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Two isomorphous one-dimensional chain complexes Co(NCS)2(Him)2 (1) and
Mn(NCS)2(Him)2 (2) (Him¼ imidazole) have been prepared and characterized structurally.
Both 1 and 2 crystallize in the monoclinic system, space group P21/n, and the structures consist
of one-dimensional polymeric chains in which metal ions are bridged by two thiocyanate groups
bonding in end-to-end fashion. Both 1 and 2 exhibit two-dimensional sheet structures with
N–H � � � S hydrogen bonds and three-dimensional supramolecular network structure with
� � � �� stacking interactions. IR spectra indicate the presence of bridging thiocyanate groups in
both 1 and 2, confirmed by their structures. The variable temperature magnetic susceptibility,
measured in the 2–300K range, indicates weak antiferromagnetic exchange interactions in
complex 2.

Keywords: Thiocyanate; One-dimensional; Supramolecular network; � � � �� stacking;
Antiferromagnet

1. Introduction

Structural and magnetic studies of binuclear and polynuclear complexes containing
multidentate bridging ligands, in which metal–metal interactions such as magnetic
coupling, energy or electron transfer, and intervalence transfer may occur, are of
considerable interest in inorganic and bioinorganic chemistry [1–6]. The synthesis
of pseudohalide bridged complexes continues to be of interest as a result of their diverse
structures and potential applications in magnetic materials [7]. Coordination chemistry
of pseudohalides of the type XCN (X¼O, S, Se) [8], N�

3 [9] is interesting
because of different modes of ligand coordination to metal ions. The chemistry and
bonding of such complexes have been the subject of several reviews [10, 11].

End-to-end coordination of thiocyanate is usually found in dinuclear,
one-dimensional or three-dimensional compounds. However, many doubly thiocyanato
bridged Cu(II) complexes have been reported [12–16], and the crystal structure of the
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nickel(II) complex determined, but single crystal X-ray analysis of the cobalt(II)
complex has not been determined [17].

In this work, we present synthesis and the crystal structure of M(NCS)2(Him)2
(M¼Co,Mn), the magnetic properties of the Mn compound.

2. Experimental

2.1. Materials and physical measurement

The synthesis was conducted using reagent grade CoCl2 � 6H2O, MnCl2 � 4H2O,
NH4NCS and Him from commercial sources without further purification. Elemental
analyses (C, H, N) were carried out on an Elementar Vario EL instrument. Infrared
spectra (KBr pellets) were measured on a MAGNA–IR 560 FTIR spectrometer in the
400–4000 cm�1 region. Magnetic studies were performed in MPMS SQUID and
Maglab 2000 magnetometers in the temperature range 2–300K.

2.2. Synthesis

Co(NCS)2(Him)2 (1). Single crystals were grown in solution at room temperature.
CoCl2 � 6H2O (0.24 g; 1mmol), NH4NCS (0.15 g, 2mmol) and imidazole (0.13 g,
2mmol) in the molar ratio of 1 : 2 : 2 were dissolved in distilled water (25mL). The
resulting solution was heated at 60�C for 2 h with stirring. The solvent was allowed to
evaporate slowly at room temperature; small, light-red single crystals appeared in the
bottom of the cup. IR (cm�1): �SCN¼ 2112, �Him¼ 3265. Anal. Caldc for 1

C8H8CoN6S2 (%): C 30.87, H 2.59, N 27.00; found C 30.85, H 2.59, N 27.01.

Mn(NCS)2(Him)2 (2). This compound was prepared like 1, MnCl2 � 4H2O (0.20 g.
1mmol) substituted CoCl2 � 6H2O, small light yellow single crystals appeared.
IR(cm�1): �SCN¼ 2098, �Him¼ 3304. Anal. Calcd for 2 C8H8MnN6S2 (%): C 31.27,
H 2.62, N 27.35; found C 31.27, H 2.60, N 27.33.

