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Synthesis andGas Sorption Properties of a Metal-Azolium Framework (MAF) Material
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A new strut containing an imidazolium tetracarboxylic acid core has
been successfully incorporated into a microporous material using
paddlewheel-coordinated copper(II) ions as nodes. Sorption
studies conducted on this permanently microporous material imply
that it can separate carbon dioxide from methane with high
selectivity.

Over the past decade, microporous metal-organic frame-
work materials (MOFs) have garnered significant attention
for gas storage and separation.1 The use of organic building
blocks provides a unique opportunity to create new, robust
materials with tunable pore sizes and desirable properties.
MOFs consist of twomainunits:metal-basedbuilding blocks
(secondary building units, SBUs, and/or supramolecular
building blocks, SBBs)2,3 and organic struts. The majority
of known MOFs employ simple carbon-based spacer ele-
ments (struts) that primarily serve to distance themetal nodes
appropriately and thus generate microporosity. However,
enhancing this organic element with additional attributes
(e.g., active catalysis sites, metal ligation)4 has great potential
to expand this field and has seen limited development to date.
This approach is complementary to postsynthetic modifica-
tions (PSMs), benefits from efficiency and the ability to
characterize, and avoids the challenges associated with de-
termining the degree of PSM.5 The incorporation of charged,

aromatic azolium components represents an innovative
strategy to generate unusual electrostatic environments
within microporous materials a priori. These heterocycles
are precursors toN-heterocyclic carbenes, which are excellent
ligands for transition metals6 and unique Lewis base cata-
lysts.7 Herein, we report the synthesis of a novel imidazolium
strut and its incorporation with copper(II) as the organizing
element into a three-dimensional array, or metal azolium
framework. To the best of our knowledge, this is the first
reported example of an azolium salt incorporated into a
crystalline coordination polymer.
The new azolium compound N,N0-bis(2,6-dimethyl-3,

5-carboxylphenyl)imidazolium chloride (IMidazolium Tet-
raAcid, IMTA ) was synthesized from the symmetric anilineA
in nine total steps starting from m-xylene (Scheme 1).8 This
route allows access to the first multitopic azolium for use in
MOFs and/or related materials.
With the organic strut in hand, we surveyed numerous

conditions and metal sources. Ultimately, green crystals of
[Cu2(IMTA )(DMSO)2] 3 2H2O (1) were synthesized by a
solvothermal reaction of Cu(NO3) 3 2.5H2O (0.2 mmol) and
IMTA (0.05mmol) in 3mLof dimethyl sulfoxide (DMSO) at
80 �C for 12 days. Single-crystal X-ray diffraction shows that
1 is in the Imma space group, two Cu ions form a paddle-
wheel-type SBU, and two DMSO solvent molecules
are coordinated to the axial sites of the Cu SBU (see
Figure 1a). Each IMTA ligand is linked to four other IMTA
ligands via the Cu nodes to form hexagonal channels
(Figure 1d). The C2 carbon of the imidazolium is projected
into the pore. The cationic imidazolium ring is disordered by
a C2 symmetry operation: this rotational issue obscures the
counterion, and we were unable to model it. However, the
presence of nitrate and chloride counterions, in varying
proportions, was confirmed by multiple elemental analyses.8

*To whom correspondence should be addressed. E-mail: scheidt@
northwestern.edu (K.A.S.), j-hupp@northwestern.edu (J.T.H.).

(1) (a) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.;
O’Keeffe, M.; Yaghi, O. M. Science 2002, 295, 469–472. (b) Rosi, N. L.;
Eckert, J.; Eddaoudi, M.; Vodak, D. T.; Kim, J.; O'Keeffe, M.; Yaghi, O. M.
Science 2003, 300, 1127–1129. (c) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C. Chem.
Soc. Rev. 2009, 38, 1477–1504. (d) Murray, L. J.; Dinca, M.; Long, J. R. Chem.
Soc. Rev. 2009, 38, 1294–1314.

(2) Cairns, A. J.; Perman, J. A.; Wojtas, L.; Kravtsov, V. C.; Alkordi,
M. H.; Eddaoudi, M.; Zaworotko, M. J. J. Am. Chem. Soc. 2008, 130, 1560–
1561.

