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The synthesis and characterization of a cadmium(ll) coordination polymer, [Cd(C12HgN204)+H20], (1), is reported.
A single-crystal X-ray analysis shows that compound 1 presents a noninterpenetrating three-dimensional porous
host containing one-dimensional hydrophilic channels, where guest water molecules reside. The strategy in designing
the 3-D framework architecture is based on a combination of two building subunits: a porous two-dimensional grid
of (4,4) topology and a metal dicarboxylate cluster chain. Both subunits are assembled from the coordination of a
cadmium ion with a three-connecting organic modular ligand, 2,2'-bipyridyl-4,4'-dicarboxylic acid (H.bpdc). The
results of thermogravimetric analysis and powder X-ray diffraction study show that the framework rigidity of compound
1 remains intact upon the removal of guest molecules, and maintains the thermal stability up to 440 °C. The
second-row transition-metal ions are capable of engaging higher coordination modes (e.g., hepta- and
octacoordination) because of their atomic sizes and intrinsic electron configurations. Our results show that the
heptacoordinated cadmium center plays an important role in the overall framework rigidity and high thermal stability
of compound 1. Crystal data for 1: Cd(C1HsN,04)-H-0, triclinic, space group P1, a = 6.7843(5) A, b = 9.3299(7)
A, ¢ =9.4439(7) A, oo = 104.629(1)°, B = 92.324(1)°, y = 100.416(1)°, Z = 2.

Introduction control of pore size and shape, the occupation of counterions

S within the channels, the disruption of framework integrity
Open-framework coordination polymers are regarded as. .

L : L ; ; .~ in the absence of guests, and the thermal stability of the hosts
promising materials for applications in catalysis, separation

. "are often serious challenges durin reparation of these
gas storage, and molecular recognittol. However, the . : 9 g prep
functional materials.

To overcome the above problems, the growing knowledge
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[Cd" (bpdc)H2O],

“preprogrammed” structural information and functionality,
adopting the concept of supramolecular self-assertoly,
has offered an efficient solutidif.>¢ As exemplified by two
porous coordination polymerg,Ni(L)(L")(NOz)2:6CsHg} n
and{Ni(L)(L")(NOs)2*8CsHg}n (L = 4,4-bipyridine, L' =
1,4-bis(4-pyridyl)benzene,L= 4,4-bis(4-pyridyl)biphenyl),

the porosity is generated on the basis of a two-dimensional
metak-bipyridine grid building unit*? Their pore sizes and
shapes can be tuned by altering the length of the bipyridine
linker. Recently, investigations on the assembly of a metal
organic framework based on carboxylate linkers have led to
a robust, thermally stable framework with large potes3>7

The benefits derived from the carboxylate moiety are (a) the

inherent negative charge of the carboxylate groups compen-
sates the charge induced by the metal cations and can
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mitigate the counterion effect and (b) the diverse coordination
modes of the carboxylate groups provide potentials in the
formation of metat-carboxylate clusters or bridging units
(Chart 1), which can help enhance the robustness of the
resulting network architectures. Some successful examples
are a porous zinc(ll) benzenedicarboxylate coordination
polymer assembled on the basis of a,@)0:.Cs cluster
unit*® and a porous copper(ll) 1,3,5,7-adamantanetetracar-
boxylate polymeric network constructed from a,C),
cluster unit?®

Our previous study based on the molecular building block
approach has also led to two stable porous polymeric
networks. On the basis of a dicobalt carboxylate cluster
building unit, a rigid and thermally stable porous cobalt
nicotinate polymeric network was generatédd copper
isonicotinate polymeric network possessing square channels
is assembled on the basis of a combination of two building
subunits, i.e., a metalcarboxylate bridging unit and a
copper-isonicotinate square gri§.

In this paper, we report a new cadmium(ll) coordination
polymer, [Cd(G2HeN204)-H.0], (1), by coordinating the
cadmium ion with a three-connecting organic ligand, 2,2
bipyridyl-4,4-dicarboxylic acid (Hbpdc). The Hbpdc ligand
bears two types of coordination sites: a 'ZhByridyl
chelating site and two carboxylate groups trans to thée 2,2
bipyridyl site (Chart 1), where they are arranged in a
triangular fashion. The ghpdc compound and its derivatives
are commonly studied in photochemistry and electron-
transfer reaction®, but are less commonly exploited as
modular building block ligands compared to polypyridine
and polycarboxylate ligand8€$' The Hbpdc molecule
possesses diverse coordination capabilities upon reacting with
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first-row transition-metal ions, and the overall framework Table 1. Crystallographic Data fot

architecture can be altered on the basis of the coordination empirical formula ~ Cd(@HgN202)-H.0  fw 3726
habits of the metal ion®:! In this context, a second-row  a A 6.7843(5) space group  P1
transition metal, cadmium, is used. It was reported that the g-iigggg I AC 557(12373
cadmium is able to engage higher numbers of coordination ¢ deg 104.629(1) Deaica glcn® 2.184
environments (e.g., hepta- and octacoordination) for its f,deg 92.324(1) w, et 19.50
atomic size and intrinsic electron configurati®#? On the v, deg 100.416(1) Rl = 20(1)] - 0.0426

