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Abstract

The hydrothermal reaction of 3,5-pyridinedicarboxylic acid (pyglcithd Co(NQ)» or Ni(NOs3)» in the presence of 4, bipyridine
results in two novel compounds Co(pydc)®), (1) and Ni(pydc)(HO) (2). Crystal data:l, monoclinic, CZc, a = 9.900(2),
b=119842), c =7.374815) A, B = 10537(3)°, V = 8437(3) A3, Z = 4; 2, monoclinic, P2/c,a = 7.74966), b = 15.049611),
c = 6.42245) A, g =1084371)°, V = 71059(9) A3, Z = 4. The structure ofL is composed of honeycomb layers built up
from {CoOyN} trigonal bipyramids and 3,5-pyridinedicarboxylate bridges. The structu?eadbpts a three-dimensional framework
structure in which the Ni atoms are coordinated by the pydc bridges both within the honeycomb layer and between the layers. The
magnetic properties df and2 have been investigated. 2001 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction (H20)3], [12] has a three-dimensional microporous struc-
ture although both contain the same btc ligand. Factors
In recent years, efforts have been made to explore such as solvent, pH and reaction temperature appear to
the synthesis of metal-organic compounds with open- control the dimensionality though the different coordina-
framework or microporous structures because of their tion chemistries of the metal ions also play an important
potential applications in molecular recognition, separa- role in determining the crystal structures of the corre-
tion and catalysis [1-14]. Several studies have used rigid, sponding metal-organic polymers.
multifunctional ligands to bridge metal ions into two- or In this paper, we report the crystal structures and char-
three-dimensional structures. Among these ligands, theacterization of two new compounds: Co(pydc)(®. (1)
aromatic carboxylates such as 1,3,5-benzenetricarboxyla-and Ni(pydc)(RO) (2), where pydc represents 3,5-
te (btc) and 1,4-benzenedicarboxylate (bdc) have beenpyridinedicarboxylate. The former has a layer structure
used successfully to synthesize such materials [10-14].whereas the latter is a three-dimensional framework.
However, even when the same multifunctional ligand is
used, structures with different dimensionalities can be _
formed. For example, the compound [Cu(btcH)(s] . 2. Experimental

15] has a chain structure but the compound -
[15] P @) 2.1. Materials and methods

* Correspondence and reprints. ; ;
E-mail address: ajjacob@uh.edu (A.J. Jacobson). All the starting ma.terlals were reagent grade and used

10nleave from the State Key Laboratory of Coordination Chemistry, as purChased' The m_frared spectra Wer_e recorded on a
Coordination Chemistry Institute, Nanjing University, Nanjing 210093, Galaxy FTIR 5000 series spectrometer with pressed KBr
PR China. pellets. Thermal analyses were performed in air with a
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heating rate of 5C min~! on a TGA V5.1A Dupont2100  crystal stability, and the maximum correction applied to

instrument. Magnetic susceptibility data were obtained the intensities wasc 1%. The data were integrated us-

on polycrystalline samples from 2 to 300 K in a magnetic ing the Siemens &NT program [17], with the intensities

field of 5 kG using a SQUID magnetometer. Diamagnetic corrected for Lorentz factor, polarization, air absorption,

corrections were estimated from Pascal’s constants [16]. and absorption due to variation in the path length through
the detector faceplate. Number of measured, unique and

2.2. Synthesis of Co(pydc)(H20)2 (1) observed reflectiond > 20 (1)]: 4663, 992, 953 Rint =
0.0193 for 1; 3259, 1052, 962Rjn: = 0.0165 for 2. Em-

The compound was first synthesized by heating a mix- pirical absorption and the extinction corrections were ap-

ture of Co(NQ@)2e6H,0 (0.5 mmol, 0.1464 g), NiV/O3 plied for both compounds.