2.3. X-ray crystal structure determination

Diffraction data for 1 and 2 were collected at 293K, with a R-AXIS RAPID IP
diffractometer using Mo-Ka radiation (�¼ 0.71073 Å) with the !–2� scan technique.
A total of 5394 reflections were measured to give 1322 independent reflections
(Rint¼ 0.0401) for 1, 5762 reflections were measured to give 1400 independent
reflections (Rint¼ 0.0427) for 2, The structures were solved by direct methods and
refined by full-matrix least-squares techniques based on F2 with the SHELXTL
program package [18]. Non-hydrogen atoms were subject to anisotropic refinement.
The hydrogen atoms bound to the carbon atoms were calculated theoretically. The
crystallographic data for 1 and 2 are summarized in table 1. Selected bond lengths
and angles for 1 are given in table 2, selected bond lengths and angles for 2 are given
in table 3.
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Table 1. Crystal data and structure refinement for 1 and 2.

Compound 1 2

Formula C8H8CoN6S2 C8H8MnN6S2
Fw 311.25 307.26
Crystal system Monolinic Monoclinic
Space group P21/n P21/n
a (Å) 7.6950(15) 7.7878(16)
b (Å) 5.6170(11) 5.6894(11)
c (Å) 13.772(3) 14.047(3)
� (�) 103.01(3) 102.44(3)
V (Å3)
Z

580.0(2)
2

607.8(2)
2

DCalcd (g cm�3) 1.782 1.679
�(Mo-Ka (mm�1)) 1.824 1.415
F(000) 314 310
Crystal size (mm3) 0.26� 0.09� 0.08 0.20� 0.20� 0.10
� range (�) 3.04–27.48 3.33–27.48
Reflns. Collected/unique 5394/1322 5762/1400
Reflns. obsd. (I42�(I )) 1167 1164
GOF on F2 1.051 1.052
R1, wR2 (obsd.) 0.0280, 0.0660 0.0279, 0.0623
Max., min. peaks (e Å�3) 0.570, �0.458 0.310, �0.226

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

C(1)–N(1) 1.151(2) C(1)–S(1) 1.6455(18)
C(2)–N(3) 1.317(3) C(2)–N(2) 1.333(3)
C(3)–C(4) 1.339(3) C(3)–N(3) 1.376(3)
Mn(1)–N(1) 2.1758(16) Mn(1)–N(3) 2.2120(17)
Mn(1)–S(1)#2 2.7994(8) S(1)–Mn(1)#4 2.7994(8)

N(1)–Mn(1)–N(1)#1 180.00(9) N(1)–Mn(1)–N(3) 89.55(6)
N(1)#1–Mn(1)–N(3) 90.45(6) N(1)–Mn(1)–S(1)#2 92.37(5)
N(1)#1–Mn(1)–S(1)#2 87.63(5) N(3)–Mn(1)–S(1)#2 90.08(5)
N(3)#1–Mn(1)–S(1)#2 89.92(5) N(1)#1–Mn(1)–S(1)#3 92.37(5)
S(1)#2–Mn(1)–S(1)#3 180.0 C(1)–N(1)–Mn(1) 154.37(16)
C(2)–N(2)–C(4) 108.19(19) C(2)–N(3)–Mn(1) 126.32(14)
C(3)–N(3)–Mn(1) 129.02(14) C(1)–S(1)–Mn(1)#4 96.11(7)

Symmetry transformations used to generate equivalent atoms for 2: #1 �xþ 1, �yþ 1, �zþ 1; #2 �xþ 1, �y, �zþ 1 #3 x,
yþ 1, z #4 x, y�1, z.

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

C(1)–N(1) 1.326(3) C(1)–N(2) 1.340(3)
C(2)–C(3) 1.361(3) C(2)–N(1) 1.375(3)
C(3)–N(2) 1.361(3) C(4)–N(3) 1.158(2)
C(4)–S(1) 1.6518(19) Co(1)–N(3) 2.0858(16)
Co(1)–N(1) 2.1098(17) Co(1)–S(1)#3 2.6613(8)

N(3)#1–Co(1)–N(3) 180.00(9) N(3)#1–Co(1)–N(1)#1 90.08(6)
N(3)–Co(1)–N(1)#1 89.92(6) N(1)#1–Co(1)–N(1) 180.0
N(3)–Co(1)–S(1)#2 87.90(5) N(3)#1–Co(1)–S(1)#2 92.10(5)
N(1)#1–Co(1)–S(1)#2 89.81(5) N(1)–Co(1)–S(1)#2 90.19(5)
N(3)#1–Co(1)–S(1)#3 87.90(5) N(3)–Co(1)–S(1)#3 92.10(5)
S(1)#2–Co(1)–S(1)#3 180.0 C(1)–N(1)–Co(1) 125.44(14)
C(2)–N(1)–Co(1) 129.11(13) C(4)–N(3)–Co(1) 156.73(15)
C(4)–S(1)–Co(1)#4 98.14(7) N(3)–C(4)–S(1) 176.73(17)

