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Reactions of Co(ClO4)2·6H2O with 2-pyrazinephosphonic acid (2-paPO3H2) under two different
hydrothermal conditions gave two new cobalt 2-pyrazinephosphonates, Co(2-paPO3H)2 (1) and Co
(2-paPO3)(H2O) (2). Compound 1 was obtained at 160 °C, while 2 was obtained at 180 °C. In 1,
two Co(II) units are bridged by two O–P–O’s into a dimer and the dimers are linked by pyrazinyl
groups into a 1-D double chain. In 2, the {CoO4N2} and {CPO3} polyhedra are interconnected via
edge and corner-sharing into a metal phosphonate layer, and the layers are pillared by pyrazinyl
groups into a 3-D network. Variable-temperature magnetic susceptibility studies reveal that both
complexes have weak antiferromagnetic coupling between Co(II) ions.

Keywords: Cobalt; Phosphonate; Polymer; Magnetic

1. Introduction

Crystal engineering has become an intense research activity because of the growing need
for solid-state architectures with potential applications as functional materials in zeolitic
behavior, catalysis, and magnetism [1–4]. Selection of terminal ligands is a key step for
design of metal–organic coordination polymers with topologies having specific chemical
and physical properties [5–7]. Pyrazine is a highly attractive bridging ligand due to its lone
pairs on the nitrogen atoms, through which it may coordinate to metal centers [8]. The
carboxylate attached pyrazine (2-pyrazinecarboxylate, L) has been used for synthesis of
different complexes with N- and O-donors. The potential for coordination and hydrogen
bonding interaction of the ligand can lead to various molecular or supramolecular
architectures. These include homometallic complexes such as 1-D [CoNa(N3)2L] showing
single-chain magnet behavior [9]. 2-D [Ln2(C2O4)2(L)2(H2O)2] displays liquid-state lumi-
nescent emission [10]. The more interesting complexes are heterometallic 3-D polymers
[Co4(L)4(V6O17)] and [Ni4(L)4(V6O17)] that are chiral and stable at 400 °C [11].
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Monophosphonic acid RPO3H2, where R represents an alkyl or aryl group, prefer to
form layered lattices or cage-like structures with transition metals [12,13]. To obtain
complexes with new structures and properties, functional groups such as amino,
aza-crown, sulfonate, and pyridyl have been introduced to the phosphonate [14–17]. The
pyrazinephosphonic acid incorporates both pyrazine and phosphonate. Presence of the
2-phosphonate on the pyrazine ring furnishes additional potential for chelation. Together,
the oxygen and nitrogen atoms, and their arrangement in space generate a ligand that can
simultaneously bridge in many different modes generating three polymers [Zn(2-paPO3)],
Cd[(2-paPO3)(H2O)], and Cd[(2-paPO3H)Cl] [18]. In [Zn(2-paPO3)], the O–P–O bridged
inorganic layers are pillared by pyrazinyl groups into a 3-D network. In Cd[(2-paPO3)
(H2O)], {CdO5N} and {CPO3} polyhedra are interconnected via edge and corner-sharing
into a metal phosphonate layer, while in Cd[(2-paPO3H)Cl], the {Cd2Cl2} dimers are
linked by O–P–O bridges into a 1-D double chain, and the chains are joined into a layer
by pyrazinyl groups.

As part of an extended study concerning 2-paPO2�
3 for construction of metal polymers,

here we report syntheses, crystal structures, and magnetic properties of two cobalt
complexes with different compositions: ligand-rich 1 : 2 compound Co(2-paPO3H)2 (1) and
ligand-deficient 1 : 1 compound Co(2-paPO3)(H2O) (2).

2. Experimental

2.1. Materials and methods

All starting materials were reagent grade and used as purchased. The 2-paPO3H2 was
prepared according to the literature method [19]. Elemental analyses were performed on a
PE 240C elemental analyzer. The FT-IR spectra were recorded on a NICOLET 380
spectrometer with pressed KBr pellets. All magnetic studies were performed on the micro-
crystalline state. Magnetic susceptibilities were measured on a Quantum Design MPMS
SQUID-XL7 magnetometer. Diamagnetic corrections were made for both the sample
holder and the compound estimated from Pascal’s constants [20].

