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Two novel coordination polymers of Co(II) with dicyanamide (dca) were obtained by the addition of ancillary ligands
of pyrazine dioxide (pzdo) and 2-methyl pyrazine dioxide (mpdo) into the Co−dca binary system, respectively.
Co[N(CN)2]2(pzdo) (1) crystallizes in the orthorhombic space group of Pnnm (No. 58) with a ) 9.4699(5) Å, b )
14.9984(3) Å, c ) 7.4313(7) Å, and Z ) 4, while Co[N(CN)2]2(mpdo) (2) is in the monoclinic space group C2 (No.
5) with a ) 16.5391(4) Å, b ) 9.6065(2) Å, c ) 7.5001(2) Å, â ) 105.779(1)°, and Z ) 4. Both complexes
contain similar two-dimensional triangular Co−dca layers, which offer rare examples of mixed 1,5-µ- and µ3-dca
bridging coordination polymers with long-range ferromagnetic ordering below ca. 2.5 K.

The design and synthesis of metal coordination polymers
are currently under intense investigation in the context of
molecule-based magnets. One common approach is employed
to connect paramagnetic transition metal ions via bridging
ligands into multidimensional networks, in which the metal
ions are the source of magnetic moments, while the bridging
ligands provide the superexchange pathways between the
magnetic centers. A variety of magnetic coordination poly-
mers bridged by small conjugated ligands, such as cyano,
oxalato, and azido, have been reported in the last two
decades, and these were shown to have good superexchange
properties.1-3 The dca (dicyanamide) ligand, [N(CN)2]-,
possesses three coordination nitrogen atoms and several
possible coordination modes: terminal, bidentate 1,5-µ-,

three-coordinateµ3-, and unusualµ4-dca, thus providing a
versatile “building block” for constructing multidimensional
networks. Series of rutile-like complexes M[N(CN)2]2 (M
) Cr, Mn, Fe, Co, Ni, Cu) have been shown to be
magnetically ordering (except M) Cu); namely, they are
weak ferromagnets for M) Cr, Mn, and Fe below 47, 16,
and 19 K, respectively, and ferromagnets for M) Co and
Ni below 9 and 21 K, respectively.4 The magnetic order
results essentially from the three-atom pathway of theµ3-
dca.

Although the addition of ancillary ligands (e.g., pyridine,
pyrazine, pyrimidine, 2,2′-bipyrimidine, 4,4′-bipyridine, and
2,2′-bipyridine, etc.) into these binary systems frequently
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alters the bridging mode of [N(CN)2]- from µ3 to 1,5-µ, and
therefore leads to a paramagnetic behavior,4f,6 a wide variety
of molecular architectures subsequently obtained conduce
to establish a better understanding of the relationship between
structure and magnetic behavior.5,6 To date, only a few dca
complexes containing ancillary ligands show long-range
ordering behavior5 which is directly related to either the
spatial dimensionality of the crystal structures5a-c or the
coexistence of theµ3- and 1,5-µ-dca pathways.5d-f Here, we
report two novel two-dimensional (2D) complexes Co-
[N(CN)2]2(pzdo) (pzdo) pyrazine dioxide) (1) and Co-
[N(CN)2]2(mpdo) (mpdo) 2-methyl pyrazine dioxide) (2)
consisting of bothµ3- and 1,5-µ-bridging modes of dca with
long-range ferromagnetic ordering.

Experimental Section

Elemental analyses of carbon, hydrogen, and nitrogen were
carried out with an Elementar Vario EL. The variable-temperature
dc magnetic susceptibility, the zero-field ac magnetic susceptibility,
and the field dependence of magnetization were performed on a
Maglab System 2000 magnetometer (Oxford Instruments).7 The
experimental susceptibilities were corrected for the diamagnetism
of the constituent atoms (Pascal’s tables).8

Synthesis. Pyrazine dioxide (pzdo) and 2-methyl pyrazine
dioxide (mpdo) were prepared from pyrazine and 2-methylpyrazine
by means of a known method.9 Sodium dicyanoamide (Na(dca))

and other chemicals were purchased, and these were used directly
without further purification.

