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ABSTRACT: We demonstrate the complete exchange of
the interlamellar anions of a 2-D cationic inorganic
material. The α,ω-alkanedisulfonates were exchanged for
α,ω-alkanedicarboxylates, leading to two new cationic
materials with the same [Pb2F2]

2+ layered architecture.
Both were solved by single crystal X-ray diffraction and the
transformation also followed by in situ optical microscopy
and ex situ powder X-ray diffraction. This report
represents a rare example of metal−organic framework
displaying highly efficient and complete replacement of its
anionic organic linker while retaining the original extended
inorganic layer. It also opens up further possibilities for
introducing other anions or abatement of problematic
anions such as pharmaceuticals and their metabolites.

Many pollutants listed as EPA (U.S. Environmental
Protection Agency) priorities inherently occur as their

anionic form, including metal oxo-anions (e.g., TcO4
−, ClO4

−,
CrO4

2−, etc.) and organic anions [e.g., salicylate (metabolite of
Aspirin), carbamazepine, clofibrate, ibuprofen, etc.].1 Recent
studies have achieved successful inorganic anion pollutant
trapping with high capacity and selectivity using cationic
extended frameworks.2 Custelcean and co-workers investigated
the selectivity principles in anion separation with both metal−
organic frameworks (MOFs) and hydrogen-bonded frame-
works.3 Solid-state anion trapping of organic pollutants,
however, has been less investigated despite the growing
worldwide problem of water contamination by pharmaceuticals
and their metabolites, most of which are highly soluble in water
and occur in anionic forms.4 The current treatment process of
chlorination often leads to even more toxic compounds such as
monohalogenated and/or oxidized byproduct.5

Cationic inorganic layered materials are 2-D extended
topologies where positively charged layers are structure-
directed by charge-balancing anions.6 Layered double hydrox-
ides are the most widely studied example and have general
formula [M2+

1−xM
3+

x(OH)2]A
n−

x/n·mH2O, where M
2+ and M3+

are a range of metals (e.g., Mg2+ and Al3+) and An− are
interlamellar anions (e.g., CO3

2−).7 Meanwhile, layered rare
earth hydroxides are a recent series of pillared materials with
eight or nine-coordinate metals as part of the positively charged
architecture.8 Both classes of materials display efficient
equilibrium-driven anion exchange processes, while layered
double hydroxides (LDHs) are often subject to interference by
nontoxic anions that have a higher affinity for the material (e.g.,
carbonate and bicarbonate).9 Furthermore, no single-crystal
structure after exchange has been reported to support that the

anion has exchanged and the metal hydroxide layers remain
intact. Indeed, LDHs are known to partially decompose
without complete heterogeneity during exchange in aqueous
media.7 Similarly, our previous lower p-block based cationic
inorganic layered materials also displayed partial to complete
decomposition of the structure upon anion exchange
attempts.10

Anion exchange has been observed for a few cationic MOFs,
although a majority were exchanged between inorganic anions
of comparable size.11 Postsynthetic modification, one of the
most widely studied approaches to alter the organic linker,
involves decoration of ligand functional groups and not altering
the extended architecture.12 Choe and co-workers recently
reported the complete substitution of neutral N-donor organic
linkers, namely, tetrakis(4-carboxyphenyl) porphyrin for 4,4′-
bipyridine.13 Very recently, Cohen and co-workers reported
postsynthetic exchange of anionic organic linkers in MOFs.14

The exchanged ligands were limited to functionalized 1,4-
benzene-dicarboxylates with the same chain length, and the
exchange process was ∼21 to 97% over 5 d.
Herein, we report anion exchange within a cationic MOF to

yield two new crystal structures where the 2-D inorganic
topology is retained. This report is a rare example of the
complete replacement of organic anions in a MOF and the first
exchange of an α,ω-alkanedisulfonate for an α,ω-alkanedicar-
boxylate. The anion exchange process was monitored by both
X-ray crystallography and in situ optical microscopy, which
support an unconventional solvent-mediated pathway. Unlike
LDHs, the heterogeneity and high crystallinity are maintained
throughout the exchange process, with intact cationic inorganic
layers fully characterized by X-ray crystallography. In addition,
the interlayer-spacing can be tuned by carboxylate chain length.
We previously reported the hydrothermal synthesis of

[Pb2F2][O3SCH2CH2SO3] (SLUG-6).15 This material can be
synthesized with high yield and purity and is chemically stable
in pH 4−10 aqueous solution. The crystal structure consists of
cationic single [Pb2F2]

2+ layers pillared by 1,2-ethanedisulfonate
(EDS) anions (Figure 1, center). The organic EDS linker is
aligned perpendicular to adjacent layers with two oxygens of
each sulfonate end covalently bonded to two Pb metal centers.
This orientation gives rise to a large d-spacing between the
cationic layers, while the weakly bonding nature known for
organosulfonates gives rise to possible anion exchangeability
and intercalation chemistry.16

