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A novel mixed-valence copper coordination polymer:
synthesis, characterization and crystal structure
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Department of Chemistry, Shaanxi Key Laboratory of Physical Inorganic Chemistry,
Northwest University, Xi’an, Shaanxi 710069, P.R. China

(Received in final form 28 July 2005)

Hydrothermal reaction of copper(Il) nitrate trihydrate with 2-pyrazinecarboxylic acid
in the presence of phosphorous acid gave a novel mixed-valence coordination polymer,
[Cu(T)Cu(IT)(CsH3N,0,),(NO3)(H20)], (1), which has been structurally characterized.
Crystal data: triclinic, Pi, a=6.2266(6), b=8.0148(7), c=14.443(1)A, a=74.698(1),
B=84.865(1), y=84.532(1)°, V=690.51(11)A%, Z=2, R;=0.0262. The complex
features linear —Cu(l)(2-pyrazinecarboxylate)-Cu(2)-(NO3)(H,0)(2-pyrazinecarboxylate)—
Cu(3)(2-pyrazinecarboxylate)-Cu(2)(NO;)(H,O)(2-pyrazinecarboxylate)— strands cross-linked
by water molecules to form a two-dimensional sheet, further connected by intralayer
Cu(2) - - - NOj3 interactions to form a novel cavity. Other characteristic data are given.

Keywords: Hydrothermal reaction; Copper; 2-Pyrazinecarboxylic acid; Mixed-valency;
Coordination polymer; Crystal structure

1. Introduction

Studies of mixed-valence complexes are of great interest both in biochemistry and
inorganic chemistry [1-3]. Such complexes may not only serve as possible models
for copper proteins or provide valuable information on electron-transfer mechanisms,
but also have potential applications in fields such as nonlinear optics, electric and
magnetic materials [4, 5]. Pyrazine is an excellent bridging ligand and has been
extensively studied. In addition, carboxylate ligands are equally capable of bridging
when paramagnetic metals are involved, and represent an important class of ligand
in inorganic and bioinorganic chemistry [6]. 2-Pyrazinecarboxylic acid (2-pac) is a
versatile bridging ligand. It allows the design of novel mixed-valency Cu(Il)/Cu(Il) and
mixed-metal compounds, some of which have been structurally characterized [7-14].
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Here we describe the hydrothermal synthesis and characterizations of novel
mixed-valence Cu(I)/Cu(Il) coordination polymer containing 2-pac 1.

2. Experimental

2.1. Materials and measurements

2-Pyrazinecarboxylic acid was purchased from Acros. All other chemicals were of
analytical grade and used without further purification. Elemental analyses were
performed on a Vario EL III instrumentanalyzer. IR spectra were recorded on a
BEQ VZNDX 550 FTIR instrument (KBr pellets) in the range 4000-400 cm ™.

2.2. [Cu()Cu(II)(CsH3N0,)2(NO3) (H30) ], (1)

Dark red plates of 1 were obtained from a mixture of 2-pyrazinecarboxylic acid
(0.124 g, 1 mmol), Cu(NOs),-3H,0 (0.242¢, 1 mmol) and H3PO; (0.2cm’, 50%),
which was placed in a sealed plastic bottle and kept at 85° for 24 h under autogenous
pressure. Yield: 76%. Anal. Calcd For Cu,C;oHgNsOg (%): C, 26.78; H, 1.39;
N, 15.49. Found: C, 26.50; H, 1.78; N, 15.45.

2.3. Crystallography

A suitable single crystal of dimensions 0.35 x 0.12 x 0.28 mm® was mounted on Bruker
Smart Apex CCD diffractometer equipped with graphite-monochromatized Mo-Ku
radiation (A=0.71073 A). Data were collected using w and ¢ scan modes in the range
2.64<60<29.15 at 273 K. Among 4434 measured reflections, 2949 were considered
observed reflections with 7> 20(/) and used in the refinement. Corrections for
Lorentz polarization factor and absorption were applied. The structure was solved
by direct methods and refined with full-matrix least-squares techniques based on F?
using the SHELXTL package [15-17]. Anisotropic thermal parameters were applied
to all non-hydrogen atoms. Hydrogen atoms were generated geometrically and
allowed to ride on their parent atoms. Crystal data, data collection parameters and
refinement statistics for 1 are listed in table 1. Selected bond distances and angles are
given in table 2.

3. Results and discussion

3.1. Description of the structure

Complex 1 exhibits a two-dimensional wave-like structure built up from one-
dimensional mixed-valence chains of Cu(I)Cu(II)(CsH3N>0,)>(NO3)(H-O) (figure 1),
cross-linked by water molecules (figure 2). Within the chain, three copper atoms
are crystallographically distinguishable. Both Cu(1) and Cu(3) are divalent and Cu(2)
is univalent. The one-dimensional mixed-valence chain consists of alternating
Cu(I)(NO3)(H»0) and Cu(II)(CsH3;N»0»), fragments. All water molecules coordinated
to Cu(2) in the same chain are arranged in a trans orientation with the neighboring
chain, as for NOj. Coordination planes of Cu(l) and Cu(3) are not coplanar,
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Table 1. Summary of crystallographic data for the complex.

Formula C]()HgCUzNSOg
Formula weight 453.29
Crystal system Triclinic
Space group Pi

a(A) 6.2266(6)

b (A) 8.0148(7)

¢ (A) 8.0148(7)

a () 74.698(1)

B () 84.865(1)

y (©) . 84.532(1)
Volume (A®) 690.51(1)

zZ 2

F(000) 450
Temperature (K) 273(2)

Total reflections 4108
Observed reflections (I > 20(1)) 2949
Goodness of fit 1.057

Ring 0.0136

Ry, wRy (I > 20(1)) 0.0262, 0.0697
Ry, wR, (all data) 0.0282, 0.0707

Table 2. Selected bond distances (A) and angles (°) for the complex.

