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New three-dimensional, microporous metal-organic frame-
works exhibiting reversible water adsorption, constructed
from hexagonal [Coz(imda),] layers and N,N’-pillars, in
which the dimensions of the channels are rationally adjusta-

ble by varying the lengths of pillars, have been designed,
hydrothermally synthesized, and characterized.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Pillared metal-organic framework (MOF) structures,
analogous to natural clays and zeolites, are potentially im-
portant for applications in adsorption, separation and ca-
talysis.[':?l Although many attempts have been made to pre-
pare functionalized pillared materials through cross-linking
metal-phosphate, metal-phosphonate, or metal-sulfonate
layers,!'#] these structures are built upon closed-window lay-
ers and pillars.['-?] Contrasting the metal-phosphate, -phos-
phonate or -sulfonate systems, we have, with the aid of crys-
tal engineering, been recently investigating rational syn-
thetic strategies towards designed assembly of microporous
MOFs constructed from the cationic layers with “open win-
dows” and anionic linear dicarboxylates as pillars.’] The
advantage of this synthetic method promises not only to
produce a wide variety of porous MOF materials with con-
trolled channel sizes but also to mediate their chemical be-
havior by the decoration of diverse functional groups as
part of the pillars. Recently, imidazole-4,5-dicarboxylic acid
(imdaHs3) has been used as a versatile ligand to construct
some intriguing porous MOFs, such as the molecular
squarel*® and cubel*®#l in Na,[Co,(imda)4(2,2'-bpy)] and
[Nig(imdaH),,]*, respectively. Among the coordination
modes of the imda3~ ligand in the reported complexes, the
most remarkable one is the triangular arrangement of the
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three metal ions around imda* (Scheme 1), which implies
that it can be employed as a module in the construction of
hexagonal layers by sharing the corners of the trigonal sub-
unit [M3(imda),]. In this communication, we report a strat-
egy for pillaring the hexagonal [M;(imda),] layers into three
3D, porous MOF solids with controlled channel sizes
(Scheme 2): [Cos(imda),(pyz)s]:8H,O (1), [Cos(imda),(4,4'-
bpy)s]-4,4'-bpy-8H,0 (2), and [Cos(imda),(2,5-bptz);]-2,5-
bptz-9H,0 (3) [pyz = pyrazine, 4,4'-bpy = 4.,4'-bipyridine,
2,5-bptz = 2,5-bis(pyrid-4-yl)-1,3,4-thiadiazole].
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Scheme 1. Predesigned hexagonal layer constructed from the 3-con-
nected 4,5-imda ligand.
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Scheme 2. A strategy for design and control of the channels in 1-
3.

Results and Discussion

Hydrothermal reactions of CoCl,6H,O, imdaHs,
NaOH, and different N,N’-pillars (pyz, 4,4'-bpy, or 2.,5-
bptz) in a mol ratio of 1.5:1:3:1.5 generate crystals of 1-3.
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Single-crystal X-ray analysis has revealed that 1 crys-
tallizes in the hexagonal space group P6/mmm. The Co'!
ions occupy Wyckoff position 3(f) with site symmetry mmm.
Notably, the ideal molecular symmetries of the pyz ligand
(D) and the imda trianion (C,,) are retained in the crystal
structure, but the imda trianion exhibits a threefold disor-
der about the 6-axis (Figure S1). The Co' ions are located
in two different distorted octahedral coordination environ-
ments, [CoO,Ny] or [CoO4N,] (Figure 1a). The coordina-
tion sphere is formed by four N atoms (two from pyz and