Co[N(CN)2]2(pzdo), 1.CoCl2‚6H2O (0.25 mmol) and 0.50 mmol
of Na(dca) were dissolved in 10 mL of water. Aqueous solution
(10 mL) of pzdo (0.50 mmol) was added with continuous stirring.
The resulting solution was filtrated and allowed to slowly evaporate
at room temperature. After one month, deep-red single crystals
suitable for X-ray diffraction appeared. The crystals were collected,
washed with water, and dried in air (yield 60%). Anal. Calcd for
C8H4CoN8O2: C, 31.69, H, 1.33; N, 36.97%. Found: C, 31.60, H,
1.49, N, 36.66%. IR (cm-1, KBr disk): 2318 ms, 2293 ms, 2269
ms, 2247m, 2211 s, 2180 s. The polycrystalline sample of1 with
higher purity was prepared by fast precipitation from the concen-
trated aqueous solution of CoCl2‚6H2O, pzdo, and dca with a ratio
of 1:1:2. The powder sample of 3DR-Co(dca)2 (1a) was prepared
through the same method from the concentrated solution of CoCl2‚
6H2O and dca with a ratio of 1:2.

Co[N(CN)2]2(mpdo), 2.A method similar to that for compound
1 with mpdo instead of pzdo was used to prepare compound2.
Large deep-red single crystals and very tiny pink crystals were
obtained. The deep-red crystals were identified as2, while pink
crystals were also regarded as2 but contaminated by Co(dca)2. The
former crystals were separated out mechanically (yield 50%), and
these crystals were used for structural and magnetic investigation.
Anal. Calcd for C9H6CoN8O2: C, 34.09; H, 1.91; N, 35.33%.
Found: C, 33.06; H, 1.92; N, 35.46%. IR (cm-1, KBr disk): 2316
ms, 2290 ms, 2274 ms, 2246 m, 2207 s, 2172 s.

Crystallography. A deep-red crystal of1 (0.25× 0.15× 0.10
mm3) and a crystal of2 (0.15× 0.15× 0.15 mm3) were selected
for the single crystal X-ray diffraction analysis. All the data
collections were carried out on a Nonius Kappa CCD diffractometer
with graphite-monochromated Mo KR radiation (λ ) 0.71073 Å)
at 293 K. The structures were solved by direct methods and refined
by a full-matrix least-squares technique based onF2 using the
SHELXL 97 program. All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were placed on the calculated
positions and were refined isotropically. The details of the crystal
data and selected bond lengths and angles for compounds1 and2
are listed in Tables 1 and 2, respectively.

Results and Discussion

Description of Structures. The introduction of ancillary
ligands, pzdo for1 and mpdo for2, into the M(dca)2 system
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Table 1. Crystal Data and Structure Refinement for1 and2

1 2

formula C8H4CoN8O2 C9H6CoN8O2

fw 303.12 317.15
cryst syst orthorhombic monoclinic
space group Pnnm(No. 58) C2 (No. 5)
a (Å) 9.4699(5) 16.5391(4)
b (Å) 14.9984(3) 9.6065(2)
c (Å) 7.4313(7) 7.5001(2)
R (deg) 90 90
â (deg) 90 105.779(1)
γ (deg) 90 90
V (Å3) 1055.49(12) 1146.73(5)
Z 4 4
Dcalcd(Mg/m3) 1.908 1.837
µ (mm-1) 1.640 1.514
GOF 1.118 1.018
F(000) 604 636
Rint 0.0866 0.0346
R1a [I > 2σ(I)] 0.0392 0.0349
wR2b [I > 2σ (I)] 0.0965 0.0891

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

2)2/∑w(Fo
2)2]1/2.
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changes the structure from a three-dimensional rutile-like
geometry to a 2D triangular motif, in accompanying the
formation of dualµ3- and 1,5-µ-modes in1 and 2. These
structures thus offer rare examples of both bridging modes
coexisting in one compound.

Compound 1.It is composed of two crystallographically
independent cobalt atoms with different coordination envi-
ronments, as shown in Figure 1. One may see that Co(1) is
coordinated in an octahedron by four nitrile nitrogen atoms
at equatorial sites with the Co-N distance of 2.099(3) Å
and two oxygen atoms of pzdo at the axial sites with
the Co-O distance of 2.124(4) Å. Each Co(1) is con-
nected to four nearest Co(2) atoms throughµ3-dca with the
Co(1)‚‚‚Co(2) separation of 6.019 Å (Figure 1a). Both the
Co-N distance and Co(1)‚‚‚Co(2) separation are similar to
those found in the 3DR-Co(dca)2 (1a).4 Each octahedral Co-
(2) is coordinated by four nitrile nitrogen atoms at the
equatorial sites with the Co-N distance of 2.082(3) Å and
two amide nitrogen atoms at the axial sites with the Co-N
distance of 2.180 Å. Co(2) joins to the two nearest Co(2)
ions through double 1,5-µ-dca bridges along thea axis with
the Co(2)‚‚‚Co(2) separation of 7.431 Å and four nearby Co-
(1) atoms throughµ3-dca (Figure 1b). Thus, Co(II) ions are
connected by dual 1,5-µ- andµ3-[N(CN)2]- bridges, yielding
a 2D triangular lattice in theac plane by connecting metal
ions (Figure 2). Terminal pzdo ligands3g form weak hydrogen
bonds with other pzdo molecules from adjacent layers,
extending the 2D sheets into a three-dimensional (3D)
network with interlayer Co‚‚‚Co separation being 7.499 Å
(Fig. S1).

