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The complex [Cu(tn)2]2[Co(CN)6](ClO4) � 2H2O (tn¼ trimethylenediamine) has been prepared and character-
ized by elemental analysis, IR, electronic and electronic spin resonance spectra and magnetic properties.
The x-ray structure analysis shows that each [Co(CN)6]

3� ion coordinates to four [Cu(tn)2]
2þ cations through

four cyano nitrogen atoms in the same plane, providing a two-dimensional square network structure, formed
from Co–CN–Cu(tn)2–NC–Co linkages.

Keywords: Crystal structure; Cyano bridged; Copper(II); Hexacyanocobalt(III)

INTRODUCTION

For years, chemists have devoted their efforts to assemble compounds by using building
units and connecting units as a bricklayer would erect a building. Due to the
development of crystallography and synthetic chemistry, the time for the assembly of
polymer compounds [1–13] on the basis of simply adding building units and connecting
units is upon us. Recently, a successful example of this process is the cyano bridging
complexes [14–34] in which the cyanometallate anion behaves as a bridging moiety to
build up a multidimensional structure with the second coordination centers. These
complexes are usually composed of a cyanometallate [M(CN)n]

m� (building block),
and a guest molecule and/or a complementary ligand. The major part of these systems
has been constructed from transition metal complexes with two available coordination
sites of the type NiN2þ

4 (N4¼ bis(diamine) or tetraamine macrocyclic ligand) and
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[M(CN)6]
3� (M¼CrIII or FeIII). Since copper(II) complexes exhibit great stereo-

chemical plasticity, they are expected to give rise to a large variety of assembled com-
pounds with hexacyanometalate. Nevertheless, only a few fully structurally
characterized cyanide-bridged bimetallic complexes constructed from copper(II)
complexes and hexacyanometalates have been reported so far [35–40]. The most
commonly employed building-blocks are the anions [Fe(CN)6]

3� and [Cr(CN)6]
3�.

We report here the crystal structure and characteristics of a heterometallic complex
[Cu(tn)2]2[Co(CN)6](ClO4) � 2H2O (1) (tn¼ trimethylenediamine) obtained using
[Co(CN)6]

3� as a template.

EXPERIMENTAL

Materials

All chemicals were commercial products of reagent grade and used without purifica-
tion. K3[Co(CN)6] was prepared using literature methods [41].

Preparations

[Cu(tn)2]2[Co(CN)6](ClO4) � 2H2O (1) Trimethylenediamine (tn) (4mmol) was
added to an aqueous solution (20mL) of Cu(ClO4) � 6H2O (2mmol) with stirring for
20 min, then the solution was mixed with an aqueous solution (20mL) of
K3[Co(CN)6] (1mmol). The resulting solution was filtered, and the filtrate was
placed on the bench-top for one week in the dark at room temperature. Green crystals,
suitable for x-ray diffraction analysis, were obtained. Anal. Calcd. for
C18H44ClCoCu2N14O6 (%): C, 27.93; H, 5.73; N, 25.34. Found: C, 27.43; H, 5.51;
N, 24.56. The same compound was obtained when the mole ratio of
K3[Co(CN)6] : Cu(ClO4)2 � 6H2O : tn¼ 1 : 1 : 2.

Caution! Perchlorate salts are potentially explosive and should be handled in small
quantities.

Physical Measurements

The elemental analyses of carbon, hydrogen, and nitrogen were performed on a
Perkin–Elmer 240C analyzer. Infrared spectra were obtained for KBr pellets on
a Nicolet 170SX FT-IR instrument. Electronic spectra were recorded in H2O on a
Shimadzu 3100 spectrophotometer. An ESR spectrum was recorded in the solid state
on an Er2000-SRC instrument. Magnetic susceptibilities were measured in the solid
state using a CAHN-2000 Faraday balance with [Ni(en)2]S2O3 as a standard at
6000G magnetic filed.

