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An Alkaline Earth I’0° Porous Coordination Polymer:

[Ba,TMA (NO,)(DMF)]**
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Porous Coordination Polymers (PCPs) or Metal-Organic
Frameworks (MOFs) are an emerging class of microporous
solids combining the modularity of inorganic structural
building units (nodes) with organic ligands (linkers) that can
be tailored through organic synthesis.! This particular
combination of designability and the structural porosity of
PCPs has led to explosive growth in their application to gas
storage/separation, catalysts, ion conductivity, and drug
delivery systems.”!

From a review by Cheetham etal.,*! the structure of PCPs/
MOFs can be classified by the dimensionality of their
inorganic and organic connectivity, I"O" (n,m =0, 1, 2, or
3). Where “I” refers to the dimensionality of the inorganic
connectivity, as embodied by metal-oxygen-metal (M-O-M)
bonds, and “O” refers to the connectivity of the organic
component, the M-ligand-M bonds. Most PCP/MOFs, such as
the archetypal framework [Zn,O(1,4-BDC)] (MOF-5;
H,BDC = benzenedicarboxylic acid),”! can be classified as
1°0°. This indicates that no extended M-O-M bonds are
present and organic ligands bridge isolated metal centers in
all three dimensions of the crystal structure. With regards to
the inorganic connectivity, frameworks possessing higher
dimensionality (I'O", 1’0", and especially I’O") are postulated
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to have enhanced thermal, chemical, and magnetic properties
owing to the higher stability of the M-O-M linkages and the
cooperative interactions between metal centers through
bridging oxygens, as embodied by transition metal oxides.
For example, [M(OH)(1,4-BDC)] (MIL-53; M = ALP! Ga,l®
In,”! Fe,® Cr)) is an I'0? framework with good thermal and
chemical stability, as compared to MOF-5. However, it should
be noted that the synthesis of porous frameworks having
higher inorganic connectivity, such as I’O", is still a significant
challenge.

It has been observed that with first row transition metals
(especially nickel), such frameworks may be assembled with
aliphatic dicarboxylates. This is probably due to the higher
degree of flexibility of aliphatic ligands, as compared to their
aromatic counterparts. Nickel succinate,' the first I°O°
framework synthesized, is thermally stable up to 698 K,
which is a high value for PCPs. This was quickly followed by
nickel glutarate.!"'! Another approach utilizes late main group
elements, which possess a higher coordination number than
early transition metals. This approach has been successful
with aromatic carboxylic acids as ligands, as embodied by the
framework [Pbs(1,3-BDC)s(H,0),]."? To the best of our
knowledge, from the handful of I’O" (n =0,1,2,3) frameworks
known,['>" only nickel glutarate™! and nickel aspartate!>
have been demonstrated to be unambiguously porous by
nitrogen adsorption measurements. As for aliphatic dicarbox-
ylate frameworks, although they are capable of reversible
hydration/dehydration, they are also vulnerable to structural
rearrangement/collapse under evacuation.!! As aromatic
rings are more rigid than aliphatic chains, 1’0" porous
frameworks with aromatic rings should exhibit enhanced
stability and physical properties. However, none has been
reported thus far.

Our group has been exploring barium PCPs because, prior
to our recent work,"¥ no porous barium coordination
polymers had been reported. Furthermore, the ionic radius
of Ba®* (1.47 A)["lis larger than that of the lanthanides, and is
the largest for stable Group Il metals. The size of Ba’" ensures
that a high coordination number with carboxylate oxygens
will be adopted. A systematic increase in the inorganic
connectivity of Group II PCPs with the same ligand has been
previously demonstrated by Cheetham et al.'®! Thus, it should
be possible to form porous barium I*O" frameworks through
the appropriate choice of an aromatic carboxylate ligand.
Herein, we report the synthesis of [Ba,TMA(NO;)
(DMF)]>DMF ([1(DMF)]oDMF), an alkaline earth I’O°
PCP framework constructed with trimesic acid (H;TMA =
1,3,5-benzenetricarboxylic acid). We note that another poly-
morph, non-porous [Ba(HTMA)(H,0),]>0.5H,0 has been
previously reported.'”) Framework 1 has three-dimensional
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Figure 1. Crystal structure of [Ba,TMA(NO;) (DMF)] (3x3x3 unit cells). (left) View along the ¢ axis with emphasis on the Ba1-O, polyhedron
(magenta) and Ba2—-Oq polyhedron (cyan). One unit cell is outlined in gray. Gray spheres represent carbon, red spheres represent oxygen, and
blue spheres represent nitrogen. Hydrogens and non-oxygen portions of coordinated DMF have been omitted for clarity. (right) View along the
b axis showing the connectivity of Ba—O polyhedra by corner and edge sharing. The Bay,Os, repeating cluster used for topological calculations is