(0.5 mmol, 0.0590 @), 3,5-pyridinedicarboxylic acid The structures were solved by direct methods and re-

(0.5 mmol, 0.0836 g) and #0 (8 ml) in a Teflon- fined onF? by full-matrix least squares usingi8LXTL

lined autoclave (23 ml) at 16@ for 3 d. Red crys- [18]. All non-hydrogen atoms were refined with anisotro-

tals of the titte compound appeared as a minor phase,pic displacement parameters. The hydrogen atoms were

together with large amount of unidentified yellow mi- refined isotropically. Crystallographic data of the two

crocrystallites. A pure phase was obtained by reacting compounds are summarized in Table 1, atom positions

a mixture of Co(NQ)2e6H.O (0.5 mmol, 0.1454 g), in Tables 2, 4 and selected bond lengths and angles in Ta-

3,5-pyridinedicarboxylic acid (0.5 mmol, 0.0845 g),4,4  bles 3, 5.

bipyridine (0.5 mmol, 0.0781 g) and @ (8 ml) at

160°C for 5 d. Yield: 72%. IR (KBr, crml): 3320br,

1690m, 1615s, 1555s, 1462s, 1441s, 1402s, 1300m,3. Resultsand discussion

1240vw, 1208vw, 1152m, 1128m, 1034m, 939m, 853m,

810w, 790s, 754s, 698m, 673m, 590s, 523w, 446w, 426w. 3.1. Structure descriptions

2.3. Synthesis of Ni(pydc)(H20) (2) Compoundl crystallizes in space group ¢& Fig. 1
shows the building unit ofl with the atomic labeling
Hydrothermal reaction of a mixture of Ni(N{»e scheme. The Co(1) atom has a distorted trigonal bipyra-

6H,0O (0.5 mmol, 0.1454 g), 3,5-pyridinedicarboxylic midal geometry. The three equatorial positions are occu-
acid (0.5 mmol, 0.0845 g), 4/ipyridine (0.5 mmol, pied by the O(1), O(1A) and N(1B) atoms from three
0.0781 g) and KO (8 ml) at 200°C for 1 d leads to the  equivalent pydc groups. The sum of bond angles in the
formation of green plate-like crystals of the compoind basal plane is 360 Two water molecules occupy the
as a single phase. Yield: 56%. IR (KBr, cf): 3523br, two axial positions. The Co-O (2.077(2), 2.155(2) A)
3189br, 3083m, 3056m, 1626s, 1587m, 1542s, 1462s,and Co-N (2.193(3) A) bond distances are as expected.
1382s, 1301m, 1250w, 1138m, 1030m, 845s, 776m, The pydc ligand is tri-dentate and bridges three equiv-

739s, 692w, 526w, 439w. alent cobalt atoms. The O(2) atom of each carboxylate
A pure phase of compouriican also be obtained by  group is terminal and oriented to the Co(1) atom with
replacing 4,4bipyridine by pyrazine. the Co(1)..0(2) distance 2.433 A. A two-dimensional
layer structure is thus constructed in thle-plane with
2.4. Crystallographic studies openings along the-direction (Fig. 2). Hydrogen bonds

are formed between coordinated water molecules and the

Single crystals of dimensionsI x 0.12 x 0.08 mn? carboxylate oxygens of adjacent layers. (O(1w)(1)
for 1 and 012 x 0.10 x 0.04 mn? for 2 were used  2.786 A, O(1w)--O(2) 2.761 A) (Fig. 3). The shortest
for structural determinations. All measurements were Co---Co distance within the layer is 7.772 A, and that
made with a Siemens SMART platform diffractometer between the layers is 5.347 A.
equipped with a 1K CCD area detector. A hemisphere  Compound? crystallizes in space group P2 with a
of data (1271 frames at 5 cm detector distance) was col- three-dimensional framework structure, significantly dif-
lected using a narrow-frame method with scan widths of ferent from that ofl. In contrast to the Co atom environ-
0.3 in w and an exposure time of 35 s framdor 1 and ment in1, the Ni atom has distorted octahedral geome-
25 s frame'! for 2. The first 50 frames were re-measured try with the equatorial positions occupied by three car-
at the end of data collection to monitor instrument and boxylate O atoms and one pyridine N atom (Fig. 4). The
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Table 3
Selected bond lengths (A) and angles (deg)ifor