. N v, A 566.52(7) wR2 (all data)  0.1165
basis of the characterization results, compolimiesents a z 2

microporous 3-D network containing hydrophilic channels, . _ B _ s o
where guest water molecules reside. The thermal stability{z[vs(,lzoz)z]}zjzyw IFlAZIFol}. WR2 = {{ZIw(F* — FYI/

and guest inclusion chemistry afare also reported herein.
Table 2. Selected Bond Lengths (A) and Angles (deg) 6r

Experimental Section Cd(1)-0(2)#1 2.2393) O(AC(1) 1.263(6)

Cd(1)-N(1) 2.299(4)  O(3rC(2) 1.240(6)

Characterization. All powder X-ray diffraction (PXRD) data ~ Cd(1}-N(2) 2.364(4)  O(4yC(1) 1.237(6)

; ; ; Cd(1)-0O(1)#2 2.457(3)  N(BC(11) 1.341(7)

reported herein were recorded on a Siemens DSQOO dn‘fractpmeterCd(l)_o(s)#2 2486(3)  N(1O(15) 1355(6)

at 40 kV and 30 mA for Cu k& (A = 1.5406 A), with a step size Cd(1)-O(1)#3 2.517(3) N(2yC(21) 1.341(6)

of 0.02 in 6 and scan speed d s per step size. The elemental  cd(1)-0(3)#4 2.557(3) N(2FC(25) 1.347(6)
analysis was performed by use of a Perkin-Elmer 2400 elemental ©(1)-C(2) 1.269(6)

analyzer. A Perkin-Elmer TGA 7 analyzer was used to carry out o(2)#1-Cd(1)-N(1) 154.86(14) N(1}Cd(1)-O(1)#3 80.88(12)
the thermogravimetric (TG) analysis under flowing nitrogen at a O(2)#1-Cd(1)-N(2) 92.82(13)  N(2)-Cd(1)-O(1)#3 88.63(11)
; o : _ N(1)-Cd(1)-N(2) 70.74(13)  O(L)#2Cd(1)-O(L)#3 71.39(12)
h_eatlng_ rate of 3°C/min for_all measurements_. The energy ORWL-Cd(1)-O(l)#2 8032(12) O@)#20d(1)-O(1)#3 102.78(10)
dispersive X-ray (EDX) analysis was performed with a JEOL-2000 n1)-cq(1)-O()#2  123.05(13) O(2)#1Cd(1-O@)#4 81.27(11)
scanning electron microscope equipped with a KEVEX energy- N(2)—Cd(1)-0(1)#2 151.78(12) N(BHCd(1)-O(3)#4 81.35(11)
S o e o, e
SyntheSISCd(NQ:,)z'ZSHZO, triethylamine, ethylene glyCOl, and N(2)—Cd(1)-O(3A)#2 15.4.38(12) O(3)#2Cd(1)-0O(3)#4 66.7.6(11)
2,2-bipyridyl- 4,4-dicarboxylic acid were purchased commercially  O(1)#2-Cd(1-O3)#2 53.08(10) O(1)#3Cd(1)-O(3)}#4 159.62(12)
and were used as received without further purification. The O(R#1-Cd(1}-O(1)}#3 118.67(12)
hydrothermal reactions were carried out under autogenous pressure a symmetry transformations used to generate equivalent atomss, 1,
in a Teflon-lined stainless steel Parr acid digestion bomb. +1,z#2,xy,z—1,#3,—x, —y+1,—z+ 1, #4,—x+1,-y+1,-z

[Cd(C12HeN204)H20], (1). The reaction of an aqueous solution T 1-
(10 mL) containing Cd(Ng)2"2.5H0 (0.2 mmol), Hbpdc (0.2 and PLATONY program packages. All non-hydrogen atoms and
mmol), and triethylamine (2 drops) at 18C for 96 h produced 1,y qr5qen atoms of the water molecules were located from the
colorless columnar crystals and a white mlcrocrystalllpe powder difference Fourier maps. Hydrogen atoms of the pyridyl rings were
of 1in a total yield of 62% based on cadmium. The solid product ,gqjaned by geometrical calculation and refined as a riding model.

