the SI).

prompted us to investigate the influence of the azide group on Having confirmed retention of the framework integrity, the
the gas-sorption behavior.” samples were activated for gas-sorption studies. The micro-

The noncoordinating nature of the azide group and well- crystals of each MOF were soaked in a 1:1 dry dichloromethane
known coordination behavior of carboxylate groups led us to
believe that S-azidoisophthalic acid (N;H,-IPA) would be an Received: December 24, 2012
ideal candidate for our investigation. Our initial attempts with Published: March 20, 2013
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Figure 1. (a) Gas adsorption isotherms of SGR-Gd showing selective CO, gas sorption (black circles) over N, (black triangles) at 273 K. (b)
Typical type I gas adsorption isotherms of SGR-Pr showing selective CO, gas sorption (green circles) over N, (green triangles) at 273 K. The filled

and open circles represent adsorption and desorption, respectively.
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Figure 2. CO, gas adsorption isotherms for (a) SGR-Gd and (b) SGR-Pr, illustrating increased amounts of gas uptakes after activation of the MOFs

at higher temperature.

and methanol mixture for 12 h. A fresh 1:1 dry dichloro-
methane and methanol mixture was subsequently added, and
the crystals were allowed to stay for an additional 48 h to
remove coordinated and free solvates (methanol, H,O, and
DMF) present in the framework. The sample was dried
overnight under a dynamic vacuum (~107> Torr) at room
temperature. To remove coordinated solvents, the samples
SGR-Gd and SGR-Pr were heated at 110 °C for 12 h under a
dynamic vacuum (SGR Gd-110 and SGR-Pr-110).

The presence of moderate pores, as is evident from the
single-crystal structures for both MOFs, prompted us to
determine their surface areas and explore their gas-sorption
behavior. The N, adsorption isotherms for both SGR-Pr-110
and SGR-Gd-110 exhibit typical type II sorption behavior with
moderate surface area.

Given that the MOFs have open metal sites along with
immobilized functional groups pointing into pores as well as
interlayer spaces, we were naturally interested in evaluating
their absorbent potential. It is worth mentioning that insertion
of the polar functional groups and the presence of open metal
sites have been proven to have a good impact on enhancing the
CO, adsorption properties. Furthermore, considering the
moderate surface area and comparable pore size with a kinetic
diameter of CO, (3.30 A), we decided to check the selective
gas-sorption possibilities of SGR-Gd and SGR-Pr. Accordingly,
adsorption measurements of both MOFs were carried out for
N, and CO, at 273 K. As illustrated in Figure 1, both SGR-Pr-
110 and SGR-Gd-110 exhibit selective CO, gas adsorption
over N,. SGR-Gd-110 shows a typical type I isotherm, and as
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the pressure approaches to 1 atm, the adsorption of CO,
reaches a plateau at 1.59 mmol/g. On the other hand, SGR-Pr-
110 absorbs 0.96 mmol/g of CO, with similar type I adsorption
curves. It is noteworthy here that the above CO, sorption
results are comparable with well-known MOFs like ZIF-9, ZIF-
100, and other porous materials like zeolites and carbons."!

Interestingly, the azide-functionalized MOFs provide us with
a unique opportunity to explore the so-called postsynthesis cavity
expansion, a new approach put forward by Telfer and co-
workers that can generate/enhance the porosity even from a
nonporous MOF and is independent of solvent molecule
inclusion.'"> The strategy is to use a ligand molecule that
contains a noncoordinating functional group, an innocuous
bystander, which can be cleaved selectively from the rest of the
ligand molecule while leaving the remaining part of the ligand
intact. The successful execution of this method therefore offers
a two-step challenge: first, to synthesize a MOF using a ligand
that contains a labile functional group; second, to ensure that
the MOF is stable after removal of the functional group.
Coincidentally, with the presence of noncoordinated, thermo-
labile azide functional groups and high thermal stability, SGR-
Pr and SGR-Gd perfectly suit the purpose.

Unfortunately, both MOFs lost their crystalline nature upon
heating at 210 °C. Nonetheless, the postsynthetic thermolysis
of azide groups can be confirmed from the IR spectra of SGR-
Pr and SGR-Gd, which were recorded at ambient conditions as
well as after heating at 110 and 210 °C. The sharp characteristic
bands (2131 and 2129 cm™! for SGR-Pr and SGR-Gd,
respectively) for the azide groups were present even after
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heating at 110 °C but were absent after heating at 210 °C
(Figures SI-7 and SI-8 in the SI). This was further corroborated
from elemental analysis data, which show a lower percentage of
nitrogen atoms for the samples heated at 210 °C.