2.2. Syntheses

2.2.1. Co(2-paPO3H)2 (1). A mixture of Co(ClO4)2∙6H2O (0.0177 g, 0.05mmol),
2-paPO3H2 (0.0160 g, 0.1mmol), and H2O (2mL) was placed in a Teflon-lined stainless
steel vessel, adjusted to pH= 1–2 with dilute HCl, heated at 160 °C for three days, and
then cooled to room temperature over 12 h. Pale-yellow block crystals of 1 were obtained
with 43% yield based on Co(ClO4)2∙6H2O. Elemental analyses calcd (%) for
C8H8CoN4O6P2: C, 25.48; H, 2.14; N, 14.86%. Found: C, 25.03; H, 2.44; O, 14.42%.

2.2.2. Co(2-paPO3)(H2O) (2). A mixture of Co(ClO4)2∙6H2O (0.0354 g, 0.1mmol),
2-paPO3H2 (0.0160 g, 0.1mmol), and H2O (2mL) was placed in a Teflon-lined stainless
steel vessel, heated at 180 °C for three days, and then cooled to room temperature over
12 h. Red block crystals of 2 were obtained with 62% yield based on Co(ClO4)2∙6H2O.
Elemental analyses calcd (%) for C4H5CoN2O4P: C, 20.44; H, 2.14; N, 11.92%. Found: C,
20.03; H, 2.54; N, 11.52%.

1498 Y.-S. Ma et al.
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FT-IR spectra of 1 and 2 exhibit absorptions at 1454 and 1393, and 1452 and
1395 cm�1, respectively, assigned to pyrazinyl. Two types of νas(PO3) are inferred from
the presence of peaks at 1158 and 1047, and 1160 and 1048 cm�1 for 1 and 2, respectively
[21]. Symmetric stretch νs(PO3) was observed at 960 and 986 cm�1 for 1 and 2, respec-
tively. The sharp feature at 930 cm�1 observed for 1 is assigned to ν(POH) mode. No such
bands were observed in 2. These observations are consistent with the X-ray structural
analysis (vide infra). The aforementioned stretching vibrations are shifted to lower values
compared to those of free ligand, indicating coordination. The metal–ligand (M–O) strectch
is located at 533 and 534 cm�1, respectively.

2.3. X-ray crystallographic analysis

Single crystals with dimensions 0.22� 0.20� 0.18 mm3 for 1 and 0.18� 0.15� 0.12 mm3

for 2 were selected for indexing and intensity data collection on a Rigaku SCX mini CCD
diffractometer using graphite-monochromated Mo-Kα radiation (λ= 0.71073 Å) at room
temperature. A hemisphere of data was collected in the h range 3.46–26.00° for 1 and
3.23–27.48° for 2 using a narrow-frame method with scan widths of 0.03° in ω and an
exposure time of 10 s frame�1. Numbers of observed and unique reflections are 5691 and
2386 (Rint = 0.0383) for 1, and 3240 and 1538 (Rint = 0.0.0577) for 2, respectively. Cell
parameters were refined by using CrystalClear [22] on all observed reflections. The col-
lected data were reduced by using CrystalClear and an absorption correction (multi-scan)
was applied. The reflection data were also corrected for Lorentz and polarization effects.
The structures were solved by direct methods and refined on F2 by full matrix least
squares using SHELXTL [23]. All nonhydrogen atoms were located from the Fourier maps
and were refined anisotropically. All hydrogen atoms were refined isotropically, with the
isotropic vibration parameters related to the non-hydrogen atom to which they are bonded.
Crystallographic and refinement details of 1 and 2 are listed in table 1. Selected bond
lengths and angles are given in tables 2 and 3 for 1 and 2, respectively.

Table 1. Crystal data and structure refinements for 1 and 2.