X-Ray Crystallography

A green single crystal with dimension of 0.48� 0.48� 0.34mm was placed on a glass
fiber. All the x-ray data were collected on a SIEMENS P4 four-circle diffractometer.
The unit-cell parameters were obtained by least squares refinement of the values
of 29 selected reflections 3.05<�<14.76�. The data were collected at 290(2)K using
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the !-2� scan technique in the range of 4.08<2�<50.00�, using MoK� radiation
(�¼ 0.71073 Å). The structure was solved by direct methods and refined with
full-matrix least-squares technique using SHELX 97 [42]. The positions of all remaining
non-H atoms were obtained from successive Fourier syntheses. The positions of hydro-
gen atoms were calculated using idealized geometry. The parameters of the crystal,
data collection and refinement are given in Table I. The atomic coordinates for
non-hydrogen atoms are listed in Table II. Bond lengths and angles are shown in
Table III.

RESULTS AND DISCUSSION

Crystal Structure

Figure 1 shows on ORTEP drawing of the Cu2Co trinuclear unit of (1) (the asymmetric
unit corresponds to one half of the trinuclear unit). All the metal ions are at special
equivalent positions [Co (1/2, 1/2, 0), Cu(1) (1/2, 1/2, 1/2), Cu(2)(1, 0, 0)]. Each
[Co(CN)6]

3� ion coordinates to four [Cu(tn)2]
2þ cations through four cyano nitrogen

atoms [N(1), N(2), N(1A), N(2A)] on the same plane, providing a two-dimensional
square network structure with Co–CN–Cu(tn)2–NC–Co linkages (Fig. 2).

TABLE I Crystal parameters for 1

Compound [Cu(tn)2]2[Co(CN)6](ClO4) � 2H2O
Color/shape Green/prismatic
Empirical formula C18H44ClCoCu2N14O6

Formula weight 774.13
Temperature 290(2)K
Crystal system Triclinic
Space group P�11
No. of reflection used for unit 29(7.10�–29.52�)
Cell determination (2� range)

a (Å) 8.8080(10)
b (Å) 10.0780(10)
c (Å) 10.1720(10)
� (�) 88.30(2)
� (�) 79.330(1)
� (�) 67.891(4)
V (Å3) 821.3(2)
Z 1

Dcalc (g � cm�3) 1.565
�(MoK�) (cm�1) 19.18
F(000) 400
Radiation MoK� (�¼ 0.71073 Å)

graphite monochromated
Scan type !-2�
2�max 50.00�

No. of reflection measured Total: 3223; unique: 2898 (Rint¼ 0.0167)
No. of observations [I>2�(I)] 2496
No. variables 226
S 1.067
Final R indices [I>2�(I)] R1¼ 0.0261 wR2¼ 0.0708
Max. peak in final diff. Map 0.46 eÅ�3

W¼ 1/[�2(Fo2)þ (0.0415P)2þ 0.17P], P¼ [Fo2þ 2Fcc2]/3.
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Cu(1) and Cu(2) both take an elongated octahedron geometry, with four nitrogen
atoms from two tn ligands at the equatorial positions (Cu(1)–N(1), 2.0508(18);
Cu(1)–N(2), 2.0232(18); Cu(2)–N(3), 2.0283(19); Cu(2)–N(4), 2.0215(19) Å) and two
nitrogen atoms from bridging cyanides of [Co(CN)6]

3� at the axial positions (Cu(1)–
N(5), 2.587(2); Cu(2)–N(6), 2.637(2) Å). The Jahn–Teller effect is obvious. The complex
cation [Cu(tn)2]

2þ takes a chair geometry. The planes defined by the Cu(1), N(1), N(2),

TABLE II Selected atomic positional parameters(� 104) and isotropic temperature factors (Å2
� 103) for 1

x y z U(eq)

