
Isomorphous Co
II
and Mn

II
materials of tetrazolate-5-carboxylate with

an unprecedented self-penetrating net and distinct magnetic behavioursw

Qin-Xiang Jia,a Yan-Qin Wang,a Qi Yue,a Qing-Lun Wangb and En-Qing Gao*a

Received (in Cambridge, UK) 11th July 2008, Accepted 5th August 2008

First published as an Advance Article on the web 22nd September 2008

DOI: 10.1039/b811865e

Two isomorphous CoII and MnII three-dimensional coordination

polymers with tetrazolate-5-carboxylate as magnetic mediator

exhibit an unprecedented 3,4-connected self-penetrating net

topology; a combination of canted antiferromagnetism and

metamagnetism was observed in the CoII compound, whereas

the MnII compound shows typical antiferromagnetic behaviors.

The design and synthesis of molecular magnetic materials have

attracted considerable attention in recent years.1 The great

diversity and versatility of coordination and supramolecular

chemistry have provided great opportunities to discover new

magnetic materials and to better understand fundamental

magnetic phenomena, such as spin canting and metamagnetism.2

One of the most important factors influencing the magnetic

behaviors is the nature of the bridge between paramagnetic

centers, which governs the nearest-neighboring magnetic

coupling. Up to now, only several types of multiatomic bridging

ligands that mediate strong magnetic coupling have been

investigated, such as pseudohalides (cyanide, azide,

dicyanamide), carboxylates, oxalate, cyclic diazines, etc.3,4 There

is always great interest in searching for new bridging ligands.5

Recently, some efforts have been devoted to tetrazole

derivatives,5c–f which have a rich coordination chemistry. We

are interested in tetrazolate-5-carboxylate (tzc), which is the

simplest ligand that contains both tetrazolate and carboxylate

but has not yet been explored in coordination chemistry. The

ligand is expected to be a versatile bridge that can mediate strong

magnetic coupling. In this paper, we report the first two

coordination compounds with this ligand, [M2(tzc)2(bpea)]

(M = CoII, 1, and MnII, 2; bpea = 1,2-bis(4-pyridyl)ethane)),

in which two-dimensional (2D) layers with m3-tzc bridges are

pillared by the bpea spacers to generate a three-dimensional (3D)

structure with unprecedented 3,4-connected self-penetrating

topology. The isomorphism of the two compounds allows us

to investigate the exclusive influence of magnetic anisotropy on

bulk magnetic behaviors: the CoII compound shows a combina-

tion of canted antiferromagnetism and metamagnetism, whereas

the MnII compound is a typical antiferromagnetic system.

The compounds were prepared by the hydrothermal reac-

tions of sodium ethyl tetrazolate-5-carboxylate, M(OAc)2�
4H2O and bpea.z X-ray analysisy revealed that the two

compounds are isomorphous and that the structure consists

of neutral 2D M(II)-tzc layers interlinked by the bpea spacers.

The metal ion is chelated by two tzc ligands through tetrazole

nitrogens and carboxylate oxygens, and a distorted octahedral

geometry is completed by two nitrogen atoms from a third

tzc ligand and a bpea ligand (Fig. 1). Two nitrogen atoms

(N3A and N4) and two oxygen atoms (O1, O2B) from

three tzc ligands define an equatorial quasi-plane, and the

axial positions are occupied by a tetrazole nitrogen (N1B)

and a pyridyl nitrogen (N5). The M–N/O distances in 1

(2.10–2.27 Å) are about 0.1 Å shorter than those in 2

(2.18–2.34 Å). The tzc ligand exhibits a m3 pentadentate

bridging mode with all nitrogen atoms and oxygen atoms

except for N2 being involved in coordination, and it constitu-

tes three types of bridges between metal ions: (i) the bischelat-

ing O2C2N2 bridge resembling oxalate, with M� � �M = 5.53 Å

(1) and 5.74 Å (2); (ii) the double N–N bridge from two

tetrazole rings, which generates a centrosymmetric quasi-

planar M(N–N)2M hexagon with M� � �M = 4.35 (1) and

4.54 Å (2); (iii) the 1,3-tetrazole bridge with M� � �M = 6.45

(1) and 6.65 Å (2). Such a coordination mode of the tzc ligand

leads to a two-dimensional undulated layer parallel to the bc

plane (Fig. 2(a)). As depicted in Fig. 2(b), viewing both the

metal ion and the tzc ligand as three-connecting nodes, the

topology of the 2D net is 4�8.2 From magnetic points of view,

it is worth noting that neighboring metal coordination poly-

hedra connected by the non-centrosymmetric 1,3-tetrazole or

O2C2N2 bridges are slanted to each other, with the dihedral

angles between the neighboring equatorial planes being 771 in

1 and 791 in 2.

