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a b s t r a c t

A structural, magnetic and theoretical study of the mononuclear octahedral cobalt(II) and nickel(II) coor-
dination compounds with the tridentate ligand, 4-(benzimidazol-2-yl)-3-thiabutanoic acid (Hbztb), was
performed. At low temperature, both compounds present weak antiferromagnetic couplings via intermo-
lecular interactions. In the [Co(bztb)2]�H2O compound, intermolecular hydrogen bonding between the
benzimidazolic nitrogen atom and the neighboring carboxylic oxygen contribute to the magnetic path-
way for the coupling between the cobalt(II) mononuclear complexes. Whereas in [Ni(bztb)2]�3H2O, two
nickel(II) compounds are linked by non-covalent interactions through water molecules, [(Ni(bztb)2� � �
(H2O)3� � �Ni(bztb)2], which play an important role on the super-exchange magnetic coupling contributing
to the magnetic MO. The magnetic behavior of both coordination compounds was analyzed by DFT
theoretical calculations.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, it has been a considerable interest on supramo-
lecular self-assembly of coordination polymers, where the con-
struction of molecular networks based on organic ligands and
metal ions has been a useful approach. These systems have poten-
tial utility as molecular-based magnetic materials, induced by
metal–metal interactions [1–3], through bridging ligands [4–7] or
intermolecular non-covalent interactions such as hydrogen bond-
ing and p–p stacking [1,8,9].

Recently it has been shown that mono-, bis- or tris-chelate
mononuclear transition metal coordination compounds may pres-
ent magnetic interactions, ferromagnetic [10–13] or antiferromag-
netic [14–18]. In all cases, this magnetic behavior is due to non-
covalent intermolecular forces [18–23].

Benzazoles and their derivatives are an important class of com-
pounds that occur widely as biologically active natural products,
their derivatives may present biocide, or antineoplastic properties
[24–30]. Among these derivatives there are several examples of 2-
substituted benzimidazoles that stabilize a free radical, such as
2-(N-tert-butylaminoxyl)-benzimidazole [31,32], 2-nitronyl nitr-
oxide benzimidazole [10] and 2-mercaptobenzimidazole [33].

The presence of N, S, O atoms in tridentate ligands is highly rel-
evant when interacting with transition metal ions, stabilizing dif-
ferent coordination numbers and geometries [34–37]. Some of
these ligands may be regarded as mimics of amino acid side chains,
which are involved in coordination to metal ions in proteins and
metalloenzymes [38,39]. These tridentate model compounds have
shown to mimic metalloenzyme catalytic activities [39,40], or they
may interact with DNA fractions [41–43]. Additionally, these coor-
dination compounds may present catalytic activity [44,45] or pho-
toluminescent properties [46,47].

The 4-(benzimidazol-2-yl)-3-thiabutanoic acid(Hbztb), Scheme 1,
is a tridentate ligand bearing N, O and S donor atoms [48], where the
sulfur is a stereogenic atom, that upon coordination to a metal ion
adopts a S or R conformation. This ligand may stabilize different
octahedral geometrical isomers, fac or mer, with a cis-cis-cis or cis-
cis–trans arrangements [49]. We were interested to investigate the
magnetic properties of mononuclear coordination compounds of
cobalt(II) and nickel(II) with this versatile ligand, which may contrib-
ute to the understanding of non-covalent interactions into their mag-
netic properties. Herein we report the synthesis, structural
characterization and magnetic properties of the obtained com-
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Scheme 1. Structure of 4-(benzimidazol-2-yl)-3-thiabutanoic acid (Hbztb).
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pounds. DFT calculations were performed to analyze the contribution
of non-covalent interactions on their magnetic couplings.
Table 1
Crystal data and structure refinement for 1 and 2.

Empirical formula C20H22N4O6S2Co C20H24N4O7S2Ni

Formula weight 537.47 555.26
Color, habit pink lamina green plate
Crystal size (mm) 0.51 � 26 � 0.11 0.30 � 0.20 � 0.12
Crystal system monoclinic hexagonal
Space group P21/n P31

Unit cell dimensions
a (Å) 9.3674(6) 13.78485(4)
b (Å) 13.3630(8) 13.7848(4)
c (Å) 9.7109(7) 10.2753(3)
a (�) 90 90
b (�) 116.19(9) 90
c (�) 90 120
V (Å3) 1090.73(12) 1690.93(9)
Z 2 3
Absorption coefficient

(mm�1)
1.025 1.097

2h range (�) 3.84–26.05 3.41–26.05
Dcalc (Mg/m3) 1.636 1.636
Temperature (K) 298 (2) 130 (2)
Reflections collected 7805 12 427
Independent reflections