Succinate [−O2C(CH2)2CO2
−] and glutarate [−O2C-

(CH2)3CO2
−] were chosen as initial examples of α,ω-
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alkanedicarboxylate carbon chain length. Immersion of as-
synthesized SLUG-6 crystals in an aqueous solution of 2-fold
molar excess disodium succinate under static ambient
conditions afforded the highly crystalline phase [Pb2F2][O2C-
(CH2)2CO2] (which we denote as SLUG-32 for University of
California, Santa Cruz, Structure No.32; see Supporting
Information for experimental details). In situ optical micros-
copy was employed to monitor the transformation between the
two crystalline phases (Figure 2). The formation of SLUG-32

was observed on the surface of the SLUG-6 crystals after 30
min in the dicarboxylate solution (Figure 2b). The competitive
crystallization allows SLUG-32 to gradually grow in expense of
the original SLUG-6 crystal to form an entirely new phase and
crystal morphology after 4 h. No further change in crystal
morphology occurs after 4 h (Figure 2f), supporting the
completion of the anion exchange process. Unlike the solid-
state equilibrium-driven anion exchange process for LDHs, the
in situ optical microscopy indicates our material undergoes a
solvent-mediated anion exchange with a possible exfoliation
and recrystallization pathway. Figure 3 shows the ex situ
powder X-ray diffraction (PXRD) versus time for the solid from
a 20 mL aqueous solution of 1.0 × 10−4 mol SLUG-6 and 0.01
M sodium glutarate. After 1 h, the new SLUG-33 phase
[Pb2F2][O2C(CH2)3CO2] is clearly present [e.g., (001) peak at
7.4° (2θ), Figure 3b]. On the basis of the peak area of the

majority peak, the glutarate exchange was over 90% complete
after 2 h and phase-pure SLUG-33 after 24 h, with no peaks of
the original SLUG-6 remaining (Figure 3c,d). The anion
exchange process is also supported by FTIR (Figure S3) and
elemental analysis (Table S3).
The crystals after anion exchange were manually separated

and structurally characterized by single-crystal X-ray crystallog-
raphy. SLUG-32 crystallizes in the high-symmetry tetragonal
crystal system with I4/m space group. The [Pb2F2]

2+ layer
remains intact, with the same formula as the cationic layers in
SLUG-6. The SLUG-32 cationic layer possesses slightly more
condensed intralayer Pb−F connectivity in the ab plane (Figure
4) with decreasing a and b dimensions [a = 4.6185(2) Å and b

= 4.4226(2) Å for SLUG-6; a = b = 4.1371(7) Å for SLUG-32].
SLUG-32 is slightly more elongated along the c-axis (Figure 1
left vs center) since only one oxygen of each carboxylate group
bonds to the layers [Pb−O bond length ranges between
2.620(20) and 2.635(19) Å] compared to two oxygens for
SLUG-6. The distance between lead and the nonbonded
oxygens on the carboxylates ranges from 2.814(23) to
2.826(23) Å, exceeding the accepted Pb−O covalent range
provided by the Cambridge Structural Database [CSD,
2.60(19) Å]. This singly bonded feature for SLUG-32 is likely
due to the known stronger coordination of carboxylates versus
sulfonates, with one covalent metal−oxygen bond sufficient to

Figure 1. Scheme of the anion exchange process of the cationic lead
fluoride structure. (Left) Crystallographic view of SLUG-32 along the
a-axis. (Center) Crystallographic view of the original SLUG-6 along
the c-axis. (Right) Crystallographic view of SLUG-33 along the a-axis
(Pb purple, F green, S yellow, O red, C gray, H white).

Figure 2. In situ optical micrographs of a single crystal of SLUG-6 in
sodium succinate solution for 10 (a), 30 (b), 60 (c), 90 (d), 120 (e),
and 240 min (f). Scale bar is 20 μm.

Figure 3. Ex situ PXRD measurement of SLUG-6 anion exchange
products from sodium glutarate solution after 0 (a, black), 1 (b, red), 2
(c, cyan), and 24 h (d, blue). Theoretical patterns of SLUG-6 (black)
and SLUG-33 (blue) are shown at the bottom as bars.