was washed by distilled water and isolated by suction filtration. -\ hon_hydrogen atoms were refined anisotropically by full-matrix
The powder X-ray diffraction pattern of the powder sample agrees o, squares based BAvalues on the basis of 1980 independent

with the pattern simulated from the single-crystal diffraction data reflections out of 4522 reflections collected. The maximum and

of 1 (vide infra). Elemental analysis confirmed the stoichiometry. minimum peaks in the final difference maps were 2.978-a0c886
Anal. Calcd: C, 38.68; H, 2.16; N, 7.52. Found: C, 38.19;H, 1.89; ¢ &-3 The largest residual density peak is close to the Cd atom.
N, 7.25. Basic information pertaining to crystal parameters and structure

Crystallographic Determination. A suitable single crystal with  refinement is summarized in Table 1, and selected bond distances
dimensions of 0.40x 0.42 x 0.38 mm for1l was selected for  4re provided in Table 2.

indexing and intensity data collection. A total of 1350 frames
constituting a hemisphere of X-ray intensity data were collected Results and Discussion

with a frame width of 0.3in w and a counting time of 90 s/frame, C i full thesized under hvdroth
using a Bruker SMART CCD diffractometer. The first 50 frames ompound 1S successtully synthesized under hydrother-

were recollected at the end of data collection to monitor crystal mal Cond't'on$ by re.aCt'ng Cadm'umlsalts W'th bpdc ligands.
decay. No significant decay was observed. The raw data frames | N€ energy-dispersive X-ray analysis confirms the presence
were integrated into SHELX-format reflection files and corrected Of cadmium atoms. On the basis of single-crystal X-ray
for Lorentz and polarization effects using the SAINT program and diffraction and elemental analysis results, compounid

for absorption using the SADABS progranfymax = 0.743/ characterized with the formula Cd{fE1gN,O4)-H0.

0.884)%* The space group was determined tcfie Direct methods Structural Description. Single-crystal X-ray analysis
were used to solve the structure using the WINGSHELX-979° reveals thatl possesses a three-dimensional porous host
framework possessing guest water molecules. (Figure 1). The

(62) gégza(ljégiA'; Neeraj, S.; Natarajan, S.; Rao, C. lifem. Commun.  crystallographic asymmetric unit contains one Cd(ll) ion, one

(63) Vaidhyanathan, R.; Natarajan, S.; Rao, C. NCRem. Mater200], bpdc ligand, and one guest water molecule. Due to the atomic

64 éﬁﬂ igglf/l.SAlNT/AST . 403 S c A ) sizes and intrinsic electron configurations of second-row

O A s Tooease 4.03; Siemens Energy & Automation. - yansition metals, the cadmium ions are able to engage higher

(65) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.

(66) Sheldrick, G. M.SHELX-97 (including SHELXS and SHELXL); (67) Spek, A. LPLATON Utrecht University: Utrecht, The Netherlands,
University of Gdtingen: Gitingen, Germany, 1997. 2000.
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O
C23A)

wH

Figure 1. Perspective view of the porous frameworkicélong the (100)
direction, showing elliptical-shaped hydrophilic channels where guest water
molecules resided. Key: light-gray spheres, guest water molecules; edge-
sharing polyhedra, [CdiDs].

numbers of coordination modes (e.g., hepta- and octacoor-
dination) while reacting with carboxylate liganéfs’3 As in
compoundl, the cadmium ion adopts a heptacoordination o _
environment, which s surfounded by two nitrogen aioms of FU® 2, & %) WTbersehene and et enonnenof e
the bipyridyl group and five oxygen atoms contributed from (b, bottom) Linking of cadmium ions into a cluster chain via carboxylate
a monodentate carboxylate group and a chelating carboxylategroups. Asterisks denote symmetry-equivalent atoms. Adjacent pyridyl rings
group (Figure 2a). The charge neutrality is achieved by the that engaged the—x stacking interactions are highlighted in black.
two deprotonated carboxylate groups of the bpdc molecule.
The chelation of the Cd(ll) ion to the 2;Bipyridine site of
the bpdc ligand restrains the planar conformation of the
bipyridyl rings, as indicated by its dihedral angle (§.4\lso
shown in Figure 2b, the oxygen atoms (O1 and O3) of the
chelating carboxylate groups act as bridging atoms connect-
ing the neighboring cadmium centers. As a result, a tightly
holding cadmium dicarboxylate cluster chain is formed
(represented as an edge-sharing polyhedron in Figure 1).
The three-dimensional polymeric structure Iotan be
described in terms of two building subunits: a cadmium
dicarboxylate cluster chain as mentioned above and a 2-D
porous grid of (4,4) topology. As shown in Figure 3,
assembly of the rigid, panel-like cadmiathpdc units leads
to an extended porous sheet of (4,4) net topology along the
bc-plane. The Ce-Cd separations are 9.33 and 9.44 A along
the b- and c-axes, respectively. The separation between
neighboring cadmiumbpdc (4,4) nets is ca. 3.33 A, and within the 3-D network entails a center of symmetry that is
pyridyl rings of adjacent sheets forms stacking interac-  inherent to the space groll and leads to 1-D elliptical-
tions. This results in the combination of the two building shaped hydrophilic channels along texis (Figure 4). The
subunits to generate a three-dimensional polymeric network.guest water molecules reside in the channels and forilO
The arrangement of the neighboring cadmitiopdc nets --O hydrogen-bonding interactions (e.g., G¢5D(2A) 2.96

Figure 3. Perspective view of the Cebpdc sheet of (4,4) topology.