Symmetry transformations used to generate equivalent atoms for 1: #1 �xþ 1, �yþ 2, �zþ 1; #2 x, yþ 1, z; #3 �xþ 1,
�yþ 1, �zþ 1; #4 x, y� 1, z.
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3. Results and discussion

3.1. Crystal structures

Complexes 1 and 2 are made up of 1D chains along the b-axis. Both coordination

environments (around cobalt(II) for 1 and manganese(II) for 2), are described

as distorted octahedra with CoN4S2 for 1 (figure 1) and MnN4S2 for 2 (figure 2),

the equatorial planes are occupied by two nitrogens from Him and two from

thiocyanate anions; two sulfur atoms from bridging bidentate NCS groups are

coordinated in the axial positions. The lengths of the Co–S bonds for 1, 2.6613(8) Å, are

greater than those of Co–N bonds, which are 2.0858(16) and 2.1098(17) Å; Mn–S bonds

for 2, at 2.7994(8) Å, are also greater than those of Mn–N bonds, which are 2.1758(16)

and 2.2120(17) Å, causing significant distortion of the coordination polyhedron around

Co(II) for 1 and Mn(II) for 2. The end-to-end bidentate thiocyanate group is almost

linear with an angle of 176.73� for 1, which is smaller than the angle of 177.57� for 2.

Both complexes form extended one-dimensional chains, which are intertangled with

each other. The eight-membered Co–(SCN)2–Co rings for 1 and Mn–(SCN)2–Mn rings

for 2 adopt chair conformation. The distances between adjacent Co atoms in the same

chain are 5.617 Å for 1, and 5.689 Å for Mn in 2, both Co � � �Co and Mn � � �Mn

distances are longer than Ni � � �Ni distances [5.557(1) Å] [17], and shorter than

Cu � � �Cu distances [5.722(2) Å] [16], and Cd � � �Cd distances [5.769 Å] [19].

Figure 2. ORTEP diagram for 2 with atom numbering scheme.

Figure 1. ORTEP diagram for 1 with atom numbering scheme.
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The polymeric chains of [Co(Him)2(NCS)2]n for 1 (figure 3) and [Mn
(Him)2(NCS)2]n for 2 (figure 4) pack alongside each other to give a 2D sheet-like
structure in the bc-plane. Closest 1D chains are arranged side by side to facilitate a weak
N–H � � �S hydrogen bond arising from the interaction of imidazole NH and the S atom
from a NCS group, N(2)–H(2A) � � � S(1) [�xþ 2, �yþ 1, �zþ 1] 3.382 Å for 1,
N(2)–H(2) � � �S(1) [�xþ 2, �y, �zþ 1] 3.444 Å for 2, comparable with N–H � � � S
hydrogen bonding of 3.381 Å for the Ni compound [17] and 3.417 Å for the Cd
compound [19], but weaker than N–H � � � S hydrogen bond distance of 2.585 Å for the
Cu compound [16].

The self-assembled structures of the two-dimensional layers are further stabilized by
face-to-face � � � �� interactions from two terminal Him rings of two closest chains
to extend to a three-dimensional supramolecular network. The centroid separation
of two rings for 1 is 4.060 Å, which is longer than 3.783 Å for a Cu compound [16];
� � � �� interaction distance for 2 is 4.206 Å, which is similar to 4.324 Å in the Cd
compound [19].