Table 1

Crystallographic data

Compound 1 2

Formula GH7CoNGs C7H5NNiOg
M 260.07 241.83
Crystal system Monoclinic Monoclinic
Space group cz P2 /c

a () 9.900(2) 7.7496(6)

b A) 11.984(2) 15.050(1)
c(A) 7.375(2) 6.4224(5)

8 (deg) 105.37(3) 108.437(1)
v (A3) 843.7(3) 710.59(9)
z 4 4

D¢ (gem3) 2.047 2.260

F (000 524 488

w (Mo Ka) (cm™1) 20.43 27.22
Goodness of fit orF2 1.151 1.052

R1, wR2R[I > 20 (I)]
Ry, wR> (all data)

Extinction coefficient

(Ap)max. (Ap)min (€ A73)

0.0205, 0.0561
0.0214, 0.0565
0.0145(14)

0.458,—0.381

0.0209, 0.0547
0.0231, 0.0554

0.0031(7)
0.321,-0.250

3Ry = Y |IFol — |Fell/ Y |Fol, wRy = [Yw(Fg — F2)?/

S w2,

Table 2

Atomic coordinates and equivalent isotropic displacement parameters
(A?)for 1

Atom x y Uiso (A2)
Col Q5000 0161572) 0.2500 001031)
N1 0.0000 —0.1554713)  0.2500 001163)
o1 03628Q11) 0.023239) 0.2594316) 0.0181(2)
02 02484112 0.181029) 0.2003%17) 0.01982)
O1W 05374113 0.170359) 0.5404516)  0.01672)
C1l 01124214) —0.0972312) 0.233612) 0.01193)
H1A 0.1899 —0.1364 02187 0014
Cc2 01182413 0.0189111) 0.2379919) 0.01133)
C3 00000 00778816)  0.2500 001204)
H3A  0.0000 01555 02500 0014
C4 02506614) 0.0781312) 0.2315Q19) 0.01223)
H2A 0.556(2) 0.114(2) 0.5893) 0.033(6)
H2B  05952) 0.214(2) 0.5833) 0.0255)

Co(1)-0(1W) 20781) x 2
Co(1)-N(P) 2.193(2)
O(1)-C(4) 1.260(2)
C(1)-C(2) 1.393(2)
C(2)-C(4) 1.503(2)
Co(1)-O(1) 2156(1) x 2
N(1)-C(1) 1.346(2)
0(2)-C(4) 1.253(2)
C(2)-C(3) 1.390(2)
O(1WA)—-Co(1)—O(1W) 174.20(6)
O(1W)-Co(1)-0(1) 8M8(5) x 2
O(1W)-Co(1)-N(®) 87.10(3) x 2
C(1C)-N(1)-C(1) 117.5(2)
C(4)-0(1)-Co(1) 97.4(1)
C(1)-C(2)-C(3) 118.6(1)
C(3)-C(2)-C(4) 121.2(1)
0(2)-C(4)-O(1) 121.0(1)
O(1)-C(4)-C(2) 119.1(1)
O(1WA)—Co(1)-O(1) 95(1) x 2
0(1)—-Co(1)-0(®) 79.5(1)
O(1)-Co(1)-N(®) 1403(1) x 2
C(1%)-N(1)-Co(f) 121.2(1)
N(1)-C(1)-C(2) 123.1(1)
C(1)-C(2)-C(4) 120.2(1)
C(2C)-C(3)-C(2) 118.9(2)
0(2)-C(4)-C(2) 119.9(1)

Symmetry transformations used to generate equivalent atoms:
d x+ly —z+1/2; Px+1/2y+1/2,z C—x.y,—z+1/2;
dy —1/2,y —1/2,z.

axial positions are occupied by one carboxylate oxygen
atom and one water molecule. The Ni—O and Ni—N bond
lengths are 2.005(2)-2.141(2) A and 2.064(2) A, respec-
tively. The atoms that occupy the equatorial positions of
each Ni octahedron are from three equivalent pydc lig-
ands. Each pydc ligand bridges three equivalent Ni cen-
ters to give a two-dimensional layer g¥li(pydc)},, in the
ab-plane (Fig. 5). The layers ith and 2 are related but
in 2, the 3,5-pyridinedicarboxylate ligand acts as a pen-
tadentate ligand, whereas init is tridentate. One car-
boxylate in2 is chelated to the metal center (O(3B)—Ni—
0O(4B) 61.85(79).