Formula C8H8CoN4O6P2 C4H5CoN2O4P
M 377.05 235.00
Crystal system Triclinic Monoclinic
Space group P ī C c
a (Å) 7.0649(14) 13.190(3)
b (Å) 7.8510(16) 5.2554(11)
c (Å) 11.680(2) 10.275(2)
α (°) 73.73(3) 90
β (°) 86.88(3) 107.22(3)
γ (°) 78.21(3) 90
V 608.8(2) 680.3(3)
Z 2 4
ρcalcd (g cm

�3) 2.057 2.294
μ (mm�1) 1.709 2.727
F(000) 378 468
Rint 0.038 0.0577
GoF on F2 1.02 1.02
R1, wR2

a [I > 2σ(I)] 0.0409, 0.0935 0.0473, 0.0896
R1, wR2 (all data) 0.0587, 0.0994 0.0556, 0.0927
(Δρ)max, (Δρ)min (e Å�3) 0.386, �0.414 0.510, �0.625

aR1 =Σ||Fo|� |Fc|/Σ|Fo|;
wR2 = {Σw(Fo

2�Fc
2)2/Σw(Fo

2)2}1/2.

Cobalt 2-pyrazinephosphonates 1499
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3. Results and discussion

3.1. Syntheses

Temperature, pH, and molar ratio play important roles in formation of 1. At 160 °C, with
pH of 1 to 4 and with the Co(II):2-paPO3H2 molar ratio of 1 : 2, pure 1 can be obtained.
Increasing the Co(II) ion molar ratio to 1 : 1, a mixture of 1 and 2 was obtained. Lowering
the temperature, 1 and a pale-orange precipitate which was not characterized were formed.
When the temperature was increased to 180 °C, pure 2 was obtained no matter what the
molar ratio is. This may due to deprotonation and strong coordination ability of the ligand
at high temperature.

3.2. Description of the crystal structure of Co(2-paPO3H)2 (1)

Single crystal analysis reveals that 1 crystallizes in the triclinic space group Pī. The
asymmetric unit consists of one Co(II) and two 2-paPO3H

� (figure 1). The Co(II) adopts
distorted octahedral {CoO3N3} coordination, formed by coordination of four 2-paPO3H

�.
The Co(1)–O distances are 2.058(2)–2.103(2) Å, similar to those found for cobalt
phosphonates [24], whereas Co(1)–N distances are 2.146(3)–2.204(3) Å, close to those
found for pyrazinyl coordinated complexes [11]. Distortion of the {CoO3N3} octahedron is

Table 2. Selected bond lengths (Å) and angles (°) for 1.a

Co1–O1 2.076(2) Co1–N3 2.204(3)
Co1–O4 2.103(2) Co1–O3A 2.058(2)
Co1–N1 2.146(3) Co1–N2B 2.161(3)
P1–O2 1.570(2) P2–O5 1.573(4)
P2–O6 1.486(3) O3A–Co1–N2B 87.58(11)
O1–Co1–O4 166.83(10) O4–Co1–N2B 94.03(12)
O1–Co1–N1 82.26(11) O3A–Co1–O4 93.17(10)
O1–Co1–N3 90.28(11) N1–Co1–N3 97.10(12)
O1–Co1–N2B 95.06(11) N1–Co1–N2B 175.21(13)
O1–Co1–O3A 96.70(10) O3A–Co1–N1 88.79(11)
O4–Co1–N1 89.29(12) N2B–Co1–N3 86.86(12)
O4–Co1–N3 80.73(11) O3A–Co1–N3 171.43(11)

aSymmetry code: A 1� x, 2� y, 2� z; B 1 + x, y, z.

Table 3. Selected bond lengths (Å) and angles (°) for 2.a

Co1–O1 2.061(4) Co1–O2B 2.086(4)
Co1–O4 2.212(4) Co1–O3A 2.061(4)
Co1–N1 2.154(6) Co1–N2C 2.181(5)
O1–Co1–O4 170.63(16) O2B–Co1–O4 82.99(15)
O1–Co1–N1 82.40 (18) O4–Co1–N2C 93.81(17)
O1–Co1–O3A 96.01(16) O3A–Co1–N1 86.32(18)
O1–Co1–O2B 93.64(16) O2B–Co1–N1 86.14(18)
O1–Co1–N2C 95.14(18) N1–Co1–N2C 177.5(2)
O4–Co1–N1 88.64(18) O2B–Co1–O3A 166.86(16)
O3A–Co1–O4 86.10(15) O3A–Co1–N2C 94.19(18)
O2B–Co1–N2C 93.81(17)

aSymmetry code: A x, �1 + y, z; B x, 1� y, �1/2 + z; C 1/2 + x, �1/2 + y, z.