Compound 2.Using mpdo instead of pzdo gives a similar
2D layer, as found in1. All Co ions in 2 lie on a 2-fold
axis, and the coordination environments are the same as those
found in 1 (Figure 3). The same orientation of asymmetric

terminal mpdo ligands along theb axis (Figures 3a and 4)
generates the polarity of compound2. The dca anion also
exhibits bothµ3- and 1,5-µ-coordination modes with the
Co‚‚‚Co distances of 6.078 and 7.500 Å, respectively. The
Co‚‚‚Co, Co-N, and Co-O distances are similar to those
found in compound1 and in the rutile-like 3D structures of
M(dca)2. The Co(II) ions connected byµ3- and 1,5-µ-dca
ligands form a triangular lattice in thebc plane. No
pronounced hydrogen bonding interaction, except the van
der Waals force, between the 2D layers takes effect. The
interlayer Co‚‚‚Co distance is 8.270 Å (Figure 4).

Table 2. Selected Bond Lengths (Å) and Angles (deg) for1 and2

1a

Co(1)-N(3) 2.100(3) Co(1)-O(1) 2.138(4)
Co(2)-N(5) 2.089(3) Co(2)-N(4) 2.179(4)

N(3)a-Co(1)-N(3) 86.90(16) N(3)b-Co(1)-N(3) 93.10(16)
N(3)-Co(1)-O(1)c 90.22(12) N(3)-Co(1)-O(1) 89.78(12)
O(1)c-Co(1)-O(1) 180.0
N(5)-Co(2)-N(5)d 180.0 N(5)-Co(2)-N(5)e 93.80(19)
N(5)-Co(2)-N(5)f 86.20(19) N(5)-Co(2)-N(4)d 90.88(13)
N(5)-Co(2)-N(4) 89.12(13) N(4)d-Co(2)-N(4) 180.0

2b

Co(1)-O(1) 2.067(2) Co(1)-N(3) 2.136(3)
Co(1)-N(6)b 2.156(4) Co(2)-N(4) 2.181(5)
Co(2)-N(5) 2.203(5) Co(2)-N(7) 2.102(3)
Co(2)-N(9)a 2.098(3)

O(1)-Co(1)-O(1)a 176.8(2) O(1)-Co(1)-N(3) 89.63(14)
O(1)-Co(1)-N(3)a 88.21(13) N(3)-Co(1)-N(3)a 94.31(19)
O(1)-Co(1)-N(6)b 90.42(13) N(3)-Co(1)-N(6)b 179.53(17)
O(1)-Co(1)-N(6)c 91.75(13) N(3)-Co(1)-N(6)c 86.16(9)
N(6)b-Co(1)-N(6)c 93.37(19) N(9)a-Co(2)-N(7) 85.91(11)
N(9)d-Co(2)-N(7) 94.08(11) N(7)e-Co(2)-N(7) 179.7(3)
N(9)a-Co(2)-N(4) 90.16(14) N(7)-Co(2)-N(4) 90.14(15)
N(9)a-Co(2)-N(5) 89.84(14) N(7)-Co(2)-N(5) 89.86(15)
N(4)-Co(2)-N(5) 180.0 N(9)a-Co(2)-N(9)d 179.7(3)

a Symmetry code: a,-x - 1, -y, z; b, x, y, -z + 1; c,-x - 1, -y, -z
+ 1; d, -x, -y, -z; e, x, y, -z; f, -x, -y, z. b Symmetry code: a,-x, y,
-z; b, -x, y - 1, -z; c, x, y - 1, z; d, x, y, z + 1; e, -x, y, -z + 1.

Figure 1. Coordination environment of Co(1) (a) and Co(2) (b) of
compound1.

Figure 2. Two-dimensionalac plane in1 formed by dual 1,5-µ- andµ3-
[N(CN)2]- bridges.
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The 2D triangular structural motifs of1 and2 are similar
to those found in M(dca)2(H2O)(phz) (M ) Co, or Ni and
phz ) phenazine),5e but the layers in the latter are well
separated by bulky ligands (Co‚‚‚Co ) 11.194 Å). Neverthe-
less, the interlayer interaction of strong N‚‚‚H-O hydrogen
bonding in the latter is comparable with the weak hydrogen
bonding of O‚‚‚H-C or the van der Waals force in the title
compounds.