Having confirmed thermolysis of the azide groups, the
obvious question then arose as to whether the porosity could
be enhanced by this new technique. In order to check that, the
surface areas for both MOFs were determined after their
activation at 210 °C (SGR-Pr-210 and SGR-Gd-210) for N,
gas adsorption. A comparison of these surface areas with those
of SGR-Pr-110 and SGR-Gd-110 (as tabulated in Table-SI-2 in
the SI) will put this into perspective. The results are in excellent
agreement with our assumptions and reveal enhancement of
the surface area after heating at 210 °C.

An enhancement in the surface area should also be reflected
in the gas-sorption data. To our astonishment, this is indeed the
case for the CO, gas-sorption results of SGR-Pr-210 and SGR-
Gd-210. As illustrated in Table SI-2 in the SI, both show higher
gas uptake than their low-temperature counterparts. SGR-Pr-
210 adsorbs 1.52 mmol/g of CO, compared to 0.96 mmol/g of
CO, for SGR-Pr-110. On the other hand, SGR-Gd-210 shows
a much higher 2.10 mmol/g of CO, uptake than that of 1.59
mmol/g for SGR-Gd-110. Interestingly, the gas-sorption
selectivity for CO, over N, was also retained for the respective
higher-temperature samples (SGR-Pr-210 and SGR-Gd-210;
Figure 2). It should be noted that the repeatability of CO,
adsorption behavior was confirmed by reproducing the same
isotherm three times for SGR-Pr-210 and SGR-Gd-210 at 273
K and 1 atm of pressure (Figures SI-18 and SI-19 in the SI).

Thermolysis of the azide groups simply raises the prospect of
generating more porosity in the framework because decom-
position of the azide group would effectively increase the
circumference of the pore channel. Therefore, the higher gas
uptake values for high-temperature samples can be envisaged as
corroborating evidence to the postsynthesis cavity expansion
technique.

In conclusion, we have successfully synthesized two
lanthanide-based MOFs with immobilized azido functional
groups. Both MOFs exhibit selective CO, gas sorption. This
work also demonstrates an interesting postsynthesis cavity
expansion method using thermolysis of the azide groups for
enhancement of the porosity, further corroborated by increased
surface area and selective CO, gas-sorption results.

Caution! Low-molecular-weight azides are potentially explosive
and should be handled with great care and in small quantities.
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ray crystallographic data, CIF files, additional packing diagrams,
TGA plots, PXRD patterns, and additional gas-sorption results.
This material is available free of charge via the Internet at
http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

*E-mail: icrm@iacs.res.in. Tel: 91-33-2473 4971. Fax: 91-33-
2473 2808S.

Notes

The authors declare no competing financial interest.

3590

B ACKNOWLEDGMENTS

This work was financially supported by the Council of Scientific
and Industrial Research (CSIR), India [Project 01(2327)/09/
EMR II/CSIR]. S. Bala, A.G,, and S. Bhattacharya thank the
CSIR, India, for Junior Research fellowships. R.M. thanks Dr.
Rahul Banerjee, National Chemical Laboratory, Pune, India, for
useful discussion.

B REFERENCES

(1) (a) Czaja, A. U.; Trukhan, N.; Miiller, U. Chem. Soc. Rev. 2009,
38, 1284—1293. (b) Zhou, H.-C.; Long, J. R;; Yaghi, O. M. Chem. Rev.
2012, 112, 673—674.

(2) (a) Li, J-R,; Kuppler, R. J.; Zhou, H.-C. Chem. Soc. Rev. 2009, 38,
1477—-1504. (b) Kitagawa, S.; Kitaura, R;; Noro, S.-I. Angew. Chem,
Int. Ed. 2004, 43, 2334—2375.

(3) (a) Yang, S; Lin, X;; Lewis, W.; Suyetin, M.; Bichoutskaia, E.;
Parker, J. E; Tang, C. C,; Allen, D. R;; Rizkallah, P. J.; Hubberstey, P.;
Champness, N. R;; Thomas, K. M,; Blake, A. J.; Schréder, M. Nat.
Mater. 2012, advance article, doi:10.1038/nmat3343. Published
online: June 3, 2012. (b) Sumida, K; Rogow, D. L; Mason, J. A;
McDonald, T. M,; Bloch, E. D.; Herm, Z. R.; Bae, T.-H.; Long, J. R.
Chem. Rev. 2012, 112, 724—781.

