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Two different three-dimensional interpenetrating metal-organic frameworks, {[Co(bpe)(muco)](DMF)(H2O)}n (1) and
{[Co(bpe)(muco)(H2O)2] · 4(H2O)}n (2) [bpe ) 4,4′-bipyridyl ethylene, H2-muco ) trans,trans-muconic acid, DMF )
dimethyl formamide] have been co-crystallized in one-pot reaction. This work offers some insights into the intricacy
of designing coordination polymers with variable interpenetration, showing new modes of entanglements. Single
crystal X-ray diffraction analyses reveal that the compound 1 has a highly distorted cubic (R-Po) net with 2-fold
interpenetrated structures while compound 2 displays a 3-fold interpenetrating net-work with an unprecedented 66

topology which is different from other well-known 4-connected nets such as diamond or hexagonal diamond. Despite
varied interpenetrations, both compounds retain open channels, filled with aggregated guest solvent molecules. As
far as the ratios of Co/muco/bpe are concerned, these two complexes can be considered as supramolecular isomers.
Formation of a particular isomer in major quantity can be obtained by varying the countercation of the muconate
salt in different solvents, by layering, and by changing the order of the components.

Introduction

In the past two decades, the design and synthesis of metal-
organic frameworks (MOFs) by self-assembly of organic
ligands as linkers and metal ions as connecting points have
afforded a great deal of interest among the family of
polymers, inorganic materials, and supramolecular architec-
tures.1,2 Of these, a large number of MOFs exhibiting large
surface area and porosity retained upon the removal of the
solvent molecules have attracted special interest due to their
potential applications in gas storage, separation, ion-

exchange, nonlinear optics, and catalysis.3–6 The pore size
and shape can be tuned by the judicious choice of metal-
containing secondary building units and bridging organic
linkers and by making the frameworks interpenetrating or
interweaving.7 By using various linkers differing in lengths
of the of organic backbones, many MOFs with desired
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structures have been obtained8 and the interpenetrated MOFs
have been widely explored among them.1d,9 The design and
construction of the interpenetrated/entangled networks is an
important focus in supramolecular chemistry for intriguing
artistic and practical reasons. In this aspect, the longer
dicarboxylates and bidentate pillar linkers have been exten-
sively used in the formation of varied interpenetrated
frameworks.10,11 Therefore, the rigid spacer ligand with C2h

symmetry, trans,trans-muconic acid (H2muco) as long di-
carboxylate,12–14 and 4,4′-bipyridine (4,4′-bpy) as bidentate
pillar linkers have been introduced for the construction of
the interpenetrated supramolecular architectures.

Of particular interest, the self-assembly of various kinds
of coordination frameworks is one of the means to obtain
coordination polymers with new modes of entanglements in
the interpenetrating architectures. Herein, we report the self-
assembly of H2muco, a longer spacer ligand, 4,4′-bis(py-
ridyl)ethylene (bpe), and cobalt(II) ions by slow diffusion
method. We obtained two three-dimensional (3D) interpen-
etrating structures with muconate anions, {[Co(bpe)(muco)]-
(DMF)(H2O)}n (1) and {[Co(bpe)(muco)(H2O)2] ·4(H2O)}n

(2) formed in one-pot reaction. Concomitant crystallization
of two polymorphs has been observed in the coordination
compounds.15 In this particular study, 1 and 2 are not
polymorphs but can be classified as supramolecular
isomers2b,16 as far as the composition of Co/muco/bpe is
concerned, which are responsible for the connectivity of the
3D structures. From the topological point of view; 1 has the
commonly observed 6-connected distorted cubic (R-Po) type
net11,17 and 2 can be described in terms of 4-connected 66

which is attributed to all cis-geometry of the linkers. This
topology appears to be different from commonly encountered
4-connected nets such as diamondoids and hexagonal dia-
mondoids.