Magnetic Properties. Compound 1.A powder sample
of 1 was magnetically studied on an Oxford MagLab-2000
system. A plot oføMT versusT (per Co unit) in a field of 5
kOe is shown in Figure 5a. TheøMT value at 300 K is 3.08
cm3 mol-1 K, which decreases smoothly with a decrease of
temperature and reaches a minimum value of 2.50 cm3 mol-1

K at 19.3 K. On further cooling,øMT increases rapidly and
reaches two maxima of 3.07 and 3.15 cm3 mol-1 K at 7.9
and 2.2 K, respectively. The magnetic susceptibility above
40.0 K obeys the Curie-Weiss law with the Weiss constant,
θ ) -9.4 K, and the Curie constant,C ) 3.17 cm3 mol-1

K. The C value corresponds tog ) 2.60 and an effective
magnetic moment of 5.03µB per Co(II) ion, which is
significantly larger than the spin-only value, being attributed
to the orbital contribution of high spin Co(II) ions in the
octahedral environment, but is consistent with the values
observed in the 3DR-Co(dca)2 (1a) complex4b and many
other high spin octahedral Co(II) complexes.8 The decrease
of øMT at high temperature does not imply antiferromagnetic
coupling between Co(II) ions, as it is mainly due to the
single-ion behavior of Co(II). Its4T2 triplet ground state splits
under the combination of a spin-orbit coupling and a

noncubic crystal field, giving six Kramers doublets with an
effective anisotropicS ) 1/2 ground state. The divergence
of øMT below 20 K results from the ferromagnetic couplings
between the effective spins of adjacent Co(II) ions.10 The
FCM and ZFCM curves measured in a low field of 100 Oe
show two abrupt increases inM at ca. 8.5 and 2 K, indicating
the occurrence of two long-range ferromagnetic transitions
(inset of Figure 5a). The temperature dependence of ac
magnetic susceptibility also verifies the magnetic phase
transitions below ca. 9 and 3 K (Tc) defined by the point
where nonzeroø′′ appears. No frequency dependence was
observed, thus excluding any glassy behavior (Figure 6a).

The field dependence of the magnetization measured at
1.75 K shows a rapid saturation of the magnetization. The
saturated value of the magnetization is 2.28Nâ per Co at
70 kOe, which corresponds to ageff ) 4.56 with Seff ) 1/2
per Co(II) ion (Figure S3). Theg value is slightly smaller
than that for a 3DR-Co(dca)24 and is comparable to those
of other complexes with octahedral coordination of Co(II)
ions. The rapid increase in the saturation at low temperature
for 1 is quite typical for long-range ferromagnetic ordering.
Hysteresis measured at 1.74 K reveals that it is a soft magnet.

Observation of two ferromagnetic transitions in such a 2D
system is not easy to understand at first glance. To gain more
insight, XRD patterns were experimentally recorded and
theoretically calculated on the basis of the single crystal
X-ray diffraction result, for the same sample used in the
magnetic measurements. The results show that the sample
is dominated by compound1 but contaminated with trace
3D R-Co(dca)2 (1a). The poor solubility of1 in common
solvents prevents its further purification. The fast precipita-
tion method, though, can eliminate the impurity to some
extent, but the sample is still not pure enough. Since the
possible slight contamination of 3DR-Co(dca)2, we may
reasonably assume that the observation of the transition at
8-9 K could be regarded as a result of trace 3DR-Co(dca)2
(1a), while the low-temperature ferromagnetic transition at
ca. 2 K should be the intrinsic property from complex1. To
elucidate this assumption unambiguously, the ZFCM, FCM,
and ac susceptibility were measured for the sample mixing
10% 3DR-Co(dca)2 (1a) with 1. As shown in Figure 5a,c,
above 9 K there is no difference of the ZFCM and FCM
susceptibility for both1 and the mixed sample; however, in
a temperature range 2-9 K, the signal of FCM for the mixed
sample is remarkably stronger than that of1, indicating that
the ordering around 9 K is caused by the impurity of 3D
R-Co(dca)2. At about 2 K, the signals of ZFCM and FCM
for both 1 and the mixed sample increase sharply (Figure
5a,c), while no such a transition is observed for 3DR-Co-
(dca)2 (1a) around 2 K (Figure 5b), suggesting that the
magnetic ordering below 2 K is caused by1. The obviously
stronger in-phase and out-of-phase signals on the ac curves
for the mixed sample at about 9 K versus the disappearance
of the transition for 3DR-Co(dca)2 at 2 K with respect to
dual signals of1 demonstrates once again that the transitions

(10) Angelov, S.; Drillon, M.; Zhecheva, E.; Stoyanova, R.; Belaiche, M.;
Derory, A.; Herr, A.Inorg. Chem. 1992, 31, 1514.