(4) (a) Li, J.-R;; Sculley, J.; Zhou, H.-C. Chem. Rev. 2012, 112, 869—
932. (b) Couck, S.; Denayer, J. F. M.; Baron, G. V.; Rémy, T.; Gascon,
J.; Kapteijn, F. J. Am. Chem. Soc. 2009, 131, 6326—6327.

(5) (a) Panda, T.; Pachfule, P.; Chen, Y,; Jiang, J.; Banerjee, R. Chem.
Commun. 2011, 47, 2011—2013. (b) Vaidhyanathan, R.; Iremonger, S.
S.; Dawson, K. W.; Shimizu, G. K. H. Chem. Commun. 2009, 5230—
5232. (c) Chen, Z,; Xiang, S.; Arman, H. D.; Li, P.; Zhao, F.; Chen, B.
Eur. J. Inorg. Chem. 2011, 2227—-2231.

(6) Wang, B; Cote, A. P.; Furukawa, H.; O’Keeffe, M.; Yaghi, O. M.
Nature 2008, 453, 207—-211.

(7) (2) Devic, T.; Salles, F.; Bourrelly, S.; Moulin, B.; Maurin, G.;
Horcajada, P.; Serre, C.; Vimont, A.; Lavalley, J.-C.; Leclerc, H.; Clet,
G.; Daturi, M,; Llewellyn, P. L,; Filinchuk, Y.; Férey, G. ]. Mater. Chem.
2012, 22, 10266—10273. (b) Torrisi, A.; Bell, R. G.; Draznieks, C. M.
Cryst. Growth Des. 2010, 10, 2839—2841.

(8) (a) Fischer, R. A; Woll, C. Angew. Chem., Int. Ed. 2008, 47,
8164—8168. (b) Devic, T.; Horcajada, P.; Serre, C.; Salles, F.; Maurin,
G.; Moulin, B.; Heurtaux, D.; Clet, G.; Vimont, A.; Grenéche, J.-M,;
Ouay, B. L; Moreau, F.; Magnier, E; Filinchuk, Y,; Marrot, J;
Lavalley, J.-C.; Daturi, M.; Férey, G. J. Am. Chem. Soc. 2010, 132,
1127—-1136. (c) Zlotea, C.; Phanon, D.; Mazaj, M,; Heurtaux, D;
Guillerm, V.; Serre, C.; Horcajada, P.; Devic, T.; Magnier, E.; Cuevas,
F.; Férey, G.; Llewellyn, P. L.; Latroche, M. Dalton Trans. 2011, 40,
4879—4881. (d) Biswas, S.; Ahnfeldt, T.; Stock, N. Inorg. Chem. 2011,
50, 9518—9526.

(9) Sato, H.; Matsudal, R;; Sugimoto, K; Takata, M.; Kitagawa, S.
Nat. Mater. 2010, 9, 661—666.

(10) Ganguly, S.; Mondal, R. Unpublished result.

(11) (a) Banerjee, R.; Phan, A.; Wang, B.; Knobler, C.; Furukawa, H.;
O’Keeffe, M.; Yaghi, O. M. Science 2008, 319, 939. (b) Sircar, S;
Golden, T. C.; Rao, M. B. Carbon 1996, 34, 1.

(12) (a) Deshpande, R. K.; Minnaar, J. L.; Telfer, S. G. Angew. Chem,,
Int. Ed. 2010, 49, 4598—4602. (b) Deshpande, R. K.; Waterhouse, G. L
N.; Jameson, G. B.; Telfer, S. G. Chem. Commun. 2012, 48, 1574—
1576. (c) Lun, D. J.; Waterhouse, G. L. N.; Telfer, S. G. J. Am. Chem.
Soc. 2011, 133, 5806—5809. (d) Cohen, S. M. Chem. Rev. 2012, 112,
970—1000. (e) Yao, C.; Ma, S. Rev. Inorg. Chem. 2012, 32, 81. (f) Ma,
S.; Yuan, D.; Wang, X.-S.; Zhou, H.-C. Inorg. Chem. 2009, 48, 2072—
2077. (g) Chen, B.; Wang, L.; Zapata, F.; Qian, G.; Lobkovsky, E. B. J.
Am. Chem. Soc. 2008, 130, 6718—6719.

dx.doi.org/10.1021/ic302823r | Inorg. Chem. 2013, 52, 3588—3590


http://pubs.acs.org
mailto:icrm@iacs.res.in