Experimental Section

All chemicals purchased were reagent grade and were used
without further purification. The elemental analyses were carried

out in the Microanalytical Laboratory, Department of Chemistry,
National University of Singapore. The infrared (IR) spectra were
recorded (400-4000 cm-1 region) on a FTS165 Bio-Rad FT-IR
spectrometer using KBr pellets. Thermogravimetric analyses (TGA)
were performed under a nitrogen atmosphere with a heating rate
of 5 °C/min using an SDT 2960 TGA Thermal Analyzer. Variable
temperature X-ray powder diffraction was performed using a
Bruker-AXS D8 advance powder X-ray diffractometer with an
Anton Paar Model HTK 1200 high temperature chamber.

Synthesis of Complexes 1 and 2. Stock solutions of
Co(NO3)2 ·6H2O (0.291 g, 1 mmol) in 10 mL of H2O, H2muco
(0.142 g, 1 mmol) neutralized with Et3N (0.212 g, 2 mmol) in 10
mL of ethanol, and bpe (0.182 g, 1 mmol) in 10 mL of methanol
were prepared. Then, 2 mL of bpe solution was carefully layered
above the 2 mL of metal solution using 2 mL 1:1 (v/v) buffer
solution of dimethylformamide (DMF) and MeOH followed by
layering of 2 mL of muconate solution. The orange block shaped
crystals of complex {[Co(bpe)(muco)](DMF)(H2O)}n (1) were
obtained after one week (0.066 g, yield 70%) along with some light
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Table 1. Crystal Data and Refinement Parameters for Complexes 1 and 2

Formula
C21H23CoN3O6

(1)
C18H24CoN2O10

(2)

fw 472.35 487.32
cryst syst orthorhombic monoclinic
space group Pbca C2/c
a (Å) 13.7170(6) 37.552(3)
b (Å) 14.7878(6) 13.1257(9)
c (Å) 21.0282(8) 9.4044(6)
R, deg 90 90
�, deg 90 103.218(2)
γ, deg 90 90
V, Å3 4265.4(3) 4512.6(5)
Z 8 8
Dcalcd, g cm-3 1.471 1.435
µ, mm-1 0.848 0.815
λ, Å 0.71073 0.71073
data [I > 2σ(I)]/params 2745/ 289 3563/ 315
GOF on F2 1.027 1.030
final R indices [I > 2σ(I)]a,b R1 ) 0.0595 R1 ) 0.0434

wR2 ) 0.1533 wR2 ) 0.1153
final R indices (all data)a,b R1 ) 0.0881 R1 ) 0.0521

wR2 ) 0.1688 wR2 ) 0.1221
a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ) [∑w(Fo

2 - Fc
2)2/∑w(Fo

2)2]1/2.

Table 2. Selected Bond Lengths and Bond Angles in 1 and 2a

Complex 1 Complex 2

Co(1)-O(3) 2.007(3) Co(1)-O(3) 2.065(2)
Co(1)-O(4)a 2.026(3) Co(1)-O(1) 2.090(2)
Co(1)-O(1) 2.134(3) Co(1)-N(1) 2.113(2)
Co(1)-N(1) 2.152(4) Co(1)-N(2) 2.144(2)
Co(1)-N(2) 2.159(4) Co(1)-O(6) 2.151(2)
Co(1)-O(2) 2.283(4) Co(1)-O(5) 2.161(2)
O(3)-Co(1)-O(4)a 122.95(14) O(3)-Co(1)-O(1) 87.31(7)
O(3)-Co(1)-O(1) 148.78(14) O(3)-Co(1)-N(1) 88.22(8)
O(4)a-Co(1)-O(1) 88.10(13) O(1)-Co(1)-N(1) 89.34(8)
O(3)-Co(1)-N(1) 91.70(13) O(3)-Co(1)-N(2) 91.88(8)
O(4)a-Co(1)-N(1) 90.56(13) O(1)-Co(1)-N(2) 179.09(9)
O(1)-Co(1)-N(1) 91.06(13) N(1)-Co(1)-N(2) 91.06(9)
O(3)-Co(1)-N(2) 87.74(13) O(3)-Co(1)-O(6) 175.31(7)
O(4)a-Co(1)-N(2) 87.45(13) O(1)-Co(1)-O(6) 88.40(7)
O(1)-Co(1)-N(2) 90.85(13) N(1)-Co(1)-O(6) 89.83(8)
N(1)-Co(1)-N(2) 177.20(14) N(2)-Co(1)-O(6) 92.42(8)
O(3)-Co(1)-O(2) 89.84(13) O(3)-Co(1)-O(5) 92.89(7)
O(4)a-Co(1)-O(2) 147.19(12) O(1)-Co(1)-O(5) 90.68(7)
O(1)-Co(1)-O(2) 59.11(12) N(1)-Co(1)-O(5) 178.89(8)
N(1)-Co(1)-O(2) 89.12(13) N(2)-Co(1)-O(5) 88.94(8)
N(2)-Co(1)-O(2) 93.63(13) O(6)-Co(1)-O(5) 89.06(7)