outlined in white.

barium-oxygen-barium bonding with one-dimensional chan-
nels decorated by protruding oxygen atoms. The porosity of
[1(acetone)] has been unequivocally demonstrated by N, gas
adsorption measurements.

By combining Ba(NO;),, H;TMA, and DMF at 423 K,
colorless needles were obtained, and the structure of the
product was elucidated by single crystal X-ray diffraction. The
structure of [1(DMF)]DDMF was solved in the non-centro-
symmetric P62c space group (190). In the asymmetric unit,
there are two crystallographically distinct Ba*" cations (Bal
and Ba2), one fully deprotonated TMA®~ anion, one bridging
NO;™ anion, and one coordinated DMF molecule, which gives
a molecular formula of [Ba,TMA(NO,)(DMF)].

The structure of 1 can be simply described as Ba2 ions
(5.129 A apart) forming one-dimensional chains along the
c axis interspersed with equilateral triangles of Bal ions
(4.243 A apart) along the ab plane. There is one coordinated
DMF molecule for each Bal. The Ba ions are connected
through TMA ligands with each carboxylate group binding
three Ba ions in a syn-syn-syn manner. Each nitrate ligand is
tetradentate and connects two Ba2 ions with C,, symmetry. If
one considers the Ba-O polyhedra in 1 (Figure 1), it is
observed that they are linked in all three dimensions by
corner (Ba2-Ba2) and edge sharing (Bal-Bal and Bal-Ba2)
to afford one-dimensional channels along the c axis com-
prised of three Ba2-Oyz and twelve Bal-Oq polyhedra. The
TMA ligands line the pore channels in the fashion of a 2D
kagome net."™™ Because of the connectivity of its Ba-O
polyhedra, 1 can be classified as an I’°O° PCP.

The three-leaf-clover-shaped (three-fold symmetric)
channels of 1 (Figure?2) are reminiscent of the zeolite
cloverite,™” which has four-leaf-clover-shaped channels. The
pore dimension of each channel in 1 is approximately 13 A at
its widest point, but is restricted to 6.5 A at its narrowest
segment. Owing to bridging nitrates, the pores of 1 are lined
with protruding oxygen atoms (Figure 2).

The trimesic anion is on a c-glide plane with a perpendic-
ular mirror plane bisecting the molecule. The bonding mode
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Figure 2. Pore channels. (left) View of 1 along the ¢ axis showing
protruding oxygen atoms (red) lining the pore channels. Dark green
spheres represent barium, blue spheres represent nitrogen, and gray
spheres represent carbon. (right) Longitudinal view of pore channels
with emphasis on the nitrate anion.

of all the carboxylates are identical and can be described as
w-1*m'm? (each carboxylate group binds to a total of three
metal atoms and each oxygen of the carboxylate group is
coordinated to two metal atoms). This is in accordance with
the previous literature on CPs synthesized with heavy metals,
such as Pb, Cd, and the lanthanides.”™ The equivalent
description for the nitrate anion is p>n* n’. This mode of
bonding has previously been observed only in non-porous
coordination polymers.”!

