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ABSTRACT: A new porous metal—organic framework
(MOF), barium tetraethyl-1,3,6,8-pyrenetetraphosphonate
(CALF-25), which contains a new phosphonate monoester
ligand, was synthesized through a hydrothermal method.
The MOF is a three-dimensional structure containing 4.6
A X 3.9 A rectangular one-dimensional pores lined with
the ethyl ester groups from the ligand. The presence of the
ethyl ester groups makes the pores hydrophobic in nature,
as determined by the low heats of adsorption of CH,, CO,,
and H,0 (14.5, 23.9, and 45 kJ mol™', respectively)
despite the polar and acidic barium phosphonate ester
backbone. The ethyl ester groups within the pores also
protect CALF-2S from decomposition by water vapor,
with crystallinity and porosity being retained after
exposure to harsh humid conditions (90% relative
humidity at 353 K). The use of phosphonate esters as
linkers for the construction of MOFs provides a method to
protect hydrolytically susceptible coordination backbones
through kinetic blocking.

Metal—organic frameworks (MOFs) are a class of highly
porous crystalline materials that have highly tunable
structures because of the range of accessible components and
their modular assembly." Potential applications for MOFs
include gas storage, gas separation, catalysis, ion conduction,
and use as sensors.” For practical applications, stability of the
MOF material is important, as high turnover numbers result in
reduced costs. One current issue with implementing many
types of MOFs into practical applications is instability toward
water, both in the liquid and vapor phase. Water has been
reported to attack the metal connectors within MOFs,
displacing ligands and causing phase changes, loss in
crystallinity, and/or decomposition to reduce or destroy the
porosity of the materials.®> Acid—base reactions may also occur
at basic metal clusters. For example, the [Zn,0]%" clusters
present in MOEF-5 are easily hydrolyzed by water vapor,
forming a nonporous product containing zinc(II) hydroxide
chains (MOF-69¢c).* As moisture is omnipresent in target
applications such as postcombustion CO, capture, if MOFs are
to find use in these processes, their instability toward water
needs to be overcome.

Our approach to enhancing the water stability of MOFs is
the use of phosphonate monoesters as linkers. Phosphonate
monoesters (RPO,OR’) have the potential to offer carboxylate-
like coordination modes (they are monoanionic with bidentate
O donor ligation) but with the added variable of the organic
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tether on the ester group. Phosphonate monoesters are an
underexplored class of ligands, with earlier reports concerning
only structural studies using clodronate esters as ligands and
two materials for NLO applications.” Recently our group has
used phosphonate monoesters to form porous MOFs, where
the porosity was sustained through van der Waals (vdW)
interactions of the alkyl esters and the pore size was tuned by
varying the alkyl ester.® The premise of this approach was that
the monoanionic charge of a phosphonate monoester would
moderate the self-assembly and allow for stable yet crystalline
products while the ester tether could sterically shield the most
hydrolytically vulnerable M—O bonds and augment the
hydrolytic stability of MOFs. Here we report the synthesis of
a porous and hydrophobic phosphonate monoester MOF,
barium tetraethyl-1,3,6,8-pyrenetetraphosphonate, BaH,L
(CALF-25, where CALF stands for Calgary Framework), with
high water vapor stability arising from the protective ethyl
groups lining the pores.

Crystallization of CALF-2S was performed solvothermally,
with partial hydrolysis of octaethyl-1,3,6,8-pyrenetetraphosph-
onate occurring in situ through the use of an ethanolic solvent
system. The crystal structure of 1 (Figure 1) is a three-
dimensional polymeric framework consisting of one-dimen-
sional (1D) barium phosphonate chains cross-linked to four
other chains through the pyrene ligands, leaving 1D pores
parallel to the chains. The 1D barium phosphonate chains
contain nine-coordinate barium centers that are saturated by
phosphonate monoester O atoms; a similar 1D chain has been
reported in a barium carboxylate MOF. Each pyrene unit
bridges two chains, with two phosphonate groups connecting
three barium centers within a chain. The pores formed from the
cross-linking pyrene units are rectangular in shape (4.59 A X
3.89 A including vdW radii), with the ethyl ester groups lining
the corners of the pores and the pyrene ligand cores defining
their walls. Overall the formula has 1:1 barium to ligand ratio,
which means that the MOF is acidic since it has two
phosphonic acid monoethyl esters per ligand.