The second carboxylate group coordinates th&'Ni
through a single O atom in thab-plane and the other
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Table 4 Table 5
Atomic coordinates and equivalent isotropic displacement parameters selected bond lengths (&) and angles (deg)for

(A2) for 2

Ni(1)-O(2) 2.005(2)
Atom x y : Uiso (A%) Ni(1)-O(1W) 2.095(2)
Nil 0.724764)  0.417042) 0248855  0.01502) Ni(1)-O(1°) 2.115(2)
N1 050623)  0.3461213) 0.27983)  0.01455) N(1)-C(5) 1.339(3)
01 060542)  0.0769611)  0.40403)  0.02094) O(1)-C(6) 1.264(3)
02 031522) 0047112 0217143)  0.02134) 0(3)-C(7) 1.27013)
03 —-0.01572)  0.4392611) 0.21643)  0.02074) cL-C@) 1.381(4)
C(2)-C(6) 1.513(3)
04 -0.11622)  0.3038311) 022233  0.02004) Ca)-C(5) 1.389(4)
01w 084423)  0.4118q12 059043)  0.0241(4) N(1)-C(5) 1.339(3)
HIWA  0.895039) 0.461412)  0.655544) 0.029 O(1)-C(6) 1.264(3)
HIWB 0776434 04026200 0676141  0.029 0(3)-C(7) 1.270(3)
c1 053573)  0.2581(2) 0.30474)  0.01505) C()-C) 1.381(4)
H1 0662139 0239418 0333842 0022 C2)-C6) 1.5130)
C2 039783 019712 0.282614)  0.01355) C4-CE) 1.389(4)
Ni(1)-N(1) 2.064(2)
C3 022233)  0.22832) 0.24364)  0.01355) Ni(1)-0@) 2.113(2)
H3 0131339 0.193119)  0.230145  0.020 Ni(1)-0(&) 2.141(2)
c4 019163)  0.31942) 0.233§4)  0.01355) N(1)-C(1) 1.345(3)
C5 033673) 0.37572) 0.24734) 0.01405) 0(2)-C(6) 1.246(3)
H5 0317639 04325200 0228543 0.021 O(4)-C(7) 1.250(3)
c6 044303)  009942) 030364  001385) c2-CE) 1.385(4)
c7 000933)  0.35582) 0.22074)  0.0151(6) CE-c 1.389(%)
: : : C(4)—C(7) 1.493(3)
N(1)-C(1) 1.345(3)
0(2)-C(6) 1.246(3)
O(4)-C(7) 1.250(3)
oxygen atom bridges two Ni atoms from adjacéni- C(2-C(3) 1.385(4)
(pydc)}, layers, to form a three-dimensional framework C(3)-C(4) 1.389(4)
(Fig. 6). The Ni(OCO)Ni dimers that are present be- c(4)-c(7) 1.493(3)
tween adjacent layers allow for an efficient magnetic
interaction between the Ni centers propagated through O(Z)-Ni(1)-N(1) 109.55(8)
the carboxylate bridges. The NiNi distance within N(1)-Ni(1)-O(1W) 89.09(8)
the dimer is 4.642 A while the shortest -NiNi dis- N(1)-Ni(1)-O(¥) 157.97(8)
tance within the layer is 5.966 A through the pydc O(2%)-Ni(1)-O(%) 92.35(7)
bridge. Hydrogen bonds are also found between the lay- 0(1W)-Ni(1)-O(f) 179.60(7)
ers (O(1w)--0O(3) 2.700 A). O(A)-Ni(1)-0(4) 153.95(7)
The difference between the structures bfand 2 O(1W)-Ni(1)-O(#) 88.78(7)
originates from the different coordination modes of€o O(1)-Ni(1)-0(£) 91.29(7)
and NF* ions in that Nf* has a stronger preference for ¢ (1)_n(1)-nic1) 114.002)
octahedr_al geometry wh_ereas?thcan adopt avariety of  ce)-0@)-Ni®) 133.8(2)
geometrle_s when coordinated by weak field ligands. For C(7)-0(4)-Ni(1) 88.4(1)
examplt_e, in the compqund Nag(@H)(PQ)_zol/4H20 0@)-c()-Ni(h) 59.6(1)
three distinct cobalt sites are present with tetrahedral, O(2)-Ni(1)-O(1W) 87.42(7)

