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A new ion-paired compound [4NO2BzPy]2[Co(NCS)4] (1) ([4NO2BzPy]+ = 1-(4�-nitroben-
zyl)pyridinium, NCS– = isothiocyanate) is synthesized and characterized by elemental analysis, 
IR and UV-Vis spectra, ESI-MS and single crystal X-ray diffraction. Compound 1 is ortho-
rhombic, space group Pbcn, with a = 13.188(2) Å, b = 8.458(1) Å, c = 29.281(4) Å, V = 
= 3266.2(7) Å3, Dcalcd = 1.468 g/cm3, Z = 4, F(000) = 1476, R1 = 0.0332. The [Co(NCS)4]2– 
anions form an unusual layer structure by S�N and S�Co interactions, while the 
[4NO2BzPy]+ cations stack into a 1D column by the p�� stacking interaction in the solid state 
of 1. A magnetic measurement in the range 2—300 K shows a weak antiferromagnetic ex-
change with � = –2.42 K in 1. 
 
K e y w o r d s: 1-(4�-nitrobenzyl)pyridinium, tetra(isothiocyanate)cobalt(II) anion, layer struc-
ture, magnetic properties. 

 
Non-covalent bonding interactions such as hydrogen bonding, ion-ion interactions, ion-dipole in-

teractions, �—� interactions, dipole-dipole interactions, and van der Waals forces play a major role in 
the self-assembly of large molecules, crystal packing, and biological pattern recognition [ 1—4 ]. In-
tensive structural investigations in the fields of metal—ligand compounds have shown that these weak 
forces are ubiquitous and, to a vast extent, lead to the formation of their 1D, 2D, and 3D structures 
[ 5—10 ]. In some ion-pair compounds containing [Ni(dimt)2]– (dmit2– = 2-thioxo-1,3-dithiole-4,5-
dithiolate) [ 11 ], [M(mnt)2]n– (M = Ni3+, Pd3+, Pt3+, Cu2+; mnt2– = maleonitriledithiolate; n = 1 or 2) 
[ 12—15 ], [M(CN)6]n– (M = Co3+, Cr3+, Fe2+, Fe3+, Mn3+; n = 3 or 4) [ 16 ], [M(NCS)4]2– (M = Co2+, 
Mn2+, Zn2+) [ 17—19 ], and [MX4

2–] (M = Co2+, Mn2+, Cu2+, X = Cl, Br) [ 20—22 ], the weak non-
covalent cation-cation, anion-anion, and anion-cation interactions contribute considerably to stabilize 
conformations and result in the generation of novel magnetic, electrical, optical, and catalytic proper-
ties. Our research interest has recently been focused on the preparation of more suitable counter-
cations to tune the crystal stacking structure of above-mentioned anions with a view to obtaining new 
inorganic-organic hybrid materials. Recent examples involving structural and magnetic data include 
[4RBzDMAP]2[Cu(mnt)2] (R = F, Cl and Br, [BzDMAP]+ = 1-benzyl-4�-dimethylaminopyridinium) 
[ 23 ], [1-NaMePid][Ni(mnt)2] and [2-NaMePid][Ni(mnt)2] ([NaMePid]+ = 1-naphthylmethylpiperidi-
nium) [ 24 ], [BzTPP]2[Co(NCS)4] and [4NO2BzTPP]2[Co(NCS)4] ([BzTPP]+ = benzyltriphenylpho-
sphinium) [ 25 ], [4RBzPy]2CuCl4 (R = Cl, NO2; [BzPy]+ = benzylpyridinium) [ 26 ]. In order to widen 
our research, we have firstly introduced [4NO2BzPy]+ into the system containing the [Co(NCS)4]2–  
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anion and obtained a new ion-paired compound: [4NO2BzPy]2[Co(NCS)4] (1). Their spectra, crystal 
structures, and magnetic properties have been investigated. 