Figure 4. (Left) Crystallographic view of one [Pb2F2]
2+ layer of

SLUG-6 along the crystallographic a-axis. (Right) View of one
[Pb2F2]

2+ layer of SLUG-32 along the crystallographic c-axis (Pb
purple, F green).
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hold the interlamellar anionic linkers in place. This interaction
is also evidenced by the elongation of the [Pb2F2]

2+ layers along
c axis due a stronger carboxylate-lead interaction
In addition to anion exchange, SLUG-32 can be synthesized

by a conventional hydrothermal reaction and corresponding
molar ratio (see Supporting Information), yielding a similar
tetragonal crystal morphology. PXRD confirms that both
synthesis methods give the identical high purity SLUG-32
phase, with experimental PXRD matching the powder pattern
simulated from the crystallographic data (Figure S2a,b).
Interestingly, perchlorate is necessary in the hydrothermal
method to obtain the same phase as post-anion exchange, likely
acting as a stabilizer.10b Reaction without perchlorate produced
α-PbF2 (ICDD PDF# 41-1086).
To investigate the generality of this crystal-to-crystal anion

intercalation chemistry, we employed glutarate as a longer
dicarboxylate chain to intercalate between adjacent [Pb2F2]

2+

layers. X-ray crystallography of crystals after anion exchange
confirms the formation of SLUG-33 with the same layer
topology as SLUG-32 (Figure 1). Both SLUG-32 and SLUG-33
share the I4/m space group and the unit cell dimensions in the
ab plane differ by only 0.51% [SLUG-32, a = b = 4.1371(7) Å;
SLUG-33, a = b = 4.116(3) Å]. Moreover, they afford the same
feature of singly bonded carboxylates. This feature implies that
further possible anion exchangeability with other dicarboxylates
and anions is possible. The cell dimension along the c-axis
increased from 21.477(4) Å for SLUG-32 to 24.003(15) Å for
SLUG-33. This 11.8% increase agrees well with the carboxylate
chain length difference of 13.9%. Again, SLUG-33 can be
synthesized hydrothermally and both methods give a high
purity product as evidenced by PXRD (Figure S2c,d). Anion
exchange with even longer α,ω-alkanedicarboxylates such as
sebacate, [−O2C(CH2)8CO2

−], was also followed by PXRD and
FTIR (Figure S4). Although structure solution from single
crystal data was not possible, the (00l) peaks indicate that the
material is also layered and d-spacing increasing to ∼15.9 Å.
In conclusion, we have introduced the first cationic lead

fluoride layered compound exhibiting high capacity anion
exchange. The postexchange products were solved crystallo-
graphically and the solvent-mediated process was monitored by
in situ optical microscopy. The new materials represent rare
examples of MOFs that completely and efficiently replace its
anionic organic linker while retaining the cationic inorganic
layered structure. The post-anion exchange products were
solved crystallographically and prove the survival of the cationic
layers. The ability to exchange for varying length carboxylate
chain indicates that rich intercalation chemistry is possible
including the trapping of more complex species such as
pharmaceutical or photoluminescent anions.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, tables containing crystal data and
refinement details, ORTEP diagrams, additional character-
ization data and crystallographic information file (CIF,
containing refinement parameters, fractional atomic coordi-
nates and bond lengths and angles for both structures). This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
soliver@ucsc.edu

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The single crystal X-ray diffraction data in this work were
recorded on an instrument supported by the National Science
Foundation, Major Research Instrumentation (MRI) Program
under Grant No. CHE-0521569. H.F. thanks the support of a
Chancellor’s Dissertation Year Fellowship from the Graduate
Division of UC Santa Cruz. Assistance with the crystallographic
structure solution of SLUG-32 from Dr. Allen Oliver at the
University of Notre Dame, Department of Chemistry is also
acknowledged.