trigonal bipyramidal, and octahedral coordination [19].
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Table 5 (Continued)

O(2)-Ni(1)-0(P) 92.34(7)
O(W)-Ni(1)-0@) 89.43(8)
N(1)-Ni(1)-O(£) 91.29(7)
0O(3)-Ni(1)-0(F) 90.26(7)
N(1)-Ni(1)-0(4) 96.14(7)
0(3)-Ni(1)-0(4) 61.85(7)
C(5)-N(1)-Ni(1) 127.4(2)
C(6)-O(1)-Ni(f) 123.9(2)
C(7)-0(3)-Ni({) 89.1(1)
0(4)-C(7)-Ni(f) 60.9(1)
C(4)—C(7)-Ni(1) 173.0(2)

Symmetry transformations used to generate equivalent atoms:
A_x41,y+1/2 —z4+1/2; Px+1y.z Cx,—y+1/2,7-1/2;
dx, —y4+1/2,241/2; ©—x+1,y-1/2,—z+1/2; Tx—1yz

Fig. 1. A fragment of the Co(pydc)@®D), 1 structure with the atomic
labeling scheme (thermal ellipsoids are shown at 50% probability).

Fig. 4. A fragment of the Ni(pydc)(5O) 2 in structure with the atomic
labeling scheme (thermal ellipsoids are shown at 50% probability).

3.2. Magnetic properties

o The temperature dependent magnetic susceptibilities
of 1 and 2 have been studied in the range 2 to 300 K.
For 1, the magnetic momenjs) per cobalt(ll) at 300
K is 4.82up, higher than the expected value for the
spin-only S = 3/2 system (B7ug) due to the orbital
contribution. Between 300 and 50 K, the data follow the
Curie-Weiss law, leading to the parametgrs- 2.48,
6 = 4+2.75 K (Fig. 7). The positived value suggests

o Y N\ Y a weak ferromagnetic interaction between the Co(ll)

centers, which is confirmed by the continuous increase

Fig. 2. One layer of the structure dfin theab-plane. of x»T upon cooling to about 50 K. The very weak
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Co(pydc)(H,0),
0.8 L 1 1 1 1 120
0.7 o100
= o]
S 06 a0 X
£ o0s5f & -
e % o L0 I
S 0.4 =4 <3
£ | »W -40 S
= 037§ ER
02 ¢ 20 =
0.1 Ry, o
0 Tu:;ozm‘)or.;ooc?ooo”w‘o»\f ,‘.A,,O,M 20
0 50 100 150 200 250 300
TK)
Fig. 7. xm andx,;l1 vs. T plots forl.
Ni(pydc)(H,0)
‘ . 1.5
Fig. 5. One layer of the structure @fin the ab-plane. All H atoms are — =
omitted for clarity. g )
8 3,
E :
= 0.5 g
=
M&’ﬁh‘v‘fﬁ# H‘—d—ﬂ-lﬁ—»v —
150 200 250 300
T(K)

Fig. 8. x;u andx,, T vs. T plots for2.