EXPERIMENTAL 

Synthesis. [4NO2BzPy]2[Co(NCS)4] (1) was prepared by a direct combination of 2:1:4 mol equiv 
of [4NO2BzPy]Br, CoCl2 and KSCN in methanol. A blue precipitate given was filtered off, washed 
with cool ether, and dried under vacuum with a yield of 78 %. Blue block crystals suitable for the  
X-ray diffraction analysis were obtained from CH3CN by slow evaporation of the solvent of complex 
1 for about two weeks. Anal. Calcd. for C28H22N8O4S4Co (%): C, 46.60; H, 3.07; N, 15.53. Found: C, 
46.56; H, 3.12; N, 15.46. IR (KBr, cm–1): 3049(w), 3025(w), 2922(w), 2851(w), 2062(vs), 1632(m), 
1521(s), 1482(m), 1347(s), 1280(w), 1169(w), 1114(w), 854(m), 767(s). UV-Vis spectrum (nm) (lg�): 
259(6.23), 316(5.60), 628(4.70). Pyridine, 4-nitrobenzyl bromide, CoCl2 �6H2O, and KSCN were pur-
chased from Aldrich Chemical Company and used without purification. 1-(4�-Nitrobenzyl)pyridinium 
bromide ([4NO2BzPy]Br) was synthesized following the published procedures [ 27 ]. All other re-
agents were commercially available and used as received. Combustion analyses (C, H, N) were per-
formed on a Perkin Elmer 240C Elemental Analyzer. The IR spectrum (KBr pellets) was recorded on a 
Nicolet AVATAR 360 spectrophotometer in the range 4000—400cm–1. The electrospray mass spec-
trum [ESI-MS] of a MeCN solution of the complex was obtained with a Finnigan LCQ mass spectro-
graph. The UV-visible spectrum of the complex in HPLC grade CH3CN in the range 200—800 nm 
was recorded on a Shimadzu UV-2500 spectrophotometer in 1 cm quartz cells.  

Single crystal XRD. Intensity data were collected on a Bruker SMART APEX CCD diffractome-
ter employing MoK� radiation (� = 0.71073 Å) and graphite monochromatized MoK� radiation. Data 
collection, cell refinement, and data reduction were performed using the SHELXL-2000 program 
[ 28 ]. The structure was solved by direct methods and expanded via Fourier techniques. The non-
hydrogen atoms were refined anisotropically by the full-matrix least-squares techniques. Hydrogen 
atoms were refined via a riding model with fixed isotropic U values. The CIF file with complete in-
formation about the structure was deposited with CCDC (No. 768800), from which it is available free 
of charge on request at www.ccdc.cam.ac.uk/data_request/cif. Crystallographic data: C28H22N8O4S4Co, 
M = 721.71, Orthorhombic, Pbcn, a = 13.188(2) Å, b = 8.458(1) Å, c = 29.281(4) Å, V = 3266.2(7) Å3, 
Z = 4, Dcalcd = 1.468 g/cm3, 2871 reflections collected, 2357 independent reflections, full matrix least-
squares on F2, 204 parameters, final R indices [I = 2	(I )]: R1 = 0.0332, wR2 = 0.0806. Selected bond 
lengths and bond angles are listed in Table 1. 

Magnetic susceptibility. Magnetic data were collected using a Quantum Design MPMS-XL su-
perconducting quantum interference device (SQUID) magnetometer. 0.0313 g of the powdered sample 
of 1 used in magnetic studies was prepared from crushed single crystals. The sample was packed into a 
small gelatin capsule and the temperature-dependent magnetic susceptibility data were collected over a 
temperature range 2—300 K at an applied magnetic filed of 2 kOe. Diamagnetic correction was made 
with Pascal�s constants for all constituent atoms, and the temperature-independent paramagnetic (TIP) 
correction for the cobalt atom was applied to the data sets. 
 

T a b l e  1  

Selected bond lengths (d, Å) and bond angles (
, deg.) for 1 

Bond d Bond d Angles 
 Angles 
 

Co(1)—N(1) 1.959(2) N(2)—C(2) 1.156(3) N(1)—Co(1)—N(2) 105.03(8) N(3)—C(9)—C(8) 113.2(2)
Co(1)—N(2) 1.961(2) N(3)—C(9) 1.490(3) Co(1)—N(1)—C(1) 160.27(18) N(3)—C(11)—C(10) 120.4(2)
S(1)—C(1) 1.619(2) N(3)—C(10) 1.332(3) Co(1)—N(2)—C(2) 166.21(18) O(1)—N(4)—O(2) 124.7(3)
S(2)—C(2) 1.611(2) O(1)—N(4) 1.226(4) S(1)—C(1)—N(1) 178.5(2) O(2)—N(4)—C(5) 118.4(2)
N(1)—C(1) 1.161(3) O(2)—N(4) 1.217(3) S(2)—C(2)—N(2) 179.0(2) O(1)—N(4)—C(5) 118.4(2)
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Fig. 1. ORTEP plot (30 % probability ellipsoids) showing the molecular structure of 1 
 