3.2. IR spectra

Diagnostic IR spectral data come mainly from bands of thiocyanate. The position of
bands corresponding to the stretching frequency (CN) can be used for characterization
of mode of coordination to the metal. The �(CN) of a bridging thiocyanate is usually

Figure 3. Packing view of the 2D supramolecular sheet formed by hydrogen bonding in 1. (Carbon, gray;
nitrogen, deep blue; sulfur, yellow; cobalt, green.)
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found to be above 2100 cm�1 [20]; in 1, the stretching frequency �(CN) occurs
at 2112 cm�1; and in 2, the stretching frequency �(CN) occurs at 2098. Such high
frequencies of these vibrations suggest the presence of end-to-end NCS bridges, and
they are almost in the range observed for polymeric pseudoctahedral ML2(NCS)2
complexes [20]. The bands corresponding to the stretching frequency �(CS) appear at
767 cm�1 for 1, 766 cm�1 for 2. Bands belonging to the deformation frequency 	(NCS)
were found at 464 cm�1 for 1 and at 468 cm�1 for 2. The above bands are consistent
with a bridging thiocyanate anion. In addition several absorption bands observed
at higher frequencies 3265.28 cm�1 for 1, 3131.55 cm�1 and 3303.84 cm�1 for 2,
characteristic of the Im groups.

3.3. Magnetic properties

Magnetic measurements of 2 were carried out in a magnetic field of 500Oe in the
temperature range of 2–300K, and the results were given as 
MT versus T and 
M

�1

versus T plot (figure 5), in which 
M is the corrected magnetic susceptibility per
asymmetric [Mn (Him)2(NCS)2] unit. The inverse susceptibility plot as a function of
temperature is linear above 20K fitted the Curie–Weiss law 
M¼C/(T� �), giving
a Curie constant C¼ 4.27 cm3mol�1K, the Weiss constant �¼�25.89K, the negative
Weiss constant indicates antiferromagnetic interactions between Mn(II) ions through
the bis-bridged end-to-end thiocyanato ligands. The 
MT value at room temperature
is 3.85 cm3mol�1K, which is smaller than the spin-only value of 4.375 cm3mol�1K
for Mn(II) (S¼ 5/2, g¼ 2.0), and decreases with decreasing temperature to a minimum
value of 0.197 cm3mol�1K at 2K. This behavior is characteristic of an antiferromagnet;

Figure 4. Packing view of the 2D supramolecular sheet formed by hydrogen bonding in 2. (Carbon, gray;
nitrogen, deep blue; sulfur, yellow; manganese, purple.)
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taking the structure into account, this behavior could be justified on pure ground-state
basis of the sum of configuration of Mn(II) ions and the longer distance of Mn–SCN–
Mn though end-to-end thiocyanato bridges.

Supplementary data

Crystallographic data for the structural analysis of the two compounds have been
deposited at the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge,
CB2 1EZ, UK, and are available free of charge from the Director on request quoting
the deposition numbers CCDC 621091 and 621092 (Fax: C44 1223 336033, Email:
deposit@ccdc.cam.ac.uk).
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[9] (a) G. De Munno, M. Julve, G. Viau, F. Lloret, J. Faus, D. Viterbo. Angew. Chem., Int. Ed. Engl., 35,
1807 (1996); (b) R. Cortés, L. Lezama, J.L. Pizarro, M.I. Arriortua, T. Rojo, Angew. Chem., Int. Ed.
Engl. 35, 1810 (1996); (c) J. Ribas, M. Monfort, I. Resino, X. Solans, P. Rabu, F. Maingot, M. Drillon.
Angew. Chem., Int. Ed. Engl., 35, 2520 (1996); (d) J. Ribas, A. Escuer, M. Monfort, R. Vicente,
R. Cortés, L. Lezama, T. Rojo. Coord. Chem. Rev., 193–195, 1027 (1999); (e) T. Sato, W. Mori, Y. Xie,
N. Kanehisa, Y. Kai, M. Fujii, S. Goto, E. Nagai, Y. Nakao. Inorg. Chim. Acta., 359, 2271 (2006);
(f) M.A.S. Goher, A.A. Youssef, F.A. Mautner. Polyhedron, 25, 1531 (2006); (g) Z.L. Lu, M. Yuan,
F. Pan, S. Gao, D.Q. Zhang, D. B. Zhu. Inorg. Chem., 45, 3538 (2006); (h) W. Ouellette,
J.R. Galán-Mascarós, K.R. Dunbar, J. Zubieta. Inorg. Chem., 45, 1909 (2006).

[10] J.L. Burmeister. Coord. Chem. Rev., 3, 225 (1968).
[11] A. H.Norbury, A.J.P.Q. Sinha. Rev., Chem. Soc., 24, 69 (1970).
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