1500 Y.-S. Ma et al.
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mainly due to the small bite of 2-paPO3H
� of about 80°. Two equivalent Co(II) ions are

bridged by two O–P–O into a dimer with Co(1)� � �Co(1A) distance of 4.989(2) Å. The
dimers are bridged by pyrazinyl groups into a 1-D double chain (figure S1). The Co(1)� � �Co
(1C) distance over pyrazinyl is 7.065(2) Å. One 2-paPO3H

� is bidentate chelating, while the
other is tetradentate bridging (scheme 1). The chains are linked through hydrogen bonding
interactions [O(2)� � �O(6): 2.493(4) Å, 170(5)°, symmetry code: x� 1, y + 1, z; O(5)� � �O(2):
2.762(4) Å, 158(4)°, symmetry code: x, y� 1, z] into a layer (figure 2).

3.3. Description of the crystal structure of Co(2-paPO3)(H2O) (2)

Compound 2 crystallizes in monoclinic space group Cc. The asymmetric unit consists of one
Co(II), one 2-paPO2�

3 , and one coordinated water (figure 3). The Co(II) is distorted
octahedral {CoO4N2}. Five of the six coordination sites are filled with phosphonate
oxygen/nitrogen atoms (O(1), O(3A), O(2B), N(1), N(2C)) from four equivalent 2-paPO2�

3

Figure 1. ORTEP drawing of 1 showing 30% probability ellipsoids. Hydrogen atoms attached to carbon are
omitted for clarity. Symmetry codes: A 1� x, 2� y, 2� z; B 1 + x, y, z; C x� 1, y, z.

Scheme 1. The coordination modes of the ligand.

Cobalt 2-pyrazinephosphonates 1501
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Figure 2. Hydrogen bond connected 2-D network of 1 viewed along the c-axis.

Figure 3. ORTEP drawing of 2 showing 30% probability ellipsoids. Hydrogen atoms attached to carbon are
omitted for clarity. Symmetry codes: A x, y� 1, z; B x, �y+ 1, z� 1/2; C x+ 1/2, y� 1/2, z; D x, �y+ 1, z + 1/2;
E x, y+ 1, z; F x� 1/2, y+ 1/2, z.

1502 Y.-S. Ma et al.
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ligands. The remaining site is occupied by O(4) from water. Co(1)–O bond lengths are
2.061(4)–2.212(4) Å, in agreement with those in 1. The Co(1)–N distances are 2.154(6) and
2.181(5) Å. The 2-paPO2�

3 is pentadentate chelating and bridging, chelating Co(II) ions
through phosphonate oxygen O(1) and pyrazinyl nitrogen N(1). Each remaining
phosphonate oxygen coordinated to other equivalent Co(II) ions. Consequently, each [CPO3]
tetrahedron is vertex-shared with three [CoO4N2] octahedra through three phosphonate oxy-
gen atoms, thus forming an inorganic layer containing 12-membered rings (figure 4). Within
the inorganic layer, Co(II) ions are linked purely through O–P–O bridges. The inorganic
layer is different from that found in the pillar-layered compound Zn(2-paPO3), where 8- and
16-membered rings may be observed [18]. The Co(1)� � �Co(1) distances across O–P–O units
are 5.255(2), 5.464(1), and 6.158(1) Å, respectively. The layers are pillared by pyrazinyl
groups along the a-axis into a 3-D network (figure 5).

3.4. Magnetic properties

Variable-temperature (1.8–300K) magnetic susceptibility data at 0.1 T were recorded
(figures 6 and 7). The χMT product at 300K of 2.99 and 3.01 cm3 Kmol�1 per Co(II) for
1 and 2 are significantly higher than the spin-only value expected for noninteracting ion
with S= 3/2 (1.875 cm3 Kmol�1). This is attributed to the orbital contribution of Co(II),
which is significant in an octahedral field. On lowering the temperature, χMT slowly
decreases until 100K and falls drastically reaching a value of 0.86 and 1.06 cm3 Kmol�1

for 1 and 2 at 1.8K. The continuous decrease in χMT with decreasing temperature is
indicative of antiferromagnetic interactions; however, orbital contributions cannot be

Figure 4. The inorganic layer of 2 viewed along the a-axis. All carbon and hydrogen atoms attached to carbon
are omitted for clarity.
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Figure 5. 3-D structure of 2. All hydrogen atoms attached to carbon are omitted for clarity.