Cu(1) 5000 5000 5000 30(1)
Cu(2) 10000 0 0 35(1)
Co 5000 5000 0 23(1)
N(1) 7258(2) 4907(2) 5234(2) 36(1)
N(2) 3906(2) 7012(2) 5837(2) 39((1)
N(3) 10355(3) 1342(2) � 1444(2) 47(1)
N(4) 10977(3) 909(2) 1189(2) 46(1)
N(5) 5426(3) 6002(2) 2648(2) 42(1)
N(6) 7029(3) 2014(2) 813(2) 44(1)
N(7) 8317(2) 4967(2) � 1545(2) 46(1)
C(1) 7717(3) 6175(3) 5213(3) 47(1)
C(2) 6413(3) 7481(3) 5995(3) 49(1)
C(3) 4772(3) 8011(2) 5525(3) 44(1)
C(4) 12006(4) 1453(3) � 1733(3) 62(1)
C(5) 12369(4) 2042(3) � 549(3) 69(1)
C(6) 12540(4) 1103(3) 614(3) 61(1)
C(7) 5274(3) 5685(2) 1623(2) 29(1)
C(8) 6210(3) 3113(2) 500(2) 30(1)
C(9) 7064(3) 5026(2) � 944(2) 29(1)
O(1) 10880(2) 6065(2) � 2434(2) 54(1)
Cl 154(6) 10027(6) 4867(5) 50(1)
O(2) 363(8) 9119(9) 5952(6) 154(4)
O(3) 1685(5) 9560(8) 3950(4) 137(3)
O(4) � 305(10) 11461(6) 5312(10) 191(5)
O(5) � 1098(6) 9944(8) 4227(7) 123(3)

TABLE III Selected bond lengths (Å) and angles (�) for 1

Cu(1)–N(1) 2.0508(18) Cu(1)–N(2) 2.0232(18)
Cu(1)–N(5) 2.587(2) Cu(2)–N(4) 2.0215(19)
Cu(2)–N(3) 2.0283(19) Cu(2)–N(6) 2.637(2)
Co–C(7) 1.898(2) Co–C(9) 1.902(2)
Co–C(8) 1.905(2)

N(1)–Cu(1)–N(2) 89.80(8) N(1)#1–Cu(1)–N(2) 90.20(8)
N(2)–Cu(1)–N(5) 90.71(7) N(2)#1–Cu(1)–N(5) 89.29(7)
N(1)–Cu(1)–N(5) 93.11(7) N(1)#1–Cu(1)–N(5) 86.89(7)
N(4)–Cu(2)–N(3) 88.28(9) N(4)#2–Cu(2)–N(3) 91.72(9)
N(4)–Cu(2)–N(6) 89.98(8) N(4)#2–Cu(2)–N(6) 90.02(8)
N(3)–Cu(2)–N(6) 86.55(8) N(3)#2–Cu(2)–N(6) 93.45
C(7)–Co–C(9) 92.53 C(7)#3–Co–C(9) 87.47(9)
C(7)–Co–C(8) 87.54(9) C(7)#3–Co–C(8) 92.46(9)
C(9)–Co–Co(8) 87.72(9) C(9)#3–Co–C(8) 92.28(9)
C(1)–N(1)–Cu(1) 121.26(15) C(3)–N(2)–Cu(1) 118.83(15)
C(4)–N(3)–Cu(2) 117.09(17) C(6)–N(4)–Cu(2) 118.08(16)
C(7)–N(5)–Cu(1) 132.61(17) C(8)–N(6)–Cu(2) 139.12(18)

Symmetry transformation used to generate equivalent atoms: #1, � xþ 1, � yþ 1, � zþ 1; #2, � xþ 2, � y, � z; #3, � xþ 1,
� yþ 1, � z.
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N(1)A and N(2)A atoms are perfectly planar. C(1), C(2) and C(3) are 0.7571, 0.4564
and 0.8562 Å, respectively, below the mean plane, while C(1)A, C(2)A and C(3)A are
above the mean plane. Figure 2 shows a two-dimensional network composed of
the Cu4Co4 squares with the size 10.172(1)� 10.599(1) Å. Perchlorate ion resides in
each square and takes two positions with the occupancy factor 0.5 on the basis of
the peak heights.
The two-dimensional sheets align along the c axis to form the crystal (Fig. 3).

The intersheet Co–Co separation along c is 8.808(5) Å. The nearest intersheet Co–
Cu(1) and Co–Cu(2) separations are 9.320(4) and 7.842(4) Å, respectively. Thus there
are no obvious intersheet Co–Co andCo–Cu interactions.Water molecules exist between

FIGURE 2 View along c axis of 2D network showing the CuII4 Co
III
4 squares of 1.