a Symmetry transformations used to generate equivalent atoms: a: -x
+ 1, -y, -z + 1.
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orange platy crystals of {[Co(bpe)(muco)(H2O)2] ·4(H2O)}n (2)
(0.010 g, yield 10%). The crystals were separated by hand picking,
washed with a MeOH and H2O (1:1) mixture, and dried. Elemental
analysis calcd. for C21H23CoN3O6 (1): C, 53.40; H, 4.91; N, 8.90,
Found: C, 53.22; H, 4.80; N, 8.86. IR (KBr pellet, cm-1): 1618
νas(COO-), 1423 νsys(COO-). Thermogravimetry (TG) weight loss
of 18.6% observed for the fresh sample 1 matched with 19.3% for
the loss of one DMF and one H2O molecule.

Complex 2 was prepared as major product by the following
method. Stock solutions of Co(NO3)2 ·6H2O (0.291 g, 1 mmol) in
10 mL of ethanol, H2muco (0.142 g, 1 mmol) neutralized with
NaOH (0.080, 2 mmol) in 10 mL of H2O, and bpe (0.182 g, 1
mmol) in 10 mL of methanol were prepared. Then, 2 mL of the
bpe solution was layered over 2 mL of aqueous Na2-muco solution
using the 2 mL buffer solution of 1:1 (v/v) DMF and MeOH
followed by the layering of 2 mL of metal solution. The light orange
platy shaped crystals of 2 were obtained after a few days (0.058 g,
yield 60%) along with some dark orange block crystals of 1 (0.009
g, yield 10%). The crystals were separated by hand picking and
washed with MeOH and H2O (1:1). Elemental analysis calcd. for
C18H26CoN2O10 (2): C, 44.18; H, 5.36; N, 5.72, Found: C, 44.25;
H, 4.98; N, 5.80. IR (KBr pellet, cm-1): 3447 ν (O-H), 3423 ν
(O-H), 1615 ν (COO-), 1421 νsys(COO-). TG weight loss for the
fresh sample 2 calcd for 6 H2O: 21.3%; found: 22.0%.

General X-ray Crystallography. Single Crystals suitable for
data collection obtained during synthesis were chosen under an
optical microscope, mounted on glass fibers, and frozen under a
stream of cryogenic nitrogen gas before data collection. Crystal
data were collected on a Bruker APEX diffractometer attached with
a charge-coupled device (CCD) detector and graphite-monochro-
mated Mo KR radiation (λ, 0.71073 Å) at 223 K. An empirical
absorption correction was applied to the data using the SADABS
program.18 Both the structures were solved by direct methods using
and refined on F2 by full-matrix least-squares procedures with
SHELXTL.19 The crystallographic data for 1 and 2 are summarized
in Table 1, and selected bond lengths and bond angles are given in
Table 2. All non-hydrogen atoms were refined with anisotropic
displacement parameters except for the disordered atoms. The C-H
hydrogen atoms are added in calculated positions and the positional
and common isotropic thermal parameters of hydrogen atoms in
water molecules. In 2, three of the four lattice water molecules
were disordered over 10 positions with occupancies varying from
0.125 to 0.5. However, positional and common isotropic thermal
parameters of hydrogen atoms of aqua ligands were refined in the
least-squares cycles.