■ REFERENCES
(1) (a) Keith, L. H.; Teillard, W. A. Environ. Sci. Technol. 1979, 13,
416. (b) Hogue, C. Chem. Eng. News 2011, 89, 6.
(2) (a) Oliver, S. R. J. Chem. Soc. Rev. 2009, 38, 1868−1881. (b) Fei,
H.; Rogow, D. L.; Oliver, S. R. J. J. Am. Chem. Soc. 2010, 132, 7202−
7209. (c) Fei, H.; Bresler, M. R.; Oliver, S. R. J. J. Am. Chem. Soc. 2011,
133, 11110−11113. (d) Fei, H.; Oliver, S. R. J. Angew. Chem., Int. Ed.
2011, 50, 9066−9070. (e) Wang, S.; Alekseev, E. V.; Diwu, J. C.; W.
H.; Phillips, B. L.; Depmeier, W.; Albrecht-Schmitt, T. E. Angew.
Chem., Int. Ed. 2010, 49 (6), 1057−1060.
(3) (a) Custelcean, R.; Moyer, B. A. Eur. J. Inorg. Chem. 2007, 1321−
1340. (b) Custelcean, R.; Jiang, D.; Hay, B. P.; Luo, W.; Gu, B. Cryst.
Growth Des. 2008, 8, 1909−1915. (c) Custelcean, R.; Bock, A.; Moyer,
B. A. J. Am. Chem. Soc. 2010, 132, 7177−7185.
(4) Wu, M.; Janssen, S. Environ. Sci. Technol. 2011, 45, 366−367.
(5) (a) Mark, R.; Findley, W. N. Polym. Eng. Sci. 1978, 18, 6−15.
(b) Bedner, M.; Maccrehan, W. A. Environ. Sci. Technol. 2006, 40 (2),
516−522.
(6) Geng, F.; Ma, R.; Sasaki, T. Acc. Chem. Res. 2010, 43, 1177−1185.
(7) (a) Rives, V. LDHs: Layered Double Hydroxides: Present and
Future; Nova Science Publishers Inc.: Hauppauge, NY: 2001;
(b) Slade, D. G. E. a. R. C. T. Layered Double Hydroxides; Duan, X.,
Evans, D. G., Eds.; Springer-Verlag: New York, NY, 2006; pp 1−87.
(8) (a) Gandara, F.; Perles, J.; Snejko, N.; Iglesia, M.; Gomez-Lor, B.;
Gutierrez-puebla, R.; Monge, M. A. Angew. Chem., Int. Ed. 2006, 45,
7998−8001. (b) Gandara, F.; Puebla, E. G.; Iglesia, M.; Proserpio, D.
M.; Snejko, N.; Monge, M. A. Chem. Mater. 2009, 21, 655−661.
(c) McIntyre, L. J.; Jackson, L. K.; Fogg, A. M. Chem. Mater. 2008, 20,
335−340. (d) Poudret, L.; Prior, T. J.; McIntyre, L. J.; Fogg, A. M.
Chem. Mater. 2008, 20, 7447−7453. (e) Geng, F.; Xin, H.; Matsushida,
Y.; Ma, R.; Tanaka, M.; Izumi, F.; Lyi, N.; Sasaki, T. Chem.Eur. J.
2008, 14, 9255−9260. (f) Geng, F.; Matsushida, Y.; Ma, R.; Xin, H.;
Tanaka, M.; Izumi, F.; Lyi, N.; Sasaki, T. J. Am. Chem. Soc. 2008, 130,
16344−16350.
(9) Goh, K. H.; Lim, T. T.; Dong, Z. Water Res. 2008, 42, 1343−
1368.
(10) (a) Tran, D. T.; Zavalij, P. Y.; Oliver, S. R. J. J. Am. Chem. Soc.
2002, 124, 3966−3969. (b) Rogow, D. L.; Russell, M. P.; Wayman, L.
M.; Swanson, C. H.; Oliver, A. G.; Oliver, S. R. J. Cryst. Growth Des.
2010, 10, 823−829. (c) Swanson, C. H.; Shaikh, H. A.; Rogow, D. L.;
Oliver, A. G.; Campana, C. F.; Oliver, S. R. J. J. Am. Chem. Soc. 2008,
No. 130, 11737−11741.
(11) (a) Min, K. S.; Suh, M. P. J. Am. Chem. Soc. 2000, 122, 6834−
6840. (b) Du, M.; Zhao, X. J.; Guo, J. H.; Batten, S. R. Chem. Commun.
2005, 4836−4838. (c) Michaelides, A.; Skoulika, S. Cryst. Growth Des.
2009, 9, 2039−2042.
(12) (a) Wang, Z.; Cohen, S. M. Chem. Soc. Rev. 2009, 38, 1315−
1329. (b) Tanabe, K. K.; Cohen, S. M. Chem. Soc. Rev. 2011, 40, 498−
519. (c) Cohen, S. M. Chem. Rev. 2012, 112, 970−1000.
(13) Burnett, B. J.; Barron, P. M.; Hu, C.; Choe, W. J. Am. Chem. Soc.
2011, 133, 9984−9987.
(14) Kim, M.; Cahill, J. F.; Su, Y.; Prather, K. A.; Cohen, S. M. Chem.
Sci. 2012, 3, 126−130.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja3017686 | J. Am. Chem. Soc. 2012, 134, 10729−1073210731

http://pubs.acs.org
http://pubs.acs.org
mailto:soliver@ucsc.edu


(15) Rogow, D. L.; Zapata, G.; Swanson, C. H.; Fan, X.; Campana, C.
F.; Oliver, A. G.; Oliver, S. R. J. Chem. Mater. 2007, 19, 4658−4662.
(16) (a) Cote, A. P.; Shimizu, G. K. H. Coord. Chem. Rev. 2003, 245,
49−64. (b) Shimizu, G. K. H.; Vaidhyanathan, R.; Taylor, J. M. Chem.
Soc. Rev. 2009, 38, 1430−1449.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja3017686 | J. Am. Chem. Soc. 2012, 134, 10729−1073210732