FIGURE 1 ORTEP view of the Cu2Co unit of 1.
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2D sheets and form hydrogen-bonds with N(7) and N(4) [O(1)–N(7), 2.864(3);
O(1)–N(4), 3.048(3) Å]. This two-dimensional network is similar to the reported two-
dimensional network [Ni(Pn)2]2[Fe(CN)6]ClO4 � 2H2O (Pn¼ 1,2-diaminopropane) [43].
[Cu(dien)]3[Fe(CN)6]2 � 6H2O (dien¼ diethylenetriamine) has a step-shaped two-
dimensional network [35]; [{Cu(dien)}2{Cr(CN)6}]n [Cu(dien)(H2O)Cr(CN)6]n � 4nH2O
[36] and [{(Cu(dien))2Co(CN)6}n] [Cu(dien)(H2O)Co(CN)6]n � 5H2O [40] have one-
dimensional cationic chains and a binuclear anion; [Cu(edma)]3Cr(CN)6] [36]
(edma¼ ethylenediaminemonoacetate) is a tetranuclear complex and [Fe{(CN)
Cu(tpa)}6]ClO]4]8 � 3H2O [37] (tpa¼ tris(2-pyridylmethyl)amine) is a hepta-
nuclear complex; K[Cu(cyclam)][Fe(CN)6] � 4H2O (cyclam¼ 1,4,8,11-tetraazacyclotetra-
decane) has a one-dimensional chain [39].

Infrared Spectrum

An IR Spectrum of complex 1 shows the following bands 3561 s, 3329 vs, 3271 s, 3163 s,
2969 s, 2942 s, 2891 s, 2788w, 2126 s, 2117 s, 2077w, 1640m, 1615 s, 1589 s, 1460w,
1443m, 1404m, 1323w, 1287 s, 1252w, 1182 s, 1094 vs, 1061w, 1027 s, 912m, 898m,
814w, 673 s, 628 s, 559w, 491m, 418 cm�1. A strong single peak at 3561 cm�1 belongs
to water. The characteristic IR active bands for 	(NH) [44] of the NH2 groups appeared
at 3329, 3271 and 3163 cm�1. The two sharp bands at 2126 and 2117 cm�1 are assigned
to CN stretching vibrations of bridging and terminal cyanide groups, respectively [32].
The band at 1094 cm�1 is attributed to ClO�

4 [45].

Electronic Spectrum

The aqueous solution electronic spectrum of complex 1 shows two broad peaks at 251
and 574 nm. The high-energy peak is assigned as a d–d transition of copper(II) ions and
the low-energy absorption is assigned to cobalt(III)–copper(II) charge transfer [44].

FIGURE 3 The packing mode of two-dimensional sheets of 1.
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Electronic Spin Resonance Spectrum

The solid state ESR spectrum of complex 1 shows a symmetric feature with gk¼ 2.176
and g? ¼ 2:059. The ESR spectrum of the complex is typical for copper(II), and
the data suggest elongated octahedral geometry with gjj > g? > ge, and the unpaired
electron occupies the dx2�y2 orbital [44], which is consistent with the crystal structure.

Magnetic Properties

The magnetic moment of complex 1 at 300K is 2.50 B.M. in good agreement with
the spin-only value 2.45 B.M. for two Cu(II) (S¼ 1/2) and one diamagnetic S¼ 0
spins. No magnetic interaction is presumed within the two-dimensional network
because of the diamagnetic nature of Co(III) [32]. The magnetic moment exhibits
continuous slight decrease with the decreasing temperature to 2.32 B.M. at 76K. This
may be attributed to a weak antiferromagnetic interaction. Variable-temperature
magnetic susceptibility studies in the temperature range 75
 300K, showed that com-
pound (1) obeys the Curie–Weiss law, �m ¼C/(T� �), with values of �¼� 16.89K,
C¼ 0.8361 emuKmol�1 (Fig. 4) [32,46]. It indicates that the title compound is a
‘‘Curie–Weiss’’ paramagnetic compound.
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FIGURE 4 Plot of 1/�m vs. T for the compound (1).
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