Figure 6. Plots of χM vs. T and χMT vs. T for 1. The solid lines correspond to the best fit obtained with eq. (1)
for 1.

1504 Y.-S. Ma et al.
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discarded and also influence the overall profile. The Curie–Weiss fitting of 1/χM from
25–300K gives a good result with Weiss constant, h =�16.47K for 1 and h=�14.25K
for 2, and the Curie constant, C = 3.14 cm3 Kmol�1 for 1 (figure S2) and C = 3.13 cm3

Kmol�1 for 2 (figure S3). The negative h value indicates antiferromagnetic interactions
and/or strong spin-orbital coupling effect of Co(II).

In order to further estimate the strength of the antiferromagnetic exchange interaction as
well as the spin-orbital coupling, we treat the magnetic data by considering a mononuclear
Co(II) in an octahedral environment. The data were fitted using equation (1) [25],

vCo ¼
Nb2

kðT � hÞx

7ð3� AÞ2x
5

þ 12ðAþ 2Þ2
25A

þ 2ð11� 2AÞ2x
45

þ 176ðAþ 2Þ2
675A

( )
expð�5Ax=2Þ

þ ðAþ 5Þ2x
9

� 20ðAþ 2Þ2
27A

( )
x expð�4AxÞ

3þ 2 expð�5Ax=2Þ þ expð�4AxÞ
ð1Þ

with x= λ/kBT. The parameter A gives a measure of the crystal field strength relative to the
interelectronic repulsions and is equal to 1.5 for a weak crystal field, 1.32 for a free ion,
and 1.0 for a strong field. In eq. (1), N, β, kB, T, and h have their usual meanings. The best
fitting of the susceptibility data in the full temperature range gives λ=�77.88 cm�1,
A= 1.13, and h =�1.06K for 1, and λ =�74.36 cm�1, A= 1.14, and h =�0.88K for 2. The
small negative h indicates weak antiferromagnetic coupling between the Co(II) ions
bridged by O–P–O groups.

From the structural point of view, the superexchange pathway produced by O–P–O of
2-paPO2�

3 could be responsible for the magnetic behavior for 1 and 2. Indeed, it is
common to observe that O–P–O bridges transfer antiferromagnetic interactions in metal
phosphonates [13]. As observed in the structures, the nearest Co� � �Co distance of 4.989

Figure 7. Plots of χM vs. T and χMT vs. T for 2. The solid lines correspond to the best fit obtained with eq. (1) for 2.
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(2) Å for 1 is shorter than the distance of 5.255(2) Å for 2; this may lead to the slightly
stronger antiferromagnetic interactions in 1.

4. Conclusions

The complexes reported herein reveal the versatility of the bridging 2-paPO2�
3 to Co(II)

(scheme 1), a versatility that provides access to the interesting supramolecular structures that
are stabilized through hydrogen bonding interactions. The 1-D double chain structure of 1 is
different from that of other metal diphosphonates such as [Co(hedpH2)2](4,4′-bipyH2)·(H2O)
and [Cu(H5ahdp)·H2O]n. In the latter compounds, metal ions are connected by O–P–O into
one chain. Hydrogen bonds link the chains into a 3-D network [26]. The pillar-layered struc-
ture of 2 is different from the 3-D structure of NaCo[O3PCH(OH)CO2]. The latter has a 3-D
open framework with channels running along the a-axis and Na+ cations located at the
intersection of these channels [27]. The magnetic property studies indicate that weak
antiferromagnetic interactions are propagated between Co(II) centers in 1 and 2. Antiferro-
magnetic interactions between Co(II) ions have been observed in Co(2-mpac)2(H2O)2 and
[Co3L6(H2O)6](ClO4)6 [28]. Further work is in progress to obtain new metal 2-pyra-
zinephosphonates by systematic exploration of synthetic parameters.

Supplementary material

CCDC 860939 and 860940 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallographic Data
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1. Figure S2: 1/χ vs. T curve for 1. Figure S3: 1/χ vs. T curve for 2.
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