RESULTS AND DISCUSSION 

The bands at 3049 cm–1, 3025 cm–1, 2922 cm–1, and 2851 cm–1 are due to the stretching vibra-
tional frequencies of C—H in the aromatic ring and methylene. The very strong band at 2062 cm–1 is 
the CN absorption of thiocyanate, which is indicative of bonding to the metal via the N atom, indeed, 
the CN absorption in ionic thiocyanate is such as in KNCS [ 29 ]. The bands at 1631 cm–1 and 
1482 cm–1 are attributable to �(C=N), �(C=C) stretching bands for the phenyl and pyridinium rings. 
The bands at 1521 cm–1 and 1347 cm–1 for 1 are the �(Ar—NO2) bands. The �(C—H) bands of the 
phenyl and pyridinium rings are at 854 cm–1 and 767 cm–1. The UV-Vis absorption spectra of 1 in the 
HPLC grade CH3CN solvent in the range 200—800 nm were recorded. The band at 259 nm is attri-
buted to a �—� transition of the cationic portion of the complex; the band at 316 nm is due to the 
charge transfer transition of the anionic portion, while the broad band observed at 628 nm is a d—d 
transition band of the Co(II) ion, which are similar to these of the complex containing the 
[Co(NCS)4]2– anion [ 30 ]. The positive-ion ESI-MS spectra of 1 in the CH3CN solution show that the 
mass spectrum dominated by the 215.2 peak is due to [4NO2BzPy]2+. 

[4NO2BzPy]2[Co(NCS)4](1) crystallizes in the orthorhombic system with the space group Pbcn, 
and an asymmetric unit in a cell consists of half of a [Co(NCS)4]2– anion and one [4NO2BzPy]+ cation 
as shown in Fig. 1. The selected bond distances and angles are shown in Table 1. For [Co(NCS)4]2– the 
coordination geometry of the central Co(II) ion could be described as a slightly distorted tetrahedron, 
and the Co(1)—N(1) and Co(1)—N(2) bond distances are 1.959 Å and 1.961 Å, and the N(1)—
Co(1)—N(1) bond angle is 105.03. These values are in good agreement with those found in the com-
plexes containing the [Co(NCS)4]2– anion [ 17—19, 25 ]. In the [4NO2BzPy]+ cation, the N atom and 
two O atoms from the nitro group are tipped out of the phenyl planes with the deviations of –0.024 Å 
for the N(4) atom, –0.178 Å for the O(1) atom, 0.116 Å for the O(2) atom. The [4NO2BzPy]+ cation 
adopts a conformation where both phenyl and pyridine rings are twisted relative to the C(8)—C(9)—
N(3) reference plane with the dihedral angles to that plane of 134.1 and 71.8 respectively. The 
phenyl and pyridine rings are inclined at 82.4 to one another. It is interesting that S�Co and S�N 
interactions were observed between the adjacent [Co(NCS)4]2– anions: (1) the short S(1)�Co(1i) 
(symmetry code: i = x, y+1, z) interactions with the distances of 3.626 Å; (2) the short S(1)�N(2ii) 
(symmetry code: ii = –x+1, –y–1, –z) interactions with the distances of 3.227 Å. These short inter-
actions are similar to the short S�S [ 2, 3, 31 ] or C�N interactions [ 32—34 ] and result in the for-
mation of a 2D layer structure of [Co(NCS)4]2– anions (Fig. 2). It is noted that the [4NO2BzPy]+ 
cations stack into a 1D column (Fig. 3a) by the p�� stacking interaction [ 35, 36 ] between O(1) of 
one cation and the phenyl ring of another cation with a centroid-centroid distance of 3.591 Å (Fig. 3), 
and the columns are linked by the C—H�O hydrogen bonds with a C�O distance of 3.267 Å. The 
effect of the combination of weak hydrogen bonds, short S�Co and S�N interactions consolidate the 
crystal packing and generates a 3D structure (Fig. 4). 
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Fig. 2. Layer structure of [Co(NCS)]2– anions  
formed by S�N and S�Co interactions of 1 

 Fig. 3. 1D column formed by the p�� inter- 
actions between the [4NO2BzPy]+ cations of 1 

 
 

 
 

Fig. 4. Packing diagram of 1 
 
 

 
 

 

Fig. 5. Plot of �M versus T for 1 (inset:  
plot of �MT versus T ). 

The red solid line is reproduced from the 
theoretical calculations and detailed fitting 
            procedure described in the text 
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The temperature dependence of the solid-state magnetic susceptibilities of 1 was investigated in 
the range 2—300 K under an applied field of 2000 Oe. As shown in Fig. 5, at 300 K the �MT value is 
3.055 emu �K �mol–1, which is larger than the spin-only value of high-spin Co(II) (S = 3/2), 
1.875 emu �K �mol–1, indicating a contribution of the orbital momentum typical of the 4T1g ground state 
[ 37, 38 ]. As the temperature is lowered, the �MT value of 1 slightly decreases to 2.731 emu �K �mol–1 
at 25 K, and drops to 1.421 emu �K �mol–1 at 2 K, which is indicative of a weak antiferromagnetic ex-
change. The magnetic susceptibility data in the range 2—300 K can be finely fitted to the Curie-Weiss 
law (the solid line in the inset in Fig. 5) with C = 2.76 emu �K �mol–1, � = –2.42 K and R = 1.3�10–4  
(R is the agreement factor defined as calcd obsd 2 obsd 2

M M M( ) / ( ) ).� � � ��  
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