(a) & : N2a

Figure 1. Coordination geometries of the Co®* ions in 1 (a), 2 (b),
and 3 (c).
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two from imidazolate) and two carboxylato O atoms, or by
two pyridyl N atoms and four carboxylato O atoms
[CoNimga = 1.955(13), Co-Nppy = 2.162(12), Co-O =
2.193(15) A]. Each imda ligand bridges three Co atoms
[Co-+Co separations of 6.091(4) A] to generate neutral and
essentially planar [Cos(imda),] layers with (6,3) topology
(Figure 2a). For simplicity, one of three possible orienta-
tions of imda?~ is considered. Each 2D layer consists of two
types of hexagonal 24-membered rings: Cog(imidazolato)g
and Cog(carboxylato)s. Interestingly, each Cog(imidazol-
ato)e ring is surrounded by six Cog(carboxylato)s rings,
while each Cog(carboxylato)s ring is alternately surrounded
by three Cog(imidazolato)s rings and three Cog(carboxyl-
ato)e rings. A sixfold axis lies across each cavity of the hex-
agonal layer. It is noteworthy that the hexagonal [Cos-
(imda),] layers are ideally stacked in an AAA fashion along
the c-axis and are further pillared by pyz spacers into a
non-interpenetrated 3D microporous MOF structure with
the effective channel size of 4.7x4.7 A estimated from the
van der Waals radii for carbon (1.70 A), hydrogen (1.20 A),

@)
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Figure 2. 2D hexagonal layers in 1 (a), and 2 or 3 (b).
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nitrogen (1.55 A), and oxygen (1.40 A) (Figure S2 and Fig-
ure 3a). The disordered guest water molecules are located
within these channels. An analysis with PLATONP! sug-
gested that the channels occupy 39.1% of the crystal vol-
ume. The network topology can be simplified by consider-
ing just the cobalt atoms (represented by a square-planar
node) and the tri-connected imda ligands (represented by a
triangular node); the bidentate pyz ligands can be repre-
sented simply as links between the cobalt nodes. The re-
sulting net, shown in Figure 3b, is a rare 3D (3,4)-connected
net with triangular and square-planar nodes in the ratio
2:3. A topological analysis of this net was performed with
OLEX.[® The long topological (O’Keeffe) vertex symbol is
6,.6,.6,.6,.12, for the Co node and 6,.6,.6, for the imda
node, giving the short vertex symbol (6%),(6*.8.10);. The net
is different to other previously identified (3,4)-connected
networks.!”]

The porous MOF structures of 2 and 3 are similar to
that of 1. Both of them are built of neutral hexagonal [Cos-
(imda),] layers and longer 4,4'-bpy or 2,5-bptz pillars. The
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asymmetric unit of 2 contains one and a half 4,4'-bpy li-
gand, one imda*" ion, and three independent Co'! ions lying
at inversion centers (Figure 1b). Both Col and Co2 atoms
are similarly in a distorted octahedral [CoO,N,4] environ-
ment, in which the coordination sphere for Col or Co2 is
formed by two pyridyl N atoms, two imidazolate N atoms,
and two carboxylate O atoms [Co—Nj,g. = 2.046(3)-
2.048(4), Co—Ny,,y = 2.172(4)-2.206(3), Co-O = 2.106(3)-
2.119(3) A], while the coordination sphere for Co3 is
formed by two pyridyl N atoms and four carboxylato O
atoms [Co-N = 2.157(3), Co-O = 2.063(3)-2.066(3) A].
Each imda ligand bridges three Co atoms with Co---Co sep-
arations of 5.7704(5)-6.2939(4) A. For 3, the asymmetric
unit of the host MOF contains five unique Co'! atoms, four
(Col, Co2, Co4, and Co5) of which lie across inversion cen-
ters and the other one (Co3) on a general position, two
imda ligands which lie on general positions, and three
unique 2,5-bptz ligands (Figure 1¢). The adjacent intralayer
Co--Co distances separated by the imda ligands are
5.8168(9)-6.3064(9) A.

