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The crystal structure determination of Pb(dca)2 reveals a new

M(dca)2 structural type with two unusual coordination modes of

dicyanamide existing in a novel (4,5,9)-connected 3D-polymeric

structure, indicating the versatile coordination behaviour of both

dicyanamide and lead atom.

The crystal engineering of coordination polymers containing
dicyanamide [(dca, N(CN)2

�], and especially binary M(dca)2
compounds, has attracted great attention.1,2 The first family
of M(dca)2 with M ¼ Cr, Mn, Fe, Co, Ni possesses a rutile-
like structure and interesting magnetic properties.1 Weak
ferromagnetism was found for M ¼ Cr, Mn, Fe below 47,
16, and 19 K, respectively, while the Cu analogue is only para-
magnetic down to 2 K. For M ¼ Co and Ni, ferromagnetic
ordering occurs between 9 and 21 K, respectively. The second
M(dca)2 structural type occurs in the tetrahedral metal dicya-
namide complex Zn(dca)2 , which consists of an extended 2-D
layered network with a nearly ideal square Zn� � �Zn metal
array.2

Since dicyanamide has three nitrogen donor atoms, it can
exhibit several possible coordination modes. Five coordination
modes have been suggested (see Scheme 1), of which four
modes were substantiated by X-ray crystallography. The most
commonly observed coordination mode is two-connecting, II,
which has been found in many transition metal compounds
and some main group metal compounds.3 The terminal mode
I occurs in some mononuclear complexes, for example
Cu(1,10-phen)2(dca)2 ,

4 [CuII(1,10-phen)2(dca)2][C(CN)3],
5 and

Mn(NITpPy)2(dca)2(H2O)2 ,
6 while the three-connecting mode

III is observed in the rutile-like material M(dca)2 , M ¼ Cr,
Mn, Fe, Co, Ni,1 and the unusual four-connecting mode IV
occurs in (CH3)2Tl(dca).

7 The possible two-connecting mode
V has yet to be confirmed, although it is postulated for one
isomer of CuII(dca)2(imidazole).8

As early as 1922, the preparation of Pb(dca)2 was reported
but the structural characterization was not given.9 Due to
the versatile coordination number and coordination geometry
of lead(II) ion, novel coordination mode and novel network
structure might be expected for Pb(dca)2 . Herein we report
the synthesis and structure of nine-coordinate Pb(dca)2 , 1,
with an unprecedented structural type for M(dca)2 com-
pounds. The most striking feature of 1 is the occurrence of a
novel (4,5,9)-connected 3D- polymeric network with two unu-
sual coordination modes of dicyanamide, one of which has not
been reported before.
Compound 1 was obtained as colourless block crystals by

the reaction of Pb(NO3)2 and Nadca in aqueous solution.
The infrared spectrum of 1 shows several infrared peaks
at 2149 [vs, nsym(C==N)], 2216 [v, nasym(C==N)], 2235 [sh,

nasym(C==N)], 2260 [s, nsym+ nasym(C==N)], 2287 [sh,
nsym+ nasym(C==N)], which are consistent with the reported
values of CN vibrations for metal-dicyanamide compounds.3

Fig. 1 shows an ORTEP diagram of the asymmetric unit of
1. There is only one type of lead atom, which is surrounded by
nine nitrogen atoms as shown in Fig. 2. All nine nitrogen
atoms are from dca ligands with the bond distances varying
from 2.639(11) to 3.138(17) Å, and the bond angles from
67.8(4)� to 144.8(5)�. It is very interesting that there are two
different types of dca in 1, as shown in Fig. 2. The first type
of dca, N(1)C(1)N(2)C(2)N(3), exhibits the five-connecting
mode VI, with bond distances Pb(1f)–N(1) ¼ Pb(1g)–
N(1)=2.820(14), Pb(1)–N(3)=Pb(1j)–N(3)=2.639(11) and
Pb(1i)–N(2)=2.822(17) Å. Interestingly, the two cyanido
nitrogen atoms coordinate with two pairs of lead atoms with
different bond lengths. This five-connecting mode, VI, has
not been observed before. In the second type of dca,
N(4)C(3)N(5)C(4e)N(6e), the two terminal cyanido nitrogens
coordinate with one and two lead atoms, respectively,
with Pb(1)–N(4)=2.655(17) and Pb(1h)–N(6)=Pb(1)–
N(6)=2.662(11) Å. The Pb–N(amide) distance is rather long

Scheme 1
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[Pb(1f)–N(5)=3.138(17) Å], which could be marginally consid-
ered as ‘‘a weak bond’’. Thus, this coordination mode could
be considered as a four-connecting mode IV, which has
previously been observed in (CH3)2Tl(dca).

7 With these two
unusual coordination modes, lead and dca form a novel 3D-
extended polymeric structure of compound 1, which demon-
strates the power of lead and dca as building blocks in the
construction of novel coordination polymers due to their
versatile coordination behaviour.
Although many coordination polymers have been reported,

they usually exhibit low-connecting networks based on three to
four connecting nodes. Examples for high-connecting topo-
logical networks have been rarely reported.10 Seven- and
eight-connected topologies have recently been reported for

lanthanide coordination compounds.10 To our knowledge, a
polymeric network containing a nine-connecting centre has
not been reported. Compound 1 contains nine-connecting
lead centres and also contains four- and five-connecting dca
ligands. Thus, it is the first example of a novel (4,5,9)-con-
nected polymeric network.
In summary, a novel (4,5,9)-connected polymeric network

with two unusual coordination modes of dicyanamide has been
observed in the crystal structure of Pb(dca)2 , 1, which exhibits
a new structural type for M(dca)2 compounds.

Experimental

Synthesis

Five milliliters of an aqueous solution containing Nadca (0.089
g, 1.0 mmol) was added dropwise to 5 ml of an aqueous solu-
tion of Pb(NO3)2 (0.17 g, 0.5 mmol) without stirring. The
resulting mixture was left at room temperature and single
crystals suitable for X-ray single-crystal diffraction analysis
appeared after several weeks. Yield: 0.13 g [78% based on
Pb(NO3)2]. IR(KBr pellets, cm�1): 527 s, 549 s, 649 m, 916 s,
933 m, 1324 vs, 1350 s, 1418 w, 1636 w, 2149 vs, 2216 s,
2235 sh, 2260 s, 2287 sh.

X-Ray crystallography

Data collection for 1 (2.27� p yp 24.97�) was carried out at
293 K on a Bruker P4 diffractometer using graphite monochro-
mated Mo-Ka radiation (l ¼ 0.71073 Å) with the o scan
method. The structure was solved by direct methods using
SHELXS 9711 and refined by full-matrix least-squares calcula-
tion on F2 with SHELXL 97.12 All non-hydrogen atoms were
refined anisotropically. Calculations were performed on a
PC-586 computer.
CCDC number 189047. See http://www.rsc.org/suppdata/

nj/b2/b206332h/ for crystallographic data in CIF or other
electronic format.

Crystal data for 1. C4N6Pb, M ¼ 339.29, orthorhombic,
space group Pnma, a ¼ 13.501(2), b ¼ 3.995(1), c ¼ 11.980(2)
Å, U ¼ 646.2(2) Å3, Z ¼ 4, Dc ¼ 3.488 g cm�3, m ¼ 26.039
mm�1, 657 unique reflections measured. The final R indices
[I > 2s(I)] were R1 ¼ 0.038 and wR2 ¼ 0.1240.
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