Results and Discussion

The two solid-state compounds 1 and 2 were obtained in
a one-pot crystallization. On the other hand, these compounds
were also obtained as major products by changing the
reaction conditions. Compound 1 was obtained as the major

project from three layer diffusion containing triethylamine
salt of trans-muconic acid (top), bpe (middle), and cobalt
nitrate solution (bottom). On the other hand, when cobalt
nitrate solution was used as top layer and sodium salt of
trans-muconic acid as bottom layer with bpe in the middle
layer, 2 was formed as the major product. X-ray powder
diffraction patterns were recorded for the unseparated bulk
of the samples obtained in the synthesis as well as pure 1
and 2 crystals. The patterns for the bulk matched well with
those from 1 and 2 indicating that only two types of products
were obtained (Supporting Information). The X-ray powder
patterns of 1 and 2 were also matched with the simulated
patterns generated from the single crystals data. Although 1
and 2 differ much in terms of structural motifs, they are
solvent-included crystalline solids and have same Co/bpe/
muco ratio in the 3D structures. Both form neutral interpen-
etrated MOFs with small open channels filled with guest
solvent molecules. The crystals were distinctly different in
terms of color and morphology. Compound 1 formed as deep
orange blocks, whereas 2 formed as light orange platy
crystals. In the solid state, 1 has a 2-fold interpenetrated cubic
net, and calculations using PLATON20 show that the
effective volume occupied by solvents is 1225.0 Å3 per unit
cell, which is 28.7% of the cell volume. Compound 2 has a
3-fold interpenetrated (4,4)-connected net with the volume
of 1075.6 Å3 per unit cell (23.8% of the unit cell volume)
occupied by the lattice water molecules.

Structure of 1. In 1, {[Co(bpe)(muco)](DMF)(H2O)}n,
each Co(II) center has a pair of bpe ligands disposed in trans-
fashion and a chelating muco ligand. Of these, two muco
anions act as bridging ligands between two Co(II) atoms and
align a pair of bpe ligands to form a ladder polymer (Co-O
) 2.007(3)-2.283(4) Å and Co-N ) 2.152(4)-2.159(4)
Å) (Figure 1). The coordination geometry at Co(II) is a
distorted octahedron, and the bpe ligands are propagating
along the a-axis. The Co · · ·Co distance in the ladder is 4.026
Å. The pyridyl rings are aligned in parallel with a π · · ·π
distance of 3.868 Å. The Co-bpe-Co distance is equal to
the a-axis in the cell, 13.717 Å. The butadiene group of the
muco ligand interconnects the “Co2(muco)4/2” building blocks
to form a (4,4) net in bc plane. If the centers of the Co2