(3) Perry, J. J., IV; Perman, J. A.; Zaworotko, M. J. Chem. Soc. Rev.
2009, 38, 1400–1417.

(4) (a) Cho, S.-H.; Ma, B.; Nguyen, S. T.; Hupp, J. T.; Albrecht-Schmitt,
T. E. Chem. Commun. 2006, 2563–2565. (b) Ma, L.; Abney, C.; Lin, W. Chem.
Soc. Rev. 2009, 38, 1248–1256. (c) Lee, J. Y.; Farha, O. K.; Roberts, J.; Scheidt,
K. A.; Nguyen, S. T.; Hupp, J. T. Chem. Soc. Rev. 2009, 38, 1450–1459. (d)
Shultz, A. M.; Farha, O. K.; Hupp, J. T.; Nguyen, S. T. J. Am. Chem. Soc. 2009,
131, 4204–4205.

(5) (a) Gadzikwa, T.; Zeng, B.-S.; Hupp, J. T.; Nguyen, S .T. Chem.
Commun. 2008, 3672–3674. (b) Wang, Z.; Cohen, S. M. Chem. Soc. Rev. 2009,
38, 1315–1329.

(6) (a) Nolan, S. P. N-Heterocyclic Carbenes in Synthesis; Wiley-VCH:
Weinheim, Germany, 2006. (b) Herrmann, W. A. Angew. Chem., Int. Ed. 2002,
41, 1290–1309.

(7) For reviews on carbene catalysis, see:(a) Enders, D.; Niemeier, O.;
Henseler, A.Chem. Rev. 2007, 107, 5606–5655. (b) Marion, N.; Diez-Gonzalez,
S.; Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2988–3000. For our relevant
contributions, see:. (c) Mattson, A. E.; Bharadwaj, A. R.; Scheidt, K. A. J. Am.
Chem. Soc. 2004, 126, 2314–2315. (d) Phillips, E. M.; Wadamoto, M.; Chan, A.;
Scheidt, K. A. Angew. Chem., Int. Ed. 2007, 46, 3107–3110. (e) Maki, B. E.;
Chan, A.; Phillips, E. M.; Scheidt, K. A. Org. Lett. 2007, 9, 371–374. (f)
Wadamoto, M.; Phillips, E. M.; Reynolds, T. E.; Scheidt, K. A. J. Am. Chem.
Soc. 2007, 129, 10098–10099.

(8) See the Supporting Information for details.

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

W
E

ST
E

R
N

 U
N

IV
 o

n 
O

ct
ob

er
 2

6,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 O
ct

ob
er

 8
, 2

00
9 

| d
oi

: 1
0.

10
21

/ic
90

11
74

p



9972 Inorganic Chemistry, Vol. 48, No. 21, 2009 Lee et al.

Thermogravimetric analysis (TGA) of 1 showed that
approximately 5% weight loss occurred below 100 �C9 and
another 15% occurred before 250 �C. The weight loss is
attributed primarily to the release of coordinated DMSO
molecules. The structure eventually decomposes at tempera-
tures above 300 �C. Powder X-ray diffraction analysis
showed that the material treated at 200 �C retains its
structural integrity.8

The porosity of1was examinedusingCO2 at 273K.On the
basis of TGA, activation was performed at 100 and 200 �C
for 24 h to generate materials 1a and 1b, respectively
(Table 1). Thesematerials havemoderate surface areas based
on nonlocal density functional theory (NLDFT) analysis. At
77 K, neither 1a nor 1b detectably sorbs nitrogen, behavior

that has been previously reported with other MOFs.10

Because 1b showed a lower porosity than 1a, a range of
activation times at 200 �C was surveyed. Interestingly, 4 h of
thermal activation proved to be optimal in terms of maxi-
mizing the CO2-accessible surface area (520 m2 g-1, 1c).
Activation is accompanied by partial loss of the initially

Scheme 1. IMTA Synthesisa

a (a) (CHO)2, HCO2H, EtOH, 40 �C, 55%. (b) (CH2O)n, TMSCl,
EtOAc, 70 �C, 51%. (c) LiOH 3H2O, 3:1 MeOH/H2O, 23 �C, 84%.