{c)

(d)

Figure 3. (a) The pillared 3D MOF in 1. (b) Topological connectivity in 1. (c) Topological net of the pillared 3D MOF in 2 or 3. (d)
Topological connectivity in 2 or 3. The big dark grey or black spheres represent cobalt atoms, while the small grey spheres represent the
centers of mass of imda ligands. The N,N’'-pillar ligands are represented by interlayer bold lines.
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In contrast to that in 1, each 2D hexagonal layer in 2 or 3
consists of only hexagonal Cog(imidazolato),(carboxylato),
24-membered rings (Figure 2b). Adjacent hexagonal layers
are stacked in a ABAB fashion and are further pillared by
4,4'-bpy or 2,5-bptz spacers into a non-interpenetrated 3D
microporous MOF structure with the effective channel sizes
of 42x6.2 A and 4.7x6.5A for 2 and 3, respectively. It
should be noted that the network topology of 2 and 3 are
identical, but different from that of 1 though the three 3D
MOF structures are 3D (3,4)-connected nets with triangu-
lar and square-planar nodes in the ratio 2:3. In 1, all the
Co nodes are the same. But in 2 and 3, only two-thirds of
the Co nodes are equivalent (for 2: Col and Co3; for 3:
Col, Co2, Co4 and Co5). The difference between the two
types of nodes can be seen in Figure 3c, d. The long topo-
logical (O’Keeffe) vertex symbol is 6,.6,.6.6.12,.12, and
6.6.6.6.10, for the two kinds of Co nodes, and 6.6.6, for the
imda node, giving the short vertex symbol (6%),(6*.8%),-
(6*.10%). An analysis with PLATONP! suggested that the
channels occupy 38.8% and 44.6% of the crystal volume
for 2 and 3, respectively. The guest 4,4'-bpy/2,5-bptz and
water molecules are located within these channels. The cal-
culated crystal densities (in the absence of guests) of
1.172 gem™ and 1.09 gem™3 are comparable to those found
for some porous MOF materials with low density.[®!

To examine the thermal stability of these porous net-
works, thermal gravimetric (TG) analyses and powder X-
ray diffraction (XRD) measurements were carried out. The
thermal decomposition behaviors of 1, 2, and 3 are much
alike. For 1, the first weight loss of 15.7% from 20 to 180 °C
is in accordance with the loss of eight lattice water mole-
cules per Cos (calculated: 16.6%), while the release of the
pyz and imda components occurs at ca. 250 °C and 360 °C
in two separate steps (Figure S4) to yield the residue Co30y4
at ca. 410 °C (found: 28.6%; calculated: 27.8%). The TG
curve of 2 indicate the release of all lattice water molecules
before 106 °C (found: 11.3%; calc: 11.5%). At 265 °C, the
solvated 4,4’-bpy and coordinated ligands start to be re-
leased (Figure 4). No chemical decomposition was observed
between 106 and 265 °C. The TG curves of the dehydrated
and rehydrated samples of 2 show that it exhibits reversible
water adsorption. Powder XRD patterns of 2 and dehy-
drated samples of 2 are nearly identical, indicating that the
initial framework is retained after the lattice water mole-
cules are removed by heating at 180 °C under vacuum for
8 h. For 3, the first weight loss of 9.9% from 20 to 120 °C
is in accordance with the loss of nine lattice water molecules
per Co3 (calculated: 10.1%). No chemical decomposition
was observed between 120 and 350 °C (Figure S6). Similar
reversible dehydration and rehydration are also found for 1
and 3 (Figures S4-6).

The temperature-dependent magnetic susceptibility, yr,
of 1, 2, and 3 were measured in a 5.0-kOe field (Figure S7).
At room temperature, y,7 is 830, 8.29, and
7.20 cm3*mol!' K per Cos unit for 1, 2, and 3, respectively,
which is significantly higher than the spin-only value
(5.63 cm*mol ' K) expected for three uncoupled Co'! ions
(S = 3/2), indicating that the orbital contribution is incom-
1934

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Weight/ %

100 260 300 400
Temperature / °C

Figure 4. TG data for 2: (a) as-synthesized sample, (b) dehydrated
sample at 180 °C, (c) re-hydrated sample.