Activation of CALF-25 was performed at 100 °C under
vacuum (107° Torr) with no subsequent loss in crystallinity.
The material is permanently porous, with nitrogen adsorption
at 77 K showing a type-I isotherm (BET surface area = 385 m*
g™'). Further gas sorption analysis was performed with CO,
(Figure 2) and CH,. To characterize the surface properties,
isosteric heats of adsorption were calculated using CO, at 263
and 273 K and CH, at 268 and 278 K (Figure S4 in the
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Figure 1. (a) Crystal structure of CALF-2S viewed along the c axis in a
ball-and-stick representation, showing ethyl groups lining the barium
phosphonate chains. (b) Structure of the edge-sharing barium
phosphonate polyhedra within a 1D chain, with ethyl groups removed
from the top half of the chain and disorder removed for clarity. (c)
Space-filling representation of CALF-2S showing the ethyl-lined pores
along the ¢ axis.
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Figure 2. CO, adsorption isotherms (blue) and the isosteric heat of
adsorption of CO, (red) for CALF-25. Fits to virial models are shown
by dashed lines.

Supporting Information). The zero-loading heats of adsorption
were found to be 23.9 kJ mol™" for CO, and 14.5 kJ mol™" for
CH,, both of which are low values comparable to those of some
hydrophobic MOF materials, suggesting a weakly polarizing
pore surface despite the acidic nature of the material.”

To assess the hydrophobic nature of CALF-2S, water vapor
sorption was performed at 5 K intervals between 298 and 313 K
(Figure 3). These isotherms showed type-III behavior
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Figure 3. H,O adsorption isotherms (blue) and the isosteric heat of
adsorption of H,O (red) for CALF-25. Fits to virial models are shown
by dashed lines.

indicative of low affinity between the adsorbate molecules
and the surface. The heat of adsorption was calculated to be
~45 kJ mol ™" across all loadings of water; a zero-loading value
was not calculated because of inadequate low-pressure data.
This very low heat of adsorption for water suggests that the
pore surface is hydrophobic. The value is comparable to those
of graphite and other hydrophobic MOF materials and is only
marginally higher than the heat of vagorization of water at
room temperature (43.98 kJ/mol).” Since CALF-2S is
composed of metal cations and oxo anions and is an acidic
material, such a low value for the heat of adsorption for water is
remarkable. This suggests that the ester groups lining the pore
surfaces effectively shield the polar, acidic barium phosphonate
chains behind the less polar ethyl groups, making the pores
hydrophobic.

The stability of CALF-2S toward water was further studied
by powder X-ray diffraction (PXRD) and gas sorption on
samples exposed to harsh humid conditions. CALF-25 used for
water vapor sorption analysis was exposed to maximum
conditions of 95% relative humidity at 312.9 K, corresponding
to a water vapor partial pressure of 69.2 mbar. Following water
vapor sorption, there was no change in the PXRD pattern
(Figure S8) and only a 2% reduction in N, uptake at 77 K
(Figure S1). For comparison, Walton and co-workers exposed
numerous MOFs to 90% relative humidity through water vapor
sorption under ambient conditions (22.4 mbar H,O assuming a
temperature of 294.2 K) followed by reactivation and nitrogen
sorption at 77 K.° Under these conditions, only two of the
studied MOFs were reported to have comparable water vapor
stability, both from the UiO-66 family. That study did not
include members of the ZIF family,"® which show stability
toward boiling water, nor “superhydrophobic” MOFs post-
synthetically modified with alkyl groups."" There has also been
one report of kinetic stabilization of MOEF-S through the
introduction of trifluoromethoxy groups onto the ligand cores
for steric protection, although an 81% loss in surface area was
observed after exposure to steam for 1 week.'> A highly porous
barium carboxylate MOF, barium benzene-1,3,5-trisbenzoic
acid, which has an edge-sharing barium chain structure similar
to that of CALF-25 as well as 1D pores through the material,
has also been reported.”> This barium carboxylate MOF does
not have ethyl groups protecting the barium carboxylate chains
and was reported to lose crystallinity upon exposure to moist
air.
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To test the stability further, higher temperatures were
employed. CALF-25 was exposed for 24 h to 90% relative
humidity at 353 K, corresponding to a water partial pressure of
426.7 mbar. This treatment also gave no changes in the PXRD
pattern. CO, gas sorption at 273 K (maximum CO, partial
pressure of P/P, = 0.03) also showed no decrease in uptake
relative to the pristine sample (Figure S3). Interestingly, the
same sample run at 195 K showed a 17% loss in CO, uptake
(Figure S2). Furthermore, N, sorption at 77 K showed a 40%
reduction in uptake, still with no change in the postsorption
PXRD pattern (Figures S1 and S8). The retention of
crystallinity and porosity of CALF-25 at 273 K after exposure
to humid conditions suggests that the material is stable toward
water vapor. The reduction in uptake observed only at lower
temperatures may be a kinetic phenomenon arising from surface
defects due to water exposure. The sizable pyrenyl ligand could
yield partial pore blockages that can be overcome by adsorbate
molecules with more thermal energy. This may explain why the
reduction in gas uptake is more pronounced as the temperature
decreases. This is also supported by the appearance of a slight
hysteresis in the desorption loop of the N, sorption at 77 K
after water treatment (Figure S1). While CALF-2S is stable
toward water vapor at 353 K, boiling the MOF in water caused
a significant loss in crystallinity (Figure S9), a partial phase
change, and partial solubilization of the material, suggesting
that the water vapor stability is due to a kinetic protective effect
of the ethyl groups within the pores.