Bal on a mirror plane is nine-coordinated (Figure 3) with
eight carboxylate oxygen atoms (02, O2A, O2B, O2C, O3,
03A, 06, O6A) from three carboxylates and one coordinated
DMF molecule (O1). The Ba—O bond distances vary from
2.724-2.955 A, with the longest bond from the coordinated
solvent. Bal forms a unique equilateral triangular motif,
Ba;(—CO,)o(DMF);, which has not been previously observed
in other barium coordination compounds. As each Ba>" ion is
coordinated to one DMF, three potential open metal sites are
available for each motif. Although somewhat similar to the
ubiquitous M;0(—CO,), (where M is typically Ru*"**, Fe*"*,
Cr*H)? structural building unit (SBU) where three potential
open metal sites are also available, two important structural
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Figure 3. Coordination environments of Ba. (left) The Bal trimeric
unit. Lavender spheres represent Bal, gray spheres represent carbon,
red spheres represent oxygen, lime spheres represent oxygen from
coordinated DMF. (right) The one-dimensional Ba2 chains. Brown
spheres represent Ba2 and blue spheres represent nitrogen.

differences are present: 1) A p’-oxo connecting all three
barium centers is absent, in comparison with the M;O(—CO,),
SBU. 2) Carboxylates with a u>n'/m' bonding mode are found
in the M;O(—CO,) SBU, but in Ba;(—CO,)o(DMF);, a
wm*m'm? bonding mode is present, which implies that
there is bonding to atoms outside the triangular motif (for
example, to Ba2), thus precluding it from being referred to as
a SBU.

Ba2 on a two-fold rotation axis forms one-dimensional
chains running along the c axis (Figure 3), although the
distance between two adjacent Ba2 centers is too far
(5.129 A) for direct bonding to occur. Instead, they are
interconnected by carboxylates and bridging nitrates. Ba2 is
eight-coordinated with four oxygen atoms from individual
carboxylates (O3, O3A, 06, O6A) and four oxygen atoms
(04, O4A, 05, O5A) from two nitrate anions. The Ba—O
bond distances vary from 2.699 to 2.934 A, with the longest
bond to the nitrate anion. For each Ba2, there are potentially
two extra “bonds” to OIl, the carbonyl oxygen of the
coordinated DMF molecule. However, owing to the long
Ba-O,pony distance (3.189 A), which is unprecedented, and
for simplification of the structure, we have chosen to
represent the structure of 1 without any formal bonds from
Ba2 to O1.

The topology of 1 is obtained by considering the inorganic
portion of the framework only, as both the TMA and nitrate
ligands are completely surrounded by Ba—O bonds. The node
is defined by a repeating BayOs, cluster (Figures 2 and 4) with
site symmetry 6m2 at (2/3, 1/3, 1/4). Each Ba,Os, cluster
consists of one (Bal);0,, triangular motif (formed by edge
sharing Bal-O, polyhedra) surrounded by three edge sharing
(Ba2),0;5 subunits. The (Ba2),0,5 subunit consists of a pair of
corner-sharing Ba2-Og polyhedra. In the ab plane, each
cluster is connected to six others, with one above and one
below, making the cluster eight coordinated (Figure 4).
Evaluation of the network by Systrel®! reveals that the
topology is a rare eca (RCSR notation) net.*! Such a top-
ology, to the best of our knowledge, has not been previously
observed in PCPs, unlike other eight-coordinated nets, such as
beu®! or hex.*® As the site symmetry of the net matches that
of the cluster, the choice of abstraction is verified.

Thermogravimetric analysis (TGA) on [1(DMF)]>DMF
under a flow of N, at 973 K shows a three step isotherm. The
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Figure 4. Topology of 1 and coordination environment of DMF. (left)
Topological simplification of 1 by an eight-connected uninodal eca net.
Superimposed on one of the nodes is a repeating Ba,Os, cluster.
(right) Coordination environment of bound DMF between Bal (light
gray) and Ba2 (dark gray). Weak interactions between Ba2 and the
carbonyl oxygen is shown with dotted lines.

first step is the loss of 0.9 DMF molecule/formula unit in the
pores (actual 9.61 %, calculated 9.64 %) from room temper-
ature to 623 K, followed by the loss of one coordinated DMF
molecule/formula unit (actual 10.56 %, theoretical 10.70 %)
to ca. 753 K, and finally, decomposition of the compound.
Thus, [1(DMF)]D0.9DMF is the molecular formula of the
compound. Separate heating experiments with XRD under
vacuum verify that the structure of 1 is still intact at 698 K,
indicating that the high thermal stability of the compound is
due to three-dimensional Ba-O-Ba bonding. Even in air, the
crystallinity of the framework is retained until 623 K. In
comparison, [Ba(HTMA)(H,0),]20.5H,0, an I'O* frame-
work with the same metal and ligand, is only thermally stable
until 558 K in N,.'”) This result demonstrates the superior
stability of a PCP with a three-dimensionally connected
inorganic framework.