In the structure of compoung, the Ni(ll) ions are
bridged by pydc ligands formingNi(pydc)}, layers in
the ab-plane. The shortest Ni.Ni distance within this

Fig. 6. Packing of the structure @fviewed along [100]. layer is 5.966 A across the pydc ligand. Between the lay-
ers, the Ni(ll) ions are further linked by the carboxylate
oxygens from the neighboring layer which results in the

ferromagnetic interaction may be propagated through the formation of carboxylate bridged Ni(OCgNi dimers.
pydc bndge within ttho(pydc}n |ayer or through the The Ni - -Ni distance within this dimer is 4.642 A, much
strong hydrogen bonds between the layers. A theoreticalshorter than that across the pydc bridge. The super-
fit based on the isotropic dimer or chain model, however, €xchange coupling within the dimer should be dominant.
was not successful. The magnetic behavior below 18 K could be due to the

The magnetic behavior & is shown in F|g 8 in the zero-field Spllttlng of the grOUnd state and/or the inter-
forms of x,, and x,,T vs. T. At 300 K, the magnetic ~ dimer interaction. The susceptibility data were thus ana-
moment per Ni(ll) (314up) is close to the expected spin-  lyzed using the Heisenberg Hamiltonian:
only value forS =1 ion (297ug for g = 2.1). Upon ~ ~ o~ - ~\ =
cooling from room temperature, thg, T value increases H=-2J51-52— B(s151 + g252) - H.
continuously from 1.233 cAKmol~! at 300 K to a  with the theoretical equation [20,21];
maximum of 1.292 criK mol~! at 18 K. This behavior

is characteristic of a ferromagnetic coupling betweenthe ~ _ Ng?B?F(J,T)

Ni(Il) ions. Further cooling below 18 K causes thg T "TKT — 47/ J'F(J,T)’

to decrease, reaching a value of 0.273%¢&mol ! at 5+ exp(—4J/kT)
2 K. FU,T)=

5+ 3exp—4J/kT) + exp(—6J /kT)’
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where N, g, B have their usual meaningg, is the [7]1 M. Kondo, T. Okubo, A. Asami, S.-Il. Noro, T. Yoshitomi,

coupling constant between the nickel ions]” accounts S. Kitagawa, T. Ishii, H. Matsuzaka, K. Seki, Angew. Chem., Int.

for the inter-dimer interaction. A good fit was obtained, Ed. Engl. 38 (1999) 140. .
hown as the solid line in Fid. 8 Witg —219 J — [8] J.S. Seo, D. Whang, H. Lee, S.I. Jun, J. Oh, Y.J. Jeon, K. Kim,

S s e 19 © 49 Nature 404 (2000) 982.

3.25¢cnm+, 7' J'=-0.70cnT ", [9] Y. Diskin-Posner, S. Dahal, I. Goldberg, Angew. Chem., Int. Ed.

It has been found that weak ferromagnetic interactions Engl. 39 (2000) 1288.
are propagated in the carboxylate-bridged copper(ll) [10] (@) O.M. Yaghi, G. Li, H. Li, Nature 378 (1995) 703;
compounds in which the carboxylate adoptsaht-syn Etl’g;;\"és\;aﬁh" C.E. Davis, G. Li, H. Li, J. Am. Chem. Soc. 119
conformatlo_n and the Cu_—O—C—O—Cu skeleton deviates (0 H. Li, CE. Davis, T.L. Groy, D.G. Kelley, O.M. Yaghi, J. Am.
from planarity [22,23]. This result demonstrates that the Chem. Soc. 120 (1998) 2186;

same phenomenon is also observed in the Ni compounds.  (d) T.M. Reineke, M. Eddaoudi, M. Fehr, D. Kelley, O.M. Yaghi,
J. Am. Chem. Soc. 121 (1999) 1651;
(e) T.M. Reineke, M. Eddaoudi, M. O’Keeffe, O.M. Yaghi,
Angew. Chem., Int. Ed. Engl. 38 (1999) 2590.

[11] H.J. Choi, T.S. Lee, M.P. Suh, Angew. Chem., Int. Ed. Engl. 38
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