pletely quenched. Upon cooling, the y,;,7 gradually de-
creases owing to the contribution of single-ion behavior of
high-spin Co'! ions and also to antiferromagnetic exchange
between the Co centers. The y,,(7) in the high-temperature
region (30-280 K) can be fit into the Curie-Weiss equation
with C = 9.77cm®mol 'K and 6§ = —-53.99K for 1, C =
9.69 cm®mol 'K, and 6 = —46.24K for 2 and C =
8.48 cm*mol 'K and 0 = —58.94 K for 3; these values agree
well with those expected for high-spin Co'! ions in octahe-
dral sites.?l The negative sign of 0 and the decrease of yT'
point to the existence of antiferromagnetic exchange inter-
actions. Spin-orbit coupling most certainly also contributes
to this decay.’*°° Detailed magnetic studies and other
functions of this porous family are under way.

In conclusion, we present a new strategy for the genera-
tion of novel 3D porous metal-organic framework solids
that exhibit reversible water adsorption with predesigned
hexagonal [Cos(imda),] layers and length-controllable
N,N'-spacers as pillars. They may be good candidates for
porous materials owing to their high thermal stability and
reversible guest exchange.

Experimental Section

X-ray Crystallographic Study: Diffraction intensities of 1, 2, and 3
were collected with a Bruker Apex CCD area-detector dif-
fractometer (Mo-K,, A = 0.71073 A). Absorption corrections were
applied by using the multiscan program SADABS.['” The struc-
tures were solved with direct methods and refined with a full-matrix
least-squares technique with the SHELXTL program package.['!]

Crystal and structure-refinement parameters. Compound 1:
CyH30Co3N 006, M = 867.35, hexagonal, space group P6/mmm
(No. 191), a = 12.183(1), ¢ = 7.092() A, V = 911.6(2) A3, Z =
1, T = 123Q2) K, F(000) = 441, D, = 1.580 gcm 3, u(Mo-K,) =
1.427 mm™'; R, = 0.0847, wR, = 0.1687 and GOF = 1.159 for 61
parameters, 307 reflections with |F,| = 40(F,). Compound 2:
CsoHsoCo3N 1,046, M = 125181, triclinic, space group P1 (No. 2),
a = 11.448(1), b = 11.541(1), ¢ = 11.766(1) A, a = 65.370(1), § =
80.540(1) y = 72.759(1)°, V = 1348.2(2) A3, Z = 1, T = 123(2) K,
F(000) = 663, D, = 1.542 gem™, u(Mo-K,y = 0.993 mm™'; R, =
0.0580, wR, = 0.1552 and GOF = 1.036 for 412 parameters, 4147
reflections with |F,| = 40(F,). Compound 3: CsgHs,C0o3N5701,S,,
M = 1606.23, triclinic, space group P1 (No. 2), a = 11.791(1), b =
17.050(2), ¢ = 20.795(2) A, a = 104.726(2), § = 106.360(2), y =
103.481(2)°, V' =3664.6(7) A3, Z =2, T = 123(2) K, F(000) = 1642,
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D. = 1.456 gem 3, u(Mo-K,y, = 0.862mm™'; R, = 0.0834, wR, =
0.2467 and GOF = 1.029 for 955 parameters, 7210 reflections with
|F,| = 40(F,). The PLATON SQUEEZE procedurel'? was also
used to treat regions of disordered solvent in 2 which could not be
sensibly modeled in terms of atomic sites. Their contribution to the
diffraction pattern was removed and modified F,> written to a new
HKL file. The number of electrons thus located, 160.1 per unit cell,
is included in the formula, formula weight, calculated density, s,
and F(000). This residual electron density was assigned to eight
water molecules and a 4,4'-bpy [§ X 10 (H,O) + 1x82 (4,4'-bpy) =
162¢]. However, the disordered solvents in 1 and 3 could not be
subtracted from the corresponding diffraction patterns by the
squeeze/bypass procedure because of their disordered host MOF
structures.

CCDC-289570 (1), CCDC-284833 (2) and CCDC-284834 (3) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): X-ray crystallographic files of 1-3 (CIF), synthesis, packing
plots, TG curves, simulated and experimental powder XRD data,
temperature- and field-dependent magnetic susceptibility of 1-3.
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