dimers are connected in this plane, it forms a rhombus with
the side length of 12.854 Å. The diagonal distances of the
rhombus are equal to the lengths of the b and c axes of the
unit cell, 14.788 and 21.028 Å, respectively. Binuclear
subunits constitute the nodes of the net structure, and the
connectivity of their centroids lead to a highly distorted cubic
(R-Po) type structure.11,17 The large cavity space is reduced
by two- fold interpenetration (Figure 2). Small cavities left
behind are filled by DMF-H2O solvents which are strongly
interacting through CdO · · ·HsOsH bonds (O · · ·H ) 1.92
Å, O · · ·O ) 2.831 Å, ∠O · · ·OsH ) 167°). Again, the guest
water molecule is strongly hydrogen bonded to the oxygen
atom of chelating muco ligand (O · · ·H ) 1.87 Å, O · · ·O )
2.788 Å, ∠O · · ·OsH ) 167°) (Supporting Information).
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Structure of 2. In 2 {[Co(bpe)(muco)(H2O)2](H2O)3}n,
eachCo(II) iscoordinatedtotwobpe(Co-N)2.10(1)-2.14(1)
Å),twomonodentatemucoligands(Co-O)2.067(8)-2.080(8)
Å), and two water molecules (Co-O ) 2.152(8) Å) all in
cis- fashion. The topology is subsequently controlled by the
connectivity of these spacer ligands to the metal ions. In the
ab plane six Co(II) form a distorted-rectangular ring. Each
shorter side is connected by a muco ligand and the longer
side by a bpe and muco ligands. In other words, four muco,
two bpe ligands, and six Co(II) form the distorted-rectangular
ring. The Co-muco-Co and Co-bpe-Co distances are
11.037 Å and 13.687 Å, respectively. The extended structure
in the ab plane is therefore formed as a brick-layered 2D
net mainly attributed to cis-geometry muco ligands at the
Co(II) centers (Figure 3). The alternate Co(II) centers of these
rectangles are connected by bpe ligands up and down
directions approximately along the c-axis perpendicular to
the rectangles forming the 3D network structure. The length
and width of the rectangle based on Co · · ·Co distances are
24.676 Å and 11.037 Å, respectively. The distortion of the
rectangle is evident from the Co-Co-Co angles, 110.64°
and 72.97°. The large empty spaces provided by these
rectangles are filled by 3-fold interpenetration of the 3D
framework structures as shown in Figure 4.

Each distorted-rectangular ring has six Co(II) centers
leading to the formation of a hexagon which is the shortest
circuit here. For p-connected nodes, there are p(p - 1)/2
unique pairs of links around a node, and the number of the
shortest circuits for each unique pair of links is six. Hence,
the Schläfli symbol is 66. Viewed from the a-axis, the
puckered hexagonal layers in the bc plane are interconnected
to give a net which is different from other well-known
4-connected nets such as diamondoid or hexagonal daimon-
doid which are also 66 as noted by Wells.21 The known 3D
uninodal 4-connected nets of MOFs are dominated by the
tetrahedral geometry along with comparatively small con-
tributions of square geometry or square and tetrahedral mixed

geometry.22 Thus, the topology of network of 2 is unusual
because of the unique cis-geometry of the [Co(bpe)2(muco)2-
(H2O)2] nodes.

Figure 1. Perspective view showing the orientation of bpe and muco ligands
in the dimeric repeating unit of 1. Dashed lines show π · · ·π interactions
between bpe molecules. The solvent molecules and the hydrogen atoms in
pyridyl rings are not shown for the clarity.

Figure 2. (a) One of the two independent distorted cubic nets of 1. (b)
Interpenetrated network of 1 viewed along the a-axis showing the presence
of channels shown by yellow circles. Hydrogen atoms and guest molecules
have been omitted. (c) Schematic diagram of the 2-fold interpenetrated cubic
net of 1 joining the centers of the binuclear Co2 subunits.
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Even after 3-fold interpenetration, 2 still possesses some
void space where disordered water molecules have been
located along the c-axis shown in Figure 4b. Guest water
molecules interact with the coordinated water molecules
through hydrogen bonding (O6-H6B · · ·O7 and O8-
HA · · ·O5). Additional hydrogen bonds are formed between
coordinated water molecules and carboxylate oxygen atoms.
The coordinated water molecules act as terminal ligands, and
they are intra- and intermolecularly hydrogen bonded to
carboxylate oxygen atoms of muco ligands (O5-H5A · · ·O2,
O5-H5B · · ·O4 and O8-H8A · · ·O5) (Supporting Informa-
tion).

Thermal Stability of Compound 1 and 2. The thermal
stability of compound 1 has been studied by TG and variable
temperature powder X-ray diffraction (XRD). The TG shows
the loss of DMF and water occurs in the temperature region
70-180 °C (weight loss found, 18.6%, and calculated,
19.3%). The powder XRD of the sample heated to 200 °C
under vacuum and cooled to room temperature in air
(Supporting Information) matched with that of the bulk
showing that the crystal structure is retained after the solvent

removal. While the powder XRD recorded at 200 °C shows
additions peaks and intensity variation indicating the pos-
sibility of a phase transition at this temperature. After the
removal of solvents, the single crystals maintain the mor-
phology but they do not diffract strongly for data collection.