The ditopic bpea ligand binds two metal ions from neigh-

boring layers, and hence the 2D layers are pillared into a 3D

framework. Pillared frameworks have attracted special

Fig. 1 The coordination environment in 2. Displacement ellipsoids

are drawn at the 30% probability level.
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attention in the pursuit of molecular magnetic materials.6 To

adapt to the relatively slanted coordination polyhedra in the

layers, the pillars between the layers are also systematically

slanted in two different directions. As a result, the shortest

interlayer M� � �M distance (8.04 Å in 1 and 7.94 Å in 2), is

much shorter than those spanned by the pillar (13.42 Å in 1

and 13.63 Å in 2). Taking into account the bpea linkers, the

metal ions become 4-connecting nodes, and consequently, with

tzc still as 3-connecting nodes, the 3D network can be viewed

as a 3,4-connected binodal net (Fig. 2(d)) based on 2D (4�82)
nets. The Schläfli notation is (4�82 � 103)(4�82). To our knowl-

edge, such a net has not been elucidated.7 It is worth noting

that the net is a new example of the rare self-penetrating 3D

networks:8 each 10-membered shortest circuit across the inter-

layer space is catenated by two other 10-membered circuits

(3-fold catenation). This is interesting because self-penetration

usually occurs with 2-fold catenation.7 The complicated cate-

nation reported here results from the presence of two mutually

slanted sets of long bpea pillars in the interlayer space.

The magnetic susceptibilities of 1 and 2 were measured in

the 2–300 K temperature range under 1 kOe and are shown as

wT vs. T plots in Fig. 3(a). The wT value (3.25 emu K mol�1)

per Co(II) at 300 K is typical of octahedral Co(II) with an

unquenched orbital momentum. The product first decreases

smoothly to a minimum of 0.99 at 16 K, then rises rapidly to a

sharp maximum of 6.40 emu K mol�1 at 8 K, and finally drops

rapidly due to saturation effects. The 1/w vs. T data above 45 K

follows the Curie–Weiss law with C = 3.96 emu mol�1 K and

y = �61.6 K. The negative value of y and the initial decrease

of wT should be due to the concurrent effects of spin–orbital

coupling of Co(II) and the antiferromagnetic coupling through

the m3-tzc bridge. The steep rises in wT at low temperature

indicate the onset of a ferromagnetic-like correlation. This

phenomenon is attributable to spin canting, well consistent

with the systematic alternation of the slanted metal polyhedra

throughout the layer: the antiferromagnetically coupled adja-

cent spins within the layers are not perfectly antiparallel but

canted to each other, and the resulting uncompensated

moments correlate in a ferromagnetic-like fashion and develop

into long-range ordering. The weak ferromagnetism has been

confirmed by the FC (field cooled) and ZFC (zero-field cooled)

magnetization measurements under different fields (Fig. 3(b),

in the form of w(T) curves). The ZFC and FC curves at 20 Oe

exhibit only very small differences and both have a sharp

maximum at ca. 9 K, suggesting the occurrence of interlayer

antiferromagnetic ordering below TN = 9 K. However, at a

higher filed of 800 Oe, the ZFC and FC curves diverge below

9 K, with the ZFC maximum shifted to lower temperature and

the FC maximum not observed. The FC magnetization rises

rapidly below ca. 10 K and approaches saturation below 7 K,

indicating the onset of spontaneous magnetization. The beha-

viors suggest that the interlayer antiferromagnetic ordering is

broken by the higher field to generate a weak ferromagnetic

state, typical of metamagnetism.

Further information comes from the isothermal magnetiza-

tion measurements (Fig. 4). The features that the magnetiza-

tion increases slowly with the field above 10 kOe and that the

value of 0.59Nb at 50 kOe is far from saturation are consistent

with the antiferromagnetic nature of the interaction between

neighboring metal ions. The saturation magnetization (Ms) for

a pseudo-octahedral Co(II) ion at very low temperature

(o20 K) is usually 2.1–2.5 Nb with Seff = 1/2 and

geff = 4.1–5.0.9 Extrapolating the high-field linear part of

the magnetization curve to zero field gives a value of 0.17 Nb,
which may be taken as the weak magnetization (Mw) arising

Fig. 2 The extended structure of 2. (a) A 2D layer with tzc as

m3-bridging ligands, (b) the 2D topology, (c) the 3D structure, and

(d) the 3D topology with self-catenation highlighted by bold lines.

Fig. 3 (a) Thermal variation of wT of 1 and 2 at 1 kOe; (b) ZFC and

FC w(T) curves of 1 at different fields.