The porosity of 11is estimated to be 34.3 % using PLATON
software. To test this, attempts were made to measure the gas
adsorption properties of the polymer. All attempts to heat
[1(DMF)]|>DMF at 373-698 K under evacuation for nitrogen
adsorption measurements did not result in measurable sur-
face areas. From IR measurements, the carbonyl peak from
coordinated DMF persists even at 623 K and was finally
removed at 698 K, in accordance with the TGA profile.
Although each coordinated DMF is primarily bound to Bal,
there are two Ba2 ions within 3.189 A, as mentioned
previously. Thus, the coordinated DMF is bound by its
carbonyl oxygen in a pseudo-p*-bridging mode rather than
a p'-bridging mode (Figure 4). As the structure is stable until
698 K, as evidenced by XRD, the absence of significant
surface area is probably due to decomposition of bound DMF
within the pores, as indicated by the samples turning brown.

To lower the temperature of evacuation, [1(DMF)]|DDMF
was exchanged with acetone. Powder XRD shows that the
structure of [1(acetone)]Dacetone is unchanged. The com-
plete exchange of DMF for acetone was verified by a shift of
the carbonyl band from 1651 to 1699 cm™'. The downward
shift of the carbonyl band in acetone from 1714 cm™! (liquid)
to 1699 cm ™' (coordinated) is an indication of a strong Lewis
acidic environment, which is created by the Bal-Ba2-Ba2
triangle shown in Figure 4. The TGA of the exchanged
framework is very similar to that of the as-synthesized
compound, except for an initial weight loss at <373 K,
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indicating that acetone is more easily lost than DMF from the
pores. From TGA, the formula of the acetone exchange
compound was determined to be [1(acetone)]>0.8 acetone.
Evacuation of [1(acetone)]Dacetone at 358 K removed
unbound acetone and afforded [l(acetone)], which is
a porous compound with a Langmuir surface area of
235m?’g™! (BET surface area=190m?g"'; Figure 5), as
determined by nitrogen adsorption measurements at 77 K.
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Figure 5. Gas adsorption isotherms of [1(acetone)] for CO, at 195 K
(m/0), N, at 77 K (@/0), and CH, at 195 K (A/2). Filled and empty
characters represent adsorption and desorption, respectively.

The presence of coordinated acetone remaining after gas
adsorption measurements was confirmed by IR analysis. Thus,
[1(acetone)] is the first PCP with an ’O’-type structure that is
constructed with aromatic ligands. As with the as-synthesized
compound, all attempts to remove the bound acetone
coordinated to the barium centers by heating under evacua-
tion were unsuccessful before decomposition. It is postulated
that this is due to a combination of the unique pore geometry
of the PCP and strong binding from the barium centers.

CO, and CH, gas adsorption measurements were under-
taken at 195K to examine the ability of [1(acetone)] to
separate these two gases. As evidenced by the gas adsorption
isotherms, CO, is preferably adsorbed, especially at low
pressures (P/Py=0.2; V(CO,)=70mLg' and V(CH,)=
20mLg "' at STP). This selectivity is predominantly due to
a molecular sieving effect’?” owing to the pore size and
geometry of [1(acetone)], as the heat of adsorption for CO, is
only moderately high (25-29 kJ mol™"). Because of this result,
high pressure measurements were performed at 273 K, which
confirmed the favorable adsorption of CO,. We then pro-
ceeded to conduct breakthrough experiments, as they can
evaluate the gas separation ability of adsorbents under kinetic
flowing gas conditions, which are pertinent to the pressure
swing adsorption (PSA) process used in industry. Upon initial
injection of the CH,/CO, (60:40 v/v) gas mixture (Figure 6),
the concentration of CO, detected by gas chromatography
(GC) was 0% and CH4 100% until the breakpoint at ca.
10 min. As complete separation was achieved, [1(acetone)]
can potentially be used for CO, separation, both under gas
equilibrium conditions and under gas flow conditions.
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Figure 6. Breakthrough curves of [1(acetone)] for a mixture of CH,/
CO, (60:40 v/v) at 0.8 MPa with 6 min™' space velocity at 273 K. CH,
(a), CO, (m).