(21) (a) Wells, A. F. Three-Dimensional Nets and Polyhedra; John Wiley
& Sons: New York, 1977. (b) Wells, A. F. Further Studies of Three-
dimensional Nets; ACA Monograph No. 8; American Crystallographic
Association: Buffalo, NY, 1979. (c) Sasa, M.; Tanaka, K.; Bu, X. H.;
Shiro, M.; Shionoya, M. J. Am. Chem. Soc. 2001, 123, 10750.

(22) Ockwig, N. W.; Delgado-Friedrichs, O.; O’Keeffe, M.; Yaghi, O. M.
Acc. Chem. Res. 2005, 38, 176.

Figure 3. Connectivity showing the formation of hexagons by linking cis-
[Co(bpe)2(muco)2(H2O)2] nodes (a), and a schematic diagram showing a
4-connected uninodal net observed in 2 (b). Pyridyl groups of bpe and
carboxylate units of muco ligands are shown as rods.

Figure 4. (a) Details of 3-fold interpenetration in 2. (b) Schematic
diagram showing the details of interpenetration around a single rectangle
and region occupied by water molecules by yellow sphere. (c) Schematic
representation of the 3-fold interpenetration obtained by connecting the
metal centers in 2.
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When 1 was evacuated under vacuum at 160 °C and the
dehydrated sample was then exposed to water vapor, it takes
back about three water molecules as determined by TG.
Preliminary experiments indicated that 1 does not have a
nitrogen gas sorption property at low temperatures. TG of
compound 2 shows the loss of water molecules at 30-180
°C. The weight loss occurred in two stages corresponding
to loss of lattice water and coordinated water molecules. The
total loss of 21.3% corresponds to loss of all water molecules
(calcd: 22.0%). The complete decomposition of the com-
pound occurs above 300 °C.

This particular study represents the delicacy in designing
interpenetrated frameworks with nanoporous open channels
resulting from single crystallization. The composition of 1
and 2 differ only by solvent molecules, so they can be
described as pseudo supramolecular isomers. The solid state
structure of 1 is made up of novel distorted cuboidal building
blocks, and the aggregation of the building blocks results in
three-dimensional networks displaying 2-fold interpenetra-
tion. Despite the incidence of interpenetration, 1 still retains
a nanoporous channel along the c-axis filled with a strong
aggregation of H2O-DMF molecules. Interestingly, these
guest molecules can be removed from 1 at high temperature
without it losing its crystallinity. Compound 2 is particularly
interesting as it shows the unusual topology in its three-
dimensional net (Figure 4c). Despite a higher degree of
interpenetration, it retains a nanoporous open channel.
Several intramolecular hydrogen bonds provide an additional
stabilization within the [Co(bpe)2(muco)2(H2O)2] unit. Al-
though the compositions of the metal-ligands ratios are same
for both compounds, the coordination modes of the ligands

are distinctly different. The muco ligands coordinate to Co(II)
in monodentate manner in 2 which allows two water
molecules to bind to the metal ions. The all cis-geometry in
2 is responsible for a different topological structure in 2.

Conclusions

We have reported two solvent accessible coordination
compounds formed in a one-pot crystallization. Compound
1 is a 3D 2-fold interpenetrated distorted cubic net structure
which includes water and DMF guest molecules. Compound
2 is an interesting 3D 3-fold interpenetrated MOF with an
unusual 4-connected network topology as a result of the cis-
configuration of the [Co(bpe)2(muco)2(H2O)2] nodes. As the
composition of the components involved in the construction
of the 3D frameworks are the same for both compounds,
they can be considered as supramolecular isomers.
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