Phosphonate monoesters are uncommon ligands for MOFs,
but they offer potential benefits for making more moisture-
stable materials, a key challenge for MOF chemistry. CALF-25
is a permanently porous MOF with a highly hydrophobic pore
surface resulting from the use of phosphonate monoester
linkers. CALF-25, despite being a material composed of metal
cations and acidic oxo anions, is of comparable hydrophobicity to
porous carbons. Moreover, retention of crystallinity and porosity
upon exposure to high humidity at elevated temperatures was
confirmed by PXRD and a reproducible CO, sorption
isotherm. The stability arises from the steric protection offered
by ethyl ester groups shielding the inorganic backbone of
CALF-25 and defining the nature of the pore. Appending
organic tethers has been established as a means of enhancing
the water stability of MOFs.""'> The ease of tuning the pore
surface in phosphonate monoester MOFs is potentially a major
benefit in addition to standard means of regulating structure in
a MOF.
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Experimental procedures, analytical data, Figures S1—510, and
crystallographic data (CIF). This material is available free of
charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author

gshimizu@ucalgary.ca

Present Address

"Department of Chemistry, Indian Institute of Science
Education and Research, 900 NCL Innovation Park, Dr
Homi Bhabha Road, Pune 411008, India.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The Natural Sciences and Engineering Research Council
(NSERC) of Canada and Carbon Management Canada
supported this research. JM.T. acknowledges scholarship
support from the Alberta Ingenuity Fund and NSERC.

B REFERENCES

(1) (a) Perry, J. J.; Perman, J. A;; Zaworotko, M. J. Chem. Soc. Rev.
2009, 38, 1400—1417. (b) Tranchemontagne, D. J.; Mendoza-Cortés,
J. L; O'Keeffe, M.; Yaghi, O. M. Chem. Soc. Rev. 2009, 38, 1257—1283.

(2) (a) Suh, M. P.; Park, H. J.; Prasad, T. K; Lim, D.-W. Chem. Rev.
2012, 112, 782—835. (b) Bloch, E. D.; Queen, W. L.; Krishna, R;
Zadrozny, ]J. M.; Brown, C. M,; Long, J. R. Science 2012, 335, 1606—
1610. (c) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Chem. Soc. Rev. 2009,
38, 1477—1504. (d) Ma, L.; Abney, C.; Lin, W. Chem. Soc. Rev. 2009,
38, 1248—1256. (e) Shigematsu, A.; Yamada, T.; Kitagawa, H. J. Am.
Chem. Soc. 2011, 133, 2034—2036. (f) Sadakiyo, M.; Okawa, H.;
Shigematsu, A.; Ohba, M.; Yamada, T.; Kitagawa, H. J. Am. Chem. Soc.
2012, 134, 5472—5475. (g) Wiers, B. M.; Foo, M.-L.; Balsara, N. P,;
Long, J. R. J. Am. Chem. Soc. 2011, 133, 14522—14525. (h) Kreno, L.
E.; Leong, K; Farha, O. K; Allendorf, M.; Van Duyne, R. P.; Hupp, J.
T. Chem. Rev. 2012, 112, 1105—1125.