Cu(1)-0(1) 1.936(2) Cu(1)-N(1) 1.986(2)
Cu(2)-N(2) 1.970(2) Cu(2)-N(4) 1.983(2)
Cu(2)-0(5) 2.363(3) Cu(2)-O(8) 1.983(4)
Cu(3)-0(3) 1.963(1) Cu(3)-N(3) 1.996(2)
Cu(3)-0(5) 2.436(2)

O(1)-Cu(1)-O(1) 180.0 O(1)-Cu(1)-N(1) 83.96(8)
N(1)-Cu(1)-N(1) 180.0 N(Q2)-Cu(20)-N(4) 140.16(9)
0(3)-Cu(3)-0(3) 180.0 0(3)-Cu(3)-N(3) 83.13(7)
N(3)-Cu(3)-N(3) 180.0 0(3)-Cu(3)-0(5) 90.29(6)
N(3)-Cu(3)-0(5) 89.41(7) O(5)-Cu(3)-0(5) 180.0
Cu(2)-O(5)-Cu(3) 123.14(7) 0(2)-C(1)-0(1) 125.8(2)

Figure 1. A fragment of the one-dimensional chain in 1 with atom labelling (atoms drawn at 30%
probability level); hydrogen atoms are omitted for clarity.

with an interplanar angle of 62.6°. Cu(l) is situated in a distorted square planar
environment, bonded to two oxygen and two nitrogen atoms of two chelating
2-pyrazinecarboxylate ligands. Additionally, Cu(l) interacts weakly with two NOj
ions (Cu(1)-O(7)=2.594 A), positioned perpendicularly to the [CuN,O,] plane,
giving a pseudo-octahedral geometry.

The coordination sphere of Cu(2) is a distorted tetrahedron. Cu(2) is
coordinated to two crystallographically inequivalent nitrogen donors (N(2) and N(4);
Cu(2)-N(2)=1.970(2), Cu(2)-N(4)=1.983(2) A) from two 2-pyrazinecarboxylate
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Figure 2. [Illustration of the 2-dimensional network layer in the structure; hydrogen atoms are omitted
for clarity.

molecules, one water molecule (Cu(2)-O(5)=2.221(2) A) and a nitrate oxygen
atom (Cu(2)-O(8)=2.367(7) 1&). Bond angles around Cu(2) are 140.16(9) for
N(Q2)-Cu(2)-N(4), 103.46(8) for N(2)-Cu(2)-O(5), 88.51(2) for N(2)-Cu(2)-O(8),
103.9(2) for N(4)-Cu(2)-0(8), 100.64(7) for N(4)-Cu(2)-O(5) and 123.54(2) for
O(8)-Cu(2)-0(5).

Cu(3) is bonded to two nitrogen (N(3)) and two oxygen (O(3)) atoms from
two 2-pyrazinecarboxylate molecules, with Cu(3)-N(3)=1.996(2), Cu(3)-O(3)=
1.963(2) A, N(3)-Cu(3)-N(3)=180.0 and N(3)-Cu(3)-O(3)=83.13(7)°; the axial
positions are occupied by two water molecules with Cu(3)-O(5)=2.436(2) A.
By comparison, bond distances and angles around Cu(l) and Cu(3) involving
2-pyrazinecarboxylate molecules are quiet similar to the corresponding values found
in Cu(CsH3N»0,), and Cu(CsH3;N,0,)>(H,0), [6], respectively.

Crystal packing of the complex (figure 2) involves two different channels. The larger
one is enclosed by four Cu(l) and four Cu(Il) ions, six 2-pyrazinecarboxylates and
two water molecules, with a cross-sectional size of 4.097 x 18.954 A. The other consists
of two Cu(I) and two Cu(3) ions, two 2-pyrazinecarboxylates and two water molecules,
with a cross-sectional size of 4.097 x 6.722 A. Furthermore, chains from each pair
of adjacent layers are criss-crossed through the interaction Cu(2)- - -NO5 (O(7)), yielding
a three-dimensional polymer with rectangular channels (figure 3). This structure is quiet
different from those of «- or B-[Cu,X(CsH3N»0,),(H,0)], (X=CI, Br) [7] and
[Cu(DCu(II)(CsH3N20,)2(H,0)(Cl0y)], [14].

3.2. Other physical data

The thermal stability of the complex has determined by thermogravimetric analysis
of polycrystalline sample in air. TGA curves show two marked weight losses of
51.0% at 238-313°C and 65.9% at 313-639°C. In the first stage, the skeleton of the
complex collapses and the residue is Cu,(OH),CO; (Calcd loss: 48.8%). Above
313°C, this decomposes CuO (Calcd loss 35.1%). In IR spectra, a strong broad peak
at 3339cm ™' and two weak to medium peaks located at 793 and 563 cm ™' are assigned
to vo.y and in-plane wagging vibrations of water, respectively. Asymmetric and
symmetric vibrations of carboxylate groups appear at 1596 and 1412cm™', which is
evidence of carboxylate binding to copper in monodentate mode. Peaks at 1469,
1320, 1061 and 793 cm ™' can be attributed to stretching and out-of-plane deformations
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Figure 3. A perspective view of the three dimensional structure showing the rectangular channels
present in it.

of nitrate, as a result of nitrate coordination in monodentate fashion. In addition, the
peak at 1518 cm ™" is characteristic of the C=N-C group of 2-pyrazinecarboxylic acid.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre, CCDC 278075. Copies of this information can be obtained free of charge from
The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax: 44-1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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