Fig. 4 Isothermal magnetization of 1 at 2 K. Insets: the blow-up of

the hysteresis loop (a) and initial magnetization curve (b) under lower

fields.
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from spin canting. Accordingly, the canting angle can be

estimated to be in the range of 3.9–4.61. The sigmoidal shape

of the initial M(H) curve at low field (Fig. 4, inset b) confirms

the field-induced metamagnetism, with a critical field of

0.6 kOe (2 K), at which the qM/qH curve exhibits an max-

imum. The hysteresis loop at 2 K shows a remnant magnetiza-

tion of 0.13 Nb and a coercive field of 0.7 kOe (Fig. 4, inset a).

The wT value of 2 at 300 K is 4.18 emu mol�1 K, slightly

lower than the spin-only value of 4.37 emu mol�1 K for

S = 5/2. The product decreases monotonically upon cooling,

and the 1/w vs. T data above 40 K follow the Curie–Weiss law

with C=4.38 emu mol�1 K and y=�10.5 K. Such behaviors

reveal antiferromagnetic coupling between Mn(II) ions.

It is interesting to note that 2 shows no indications of spin

canting, which has been evidenced for the isomorphous Co(II)

species (1). As well established, spin canting can arise from two

mechanisms:10 (i) single-ion anisotropy, which energetically

favors spin canting if the anisotropy axes on neighboring sites

are different; (ii) the antisymmetric Dzyaloshinsky–Moriya

(DM) interaction, which tends to align the interacting spins

in a perpendicular way and requires g-factor anisotropy. It is

well known that pseudo-octahedral Co(II) has strong magnetic

anisotropy resulting from unquenched orbital momentum and

first-order spin–orbit coupling. Therefore, both mechanisms

favor the spin canting in 1. On the other hand, since Mn(II)

usually has negligible g-factor anisotropy due to the 6A

ground state, the DM interaction is too weak to cause canting

and the canting in Mn(II) compounds are usually attributed to

single-ion anisotropy of Mn(II),2 which is due to zero-field

splitting and sensitive to geometrical distortion. It is likely that

the zero-field splitting in 2 is too small to cause observable

canting.

In conclusion, we have described two new metal-organic

magnetic materials with tzc as the bridges mediating magnetic

coupling and with bpea as the pillars interlinking M(II)-tzc

layers. The materials exhibit an unprecedented 3,4-connected

self-penetrating net. Although isomorphous, the two materials

show remarkable differences in magnetism: the Co(II) material

combines canted antiferromagnetism and metamagnetism due

to the strong anisotropy, while the Mn(II) one shows usual

antiferromagnetic behaviors.

We are thankful for NSFC (20571026 and 20771038), MOE

(NCET-05-0425), Shanghai Leading Academic Discipline

Project (B409), and STCSM (06SR07101) for financial

support.

Notes and references

z Synthesis: The reaction of Co(OAc)2�4H2O (0.05 mmol, 0.012 g),
sodium ethyl tetrazolate-5-carboxylate (0.05 mmol, 0.008 g), and
1,2-bis(4-pyridyl)ethane (0.025 mmol, 0.005 g) in H2O (8 mL) at
110 1C over 5 days yielded red prism crystals of 1. Yield, 60.8%. 2
was synthesized by a similar procedure. Yield, 19.3%. Anal. Calc. for
C8H6CoN5O2 (1): C, 36.52; H, 2.30; N, 26.62. Found: C, 36.66; H,

2.58; N, 27.06%. Main IR bands (KBr, cm�1): 1646s, 1617m, 1509m,
1458s, 1345s, 831m, 546m. Anal. calcd. for C8H6MnN5O2 (2): C,
37.08; H, 2.33; N, 27.03. Found: C, 37.49; H, 2.65; N, 27.28%. Main
IR bands (KBr, cm�1): 1650s, 1612s, 1506s, 1435s, 1340s, 837s, 546s.
y Crystal data: 1, C8H6CoN5O2, Mr = 263.11, monoclinic, space
group P21/c, a = 11.604(9), b = 9.302(7), c = 9.161(7) Å, b =
98.626(13)1, V= 977.6(13) Å3, Z= 4, m(Mo-Ka) = 1.747 mm�1, l=
0.71073 Å,Dc = 1.788 g cm�3, T=293(2) K, S=1.025,R1 = 0.0406
for 1420 reflections with I 4 2s(I), and wR2 = 0.0854 for 1925
independent reflections (Rint = 0.0337). 2, C8H6MnN5O2, Mr =
259.12, monoclinic, space group P21/c, a = 11.833(2), b =
9.7295(17), c = 9.2017(16) Å, b = 101.990(2)1, V = 1036.2(3) Å3,
Z= 4, m(Mo-Ka) = 1.266 mm�1, l= 0.71073 Å, Dc = 1.661 g cm�3,
T = 298(2) K, S = 0.921, R1 = 0.0585 for 1174 reflections with
I 4 2s(I), and wR2 = 0.1718 for 1956 independent reflections
(Rint = 0.0374).
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