(3) (a) Low, J. J; Benin, A. L; Jakubczak, P.; Abrahamian, J. F.;
Faheem, S. A;; Willis, R. R. J. Am. Chem. Soc. 2009, 131, 15834—15842.
(b) Cychosz, K. A,; Matzger, A. J. Langmuir 2010, 26, 17198—17202.
(c) Saha, D.; Deng, S. J. Phys. Chem. Lett. 2010, 1, 73—78.

(4) (a) Han, S. S.; Choi, S.-H.; van Duin, A. C. T. Chem. Commun.
2010, 46, 5713—5715. (b) Kaye, S. S.; Dailly, A.; Yaghi, O. M.; Long, J.
R. J. Am. Chem. Soc. 2007, 129, 14176—14177. (c) Greathouse, J. A.;
Allendorf, M. D. J. Am. Chem. Soc. 2006, 128, 10678—10679.
(d) Schrock, K.; Schroder, F.; Heyden, M.; Fischer, R. A.; Havenith,
M. Phys. Chem. Chem. Phys. 2008, 10, 4732—4739. (e) Hausdorf, S.;
Wagler, J.; Mossig, R.; Mertens, F. O. R. L. J. Phys. Chem. A 2008, 112,
7567—7576.

(5) (a) Kontturi, M; Periniemi, S.; Vepsiliinen, J. J.; Ahlgrén, M.
Polyhedron 2008, 24, 305—309. (b) Kontturi, M.; Laurila, E.; Mattsson,
R.; Periniemi, S.; Vepsiliinen, J. J.; Ahlgrén, M. Inorg. Chem. 2005, 44,
2400—2406. (c) Jokiniemi, J.; Vepsildinen, J.; Nitkinniemi, H.;
Perdniemi, S.; Ahlgrén, M. CrystEngComm 2009, 11, 2431-2440.
(d) Ayyappan, P.; Evans, O. R;; Cui, Y.; Wheeler, K. A.; Lin, W. Inorg.
Chem. 2002, 41, 4978—80. (e) Evans, O. R.;; Manke, D. R.; Lin, W.
Chem. Mater. 2002, 14, 3866—3874.

(6) (a) Iremonger, S. S.; Liang, J.; Vaidhyanathan, R.; Shimizu, G. K.
H. Chem. Commun. 2011, 47, 4430—4432. (b) Iremonger, S. S.; Liang,
J.; Vaidhyanathan, R.; Martens, I; Shimizu, G. K. H; Daff, T. D;
Aghaji, M. Z.; Yeganegi, S.; Woo, T. K. J. Am. Chem. Soc. 2011, 133,
20048—-20051.

(7) (a) 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. (b) Zhou, W. Chen. Rec. 2010, 10, 200—204.

(8) (a) Morimoto, T.; Miura, K. Langmuir 1985, 1, 658—662.
(b) Kiisgens, P.; Rose, M.; Senkovska, I; Frode, H.; Henschel, A;
Siegle, S.; Kaskel, S. Microporous Mesoporous Mater. 2009, 120, 325—
330. (c) Lee, J. Y.; Olson, D. H,; Pan, L.; Emge, T. J.; Li, J. Adv. Funct.
Mater. 2007, 17, 1255—1262. (d) CRC Handbook of Chemistry and
Physics, 92nd ed.; Hayne, W. M., Ed.; CRC Press: Boca Raton, FL,
2011; Section 6, no. 132.

(9) Schoenecker, P. M.; Carson, C. G.; Jasuja, H.; Flemming, C. J. J;
Walton, K. S. Ind. Eng. Chem. Res. 2012, 51, 6513—6519.

(10) Banerjee, R;; Phan, A,; Wang, B.; Knobler, C.; Furukawa, H.;
O’Keeffe, M.; Yaghi, O. M. Science 2008, 319, 939—943.

(11) Nguyen, J. G.; Cohen, S. M. J. Am. Chem. Soc. 2010, 132, 4560—
4561.

(12) Wu, T.; Shen, L.; Luebbers, M.; Hu, C.; Chen, Q.; Ni, Z.; Masel,
R. L. Chem. Commun. 2010, 46, 6120—6122.

(13) Foo, M. L.; Horike, S.; Kitagawa, S. Inorg. Chem. 2011, S0,
11853—1185S.

dx.doi.org/10.1021/ja306812r | J. Am. Chem. Soc. 2012, 134, 14338—14340


http://pubs.acs.org
mailto:gshimizu@ucalgary.ca