Figure 1. Metal azolium framework Cu2(IMTA )(DMSO)2: (a) Cu-
(CO2)4 SBU; (b) imidazolium strut and schematic representation;
(c and d) channel views along the Z (left three) and X (right three)
axes. Carbon is depicted in gray, oxygen in red, nitrogen in blue,
sulfur in yellow, and copper in cyan. Hydrogen atoms, guest mole-
cules, and one side of the disordered imidazolium ring are omitted for
clarity.

Table 1. Summary of CO2 Sorption and IAST CO2/CH4 Selectivity

activation conditions

T (�C) time (h)
SANLDFT

(m2 g-1)a

CO2 uptake
(mol kg-1)
at 1 bar

selectivity
(CO2/CH4)

1a 100 24 340 1.2 26b-13d

1b 200 24 300 0.5 18c-9d

1c 200 4 520 1.8 38b-20d

aCalculated based on CO2 isotherms at 273 K. bDetermined at 0.01
bar. cDetermined at 0.1 bar. dDetermined at 1.0 bar at 298 K.

Figure 2. (a) CO2 isotherms at 298 K for various activation conditions.
(b) Methane isotherms at 298 K for various activation conditions.
(c) IAST selectivity of CO2 over CH4 of 1cat 298 K.

(9) A weight decrease below 100 �C is attributed to the loss of two guest
water molecules. The proposed structure was refined with contributions
from solvate molecules removed from the diffraction data using the bypass
procedure in Platon (Spek, 1990). The total potential solvent-accessible void
volume was 375.9 Å3, and the electron count/cell = 178.

(10) Bae, Y.-S.; Farha, O. K.; Hupp, J. T.; Snurr, R. Q. J. Mater. Chem.
2009, 19, 2131–2134.
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coordinated DMSO [determined by NMR spectroscopy
(500 MHz 1H) after 1cwas dissolved in D2SO4/D2O].8

Methane isothermswere alsomeasured for azoliumMOFs
1a-1c independently using UHP-grade methane. All three
versions of thematerial feature substantially higher uptake of
CO2 than CH4 (Figure 2B). This discrimination can be
attributed to the non(quadru)polar nature and larger kinetic
diameter of methane. The calculated ideal adsorbed solution
theory (IAST) selectivities11 of1a-1care listed in theTable 1.
The dual-site Langmuir-Freundlich model was applied to
experimental isotherms, and IAST calculations were per-
formed under equimolar mixture conditions (CO2:CH4 =
50:50).11

At low pressure, the CO2/CH4 selectivity is extremely high
(38), indicating significant favorable interactions between
CO2 and the new material (Figure 2C). The contributing
factors for this selectivity likely include the availability of
open metal sites and the charged azolium struts and counte-
rions. These two elements generate polar cavities that pre-
ferentially sorb CO2 because of its quadrupole moment. The
selectivity of 1a at 1 bar is 13, which is slightly higher than
other reported values for sorption-selective MOFs.12 Inter-
estingly, the selectivity was increased dramatically to 20 with
an optimally activated sample (1c), and it is attributed to
additional interaction between CO2 and open metal sites.
Recent reports on zeolitic imidazolate frameworks13 and
zeolite 13X showed selectivity values in the 5-10 range.14

It is worth noting that all aforementioned datawere obtained

from noncompetitive experiments. Two breakthrough
experimental results using a binary or ternary mixture have
been reported onMOF-508b15 and amino-MIL-5316with the
selectivity in the range between 3 and 6 at 303 K.
In summary, we have successfully incorporated an organic

azolium salt as a strut in a microporous MOF material.
Among the activated samples, 1c is the most proficient at
selectively adsorbingCO2 overmethane, presumably because
of interactions with open metal sites and the unusual ionic
environment within the MOF generated from the positively
charged aromatic azolium components. The general syn-
thetic approach outlined herein using imidiazolium acids
(such as IMTA ) to create these first-generationmaterials lays
the foundation for tuning of their overall properties, includ-
ing porosity, ionic conductivity, node accessibility, and
electrostatic parameters. Accessing reactive lone pairs, or
N-heterocyclic carbenes, from the incorporated azoliums and
the applications of this activated material for metal com-
plexation and catalysis are currently under investigation in
our laboratories.
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