Inorganic Chemistry, Vol. 41, No. 9, 2002 2595



Figure 4. Diagram showing the arrangement of 2-D grids and 1-D
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channels.

Figure 5. A part of the packing diagram showing the hydrogen-bonding
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Figure 7. (a) Simulated PXRD pattern. (b) PXRD pattern of a freshly

ground sample of. (c) PXRD pattern after heating @fat 150°C for 4 h,
followed by exposure to moist air at room temperature for 20 h. (d) TG
curve of the heat treatment at 18C, showing a weight loss and a flat
baseline.

interactions between the guest water molecule and host carboxylate groupsthen naturally cooled to room temperature. The existence of

100
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100 200 400 500

Figure 6. Thermogravimetric diagram df.

A and O(5)+-0(4) 2.91 A) with the uncoordinated frame-

major peaks from the PXRD patterns of the two heated
samples showed no change in the diffraction peak position
of 26 in both the cases. The results indicate that the
framework architecture was able to survive the heat treatment
and proved to be thermally stable. The relatively dense
framework as indicated by PLATON analysis may attribute
to its stability.

Removal of GuestsThe existence of a wide plateau area
(ca. 270°C duration) observed in the TG curve of compound
1indicates that the framework is quite stable and allows for
a guest desorptionsorption study. A freshly ground sample
of 1 was heated at 15UC for 4 h until a stable flat baseline
of the TG curve was observed (Figure 7). The sample was
then naturally cooled to room temperature by being exposed
to a moist atmosphere for 20 h. No marked change in the

work carboxylate oxygens that protrude into the channels diffraction peak position of @ (Figure 7b,c), as compared
(Figure 5). A PLATON analysis indicates that the host to the simulated powder patterns from single-crystal diffrac-
framework is quite dense (9% of the unit cell volume is tion results (Figure 7a), indicates that the framework integrity

solvent accessibléy.
Thermal Stability Analysis. TG analysis of compound

of 1 remains intact upon removal of the guest molecules.
The coordination habit of the metal ions with the bpdc

is consistent with the crystallographic observations (Figure ligand has a profound effect on the overall framework rigidity
6). The framework releases the guest water molecules (calcdand thermal stability in comparing compouhavith the 3-D

4.8%, found 4.9%) between 40 and 1710. Above 170°C,

porous manganese(ftppdc coordination polymer [Mn-

the guest-free compound shows no weight loss until it reaches(bpdc)}, (2).6° For compouna, the second-row manganese

440°C. To further test the thermal stability of compouhd

ion adopts a hexacoordination environment with the bpdc

powder samples were examined by powder X-ray diffraction ligand and results in a one-dimensional manganese

analysis. Two freshly ground samples bfvere heated in
air at 350°C for 5 h and 410C for 3 h, respectively, and

2596 Inorganic Chemistry, Vol. 41, No. 9, 2002

dicarboxylate bridging chain (Figure 8). The adjacent bipy-
ridyl rings in 2 are separated by about 3.72 A. The Mn{lI)



[Cd" (bpdc)H2O],

framework tend to form an interpenetrating network. How-
ever, it is promising to assemble a rigid 3-D array with
tailored porosity based on a suitable combination of building
subunits. The character of the rigid conformation, panel
shape, and multidentation capability of the organic ligands
and the coordination nature of the metal ions play an
important role in facilitating the formation of a robust,
thermally stable, and nonpenetrating framework with open
channels. It would be profitable to explore other related
architectures by employing this strategy, for example, the
enlargement of the “arms” of the carboxylate ends of the
Figure 8. Perspective view of theo-dicarboxylates chain of the Mn(ll)- bpdc ligands by employing phenyl moieties. This will
bpdc compound. . . .

enhance the—x interaction capability and alter the channel

bpdc polymeric network remains thermally stable up to 310 Shape. Work in this direction is in progress.
°C. A temperature difference of ca. 13C is observed
between the thermally stable phases of compodraisd 2.
A search of the literature shows that compound among
the highest thermally stable phases of the three-dimensional
porous transition-metalbpdc coordination polymers reported
so faré06t
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Conclusions

The assembly of the framework possessing large channel
remains challenging. The large void spaces within the 1C011192H
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