In conclusion, the combination of permanent porosity,
three-dimensionally connected barium-oxide-barium centers
in a previously unobserved eca net, a new trimeric motif with
potential open metal (Lewis acidic) sites, and bridging
nitrates (Lewis basic sites) combine to make 1 a unique
main group PCP. The compound can be classified as an O°-
type framework, and is the first example to have permanent
porosity constructed from an aromatic carboxylate ligand.
The use of Ba®", which has a large ionic radius, and a small
aromatic ligand (TMA) is crucial for the construction of this
porous I’0° compound. We have shown that [1(acetone)] is
capable of CO,/CH, separation in both equilibrium gas
adsorption and breakthrough setup and we are currently
exploring other applications of this unique PCP.

Experimental Section

[Ba,TMA(NO;)(DMF)|>oDMF  ([1(DMF)]>DMF):  Ba(NO),
(104.5 mg or 0.4 mmol; Wako) was added to trimesic acid (42.0 mg,
0.2 mmol; TCI) in DMF (20 mL) in a glass vial with a volume of
30 mL. The vial was then sealed with a Teflon-lined cap and heated to
140°C for 24 h to obtain colorless needles (10-40 pm in length). The
mixture was filtered and washed with DMF (10 mL), CH,Cl, (1 mL)
and then briefly air-dried to afford the product (83.2 mg; 67 % with
respect to ligand). Elemental Analysis: calculated for [Ba,TMA
(NO;)(DMF)]|20.3DMF (C,,H,(N,0,,Ba,—0.3 C;H,NO): C, 24.25; H,
1.91; N, 5.04; Found: C 24.33; H, 1.88; N, 4.99. The difference in the
number of DMF molecules, as determined by TGA and elemental
analysis, is because of the loss of DMF molecules during analysis.
Larger single crystals can be obtained, at the expense of yield, by
employing identical conditions and lowering the ratio of metal/ligand
from 2:1 to 1:1. A crystal synthesized from a metal/ligand ratio of 1:1
was used for single crystal X-ray diffraction.

Crystal data: Single crystal X-ray diffraction measurements were
performed at 223 K with a Rigaku AFC10 diffractometer with Rigaku
Saturn Kappa CCD system equipped with a MicroMax-007 HF/
VariMax rotating-anode X-ray generator with confocal monochro-
mated MoK, radiation (0.71075 A) operating at 50 kV and 24 mA.
Data were processed using Crystal Clear TM-SM (Version 1.4.0). The
crystal structure was solved by a direct method and refined by full
matrix least squares refinement against | F|? using SHELXL-97. To
obtain a suitable refinement with coordinated DMF, restraints were
placed on bond distances of the DMF molecule between C7-O1, C7-
N2, and N2-C8. C7, C8, and N2 were refined isotropically owing to
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their large thermal vibrations, and all the rest of the non-hydrogen
atoms were refined anisotropically. N1 and OS5 from the bridging
nitrate possess strong thermal anisotropy along the channel direction
(c axis). Hydrogen atoms were placed in calculated positions with
isotropic U values 20% higher than the atom to which they were
bound. CCDC 872673 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

Crystal data for [1(DMF)]>DMF ([C;,H,,Ba,N,0,)|]>DDMF):
Hexagonal, P62c¢ (190), a=17.8254(4), ¢=102582(2) A, V=
2823(1) A%, Z=6, p=2.177gem™>. R;=0.0260 (I>20) for 2284
unique reflections with 121 parameters, 3 restraints. GoF =1.085,
Flack parameter =0.02(3). Largest difference peak and hole: 0.939
and —0.779 electron A,
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