Figure 3. Coordination environment of Co(1) (a) and Co(2) (b) of
compound2.
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around 9 and 2 K are caused by 3DR-Co(dca)2 and 1,
respectively (Figure 6).

Compound 2. The magnetic behavior of2 should re-
semble that of1 essentially on the basis of their similar layer
structures. With the decrease of temperature,øMT goes down
slowly to a minimum value of 2.60 cm3 mol-1 K at 18.2 K

and then goes up quickly to a maximum value of 3.06 cm3

mol-1 K at 4.75 K (Figure 7). Fitting of the magnetic data
above 50 K by the Curie-Weiss law gives the Weiss
constant,θ ) -13.7 K, and the Curie constant,C ) 3.34
cm3 mol-1 K. The ZFCM and FCM data measured under

Figure 4. Stacking of 2D trigonal layer of2.

Figure 5. Temperature dependence oføMT for 1 (a), R-Co(dca)2 (b), and
0.9 × 1 + 0.1 × 1a, R-Co(dca)2 (c). Inset: Zero field cooled magnetiza-
tion (ZFCM) and field cooled magnetization (FCM) versusT measured at
100 Oe.

Figure 6. In-phase (øm′) and out-phase (øm′′) ac magnetic susceptibilities
as a function of temperature taken at 111, 199, 355, 633, and 1111 Hz for
1 (a), R-Co(dca)2 (b), and 0.9× 1 + 0.1 × 1a, R-Co(dca)2 (c).
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the magnetic field of 100 Oe show an abrupt increase at 1.9
K and a small shoulder at 8.6 K, implying that the phase
transitions take place for compound2 (inset of Figure 7)
and the trace 3DR-Co(dca)2, respectively. The ac magnetic
susceptibility also shows nonzero values of both in-phase
and out-of-phase signals at about 8.2 and 2.5 K. The weaker
shoulder at 8.2 K gives another evidence of the trace of 3D

R-Co(dca)2, while the sharp increase at 2.5 K suggests the
occurrence of magnetic ordering for2 (Figure 8). The
hysteresis loop measured at 1.78 K reveals the behavior of
a soft magnet of compound2 (Figure 9).

In contrast to paramagnetic character above 2 K (though
there might be magnetic order at much lower temperature)
in 2D compound Co(dca)2(H2O)(phz),5e the FCM, ZFCM,
and ac susceptibility for compounds1 and 2 all present
evidence of magnetic orderings below ca. 2.5 K. This would
be related to the difference of interlayer Co‚‚‚Co separation;
namely, the separation is 7.499 Å for1, and 8.270 Å for2,
which are significantly shorter than that in Co(dca)2(H2O)-
(phz) (11.194 Å). On the other hand, ordering temperatures
Tc in 1 and2 are comparable with that of a 3D network Co-
[N(CN)2]2 (pyrimidine) (1.8 K).5b However, they are con-
siderably lower than that of 3DR-Co(dca)2 (8-9 K),
notwithstanding the same number of nearest neighbors, say
8, around each Co(2) ion. It is reasonable that the magnitude
of Co‚‚‚Co coupling in1 and2 should be smaller than that
in 3D R-Co(dca)2, since the Co‚‚‚Co separations throughµ-
andµ3-dca and interlayer separations (6.11× 4, 7.45× 2,
and 7.499× 2 Å for 1, 6.078× 4, 7.500× 2, and 8.270×
2 Å for 2) are overall larger than those in the 3DR-Co-
(dca)2 (6.00× 2, 6.01× 2, 7.07× 2, 7.39× 2 Å).

In summary, two novel title compounds are synthesized,
which present rare examples of mixedµ1,5- and µ3-dca
bridging coordination polymers and have unusual 2D trian-
gular lattice structures with long-range ferromagnetic order-
ing below 2.5 K.
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Figure 7. Temperature dependence oføMT for 2 measured at 5 kOe.
Inset: Zero field cooled magnetization (ZFCM) and field cooled magnetiza-
tion (FCM) versusT for 2 measured at 100 Oe.

Figure 8. In-phase (øm′) and out-of-phase (øm′′) ac magnetic susceptibilities
as a function of temperature taken at 111, 199, 355, 633, and 1111 Hz
for 2.

Figure 9. Magnetic hysteresis loops at 1.78 and 5.09 K for2.
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