(Rint)
2156 (3.17%) 4376 (3.57%)

R indices [I > 2r(I)] (%) R1 = 0.0293,
wR2 = 0.067

R1 = 0.0541,
wR2 = 0.135

R indices [all data] (%) R1 = 0.0381,
wR2 = 0.073

R1 = 0.0641,
wR2 = 0.142

Goodness-of-fit (GOF) on F2,
S

1.054 1.017

Data-to-parameters ratio 2156/0/160 4376/51/332

Symmetry operation for compound 1: x, y, z; 1/2 – x, 1/2 + y, 1/2 � z; �x, �y, �z;
1/2 + x, 1/2 � y, 1/2 + z.
Symmetry operation for compound 2: x, y, z; �y, x � y, 1/3 + z; �x + y, �x, 2/3 + z.
2. Experimental

2.1. Physical measurements

IR spectra in the range 4000–400 cm�1 were recorded in a Per-
kin Elmer FT-IR Spectrum 400 spectrophotometer with a universal
ATR sampling accessory at 298 K. Electronic spectra of powdered
crystalline samples were measured, over the range 40000–
5000 cm�1, by the diffuse reflectance method on a Cary-5000 Var-
ian spectrophotometer at 298 K. Elemental analyses were carried
out with a Fisons EA 1108 analyzer. Magnetic susceptibility
measurements at RT of powdered samples were recorded on a
Johnson–Matthey DG8 5HJ balance, using the Gouy method. Vari-
able-temperature magnetic susceptibility data for 1 and 2 were
collected using a Quantum Design MPMS SQUID magnetometer
equipped with 5 T magnet, in a range of 2–300 K. EPR spectra were
recorded on polycrystalline samples with a Bruker Elexsys E500
spectrometer using the X-band (9.45 GHz) microwave frequency
operating at 100 kHz.

2.2. Materials

The metal salts [Co(O2CMe)2(H2O)2]�2H2O, [Co(NO3)2(H2O)4]-
�2H2O, [Ni(O2CMe)2(H2O)2]�2H2O, [Ni(NO3)2(H2O)4]�2H2O and 4-
(benzimidazol-2-yl)-3-thiabutanoic acid (Aldrich Chem) and
methanol (J.T. Baker) were used without further purification.

2.3. Synthesis

The same compounds were obtained regardless of the metal salt
used in the synthesis, acetate or nitrate. The synthesis of the coor-
dination compounds, when using the acetate salts, is described
below.

2.3.1. Synthesis of compound [Co(bztb)2]�2H2O (1)
Cobalt(II) acetate trihydrate (0.0119 g, 0.05 mmol) was dis-

solved in methanol (1 mL) and added to solution of 4-(ben-
zimidazol-2-yl)-3-thiabutanoic acid (Hbztb) (0.0222 g, 0.1 mmol)
in methanol (4 mL). A dark pink solution was refluxed for 2 h
and the solution was allowed to stand at low temperature for
3 weeks. The resulting dark pink crystals were suitable for X-ray
diffraction analysis. (Yield 0.025 g, 73%). Anal. Found: C, 46.16; H,
3.55; N, 10.83%. Calc. for C20H22N4O6S2Co: C, 46.24%; H, 3.88%; N,
10.79%. IR, m(cm�1): m(C@C) 1627, m(C@N) 1605, m(C–N) 1278,
mas(COO�) 1575, ms(COO�) 1381; UV–Vis–NIR, m(cm�1): m1 = 8250,
m2 = 16500, m3 = 20450. RT leff = 6.48 BM/Co2+.

2.3.2. Synthesis of compound [Ni(bztb)2]�3H2O (2)
In a similar procedure to that described above, addition of Hbztb

(0.0222 g, 0.1 mmol) to Ni(O2CMe)2�3H2O (0.0124 g, 0.05 mmol)
gave a light green solution. It was allowed to stand at low tempera-
ture for three weeks. Pale green crystals suitable for X-ray diffrac-
tion analysis were isolated. (Yield: 0.0181 g, 53%). Anal. Found: C,
43.76; H, 4.46; N, 10.04%, Calc. for C20H24N4O7S2Ni: C, 43.31; H,
4.36; N, 10.10%. IR, m(cm�1): m(C@C) 1632, m(C@N) 1603, m(C–N)
1277, mas(COO�) 1583, ms(COO�) 1367; UV–Vis–NIR, m(cm�1):
m1 = 9300, m2 = 15500, m3 = 25000: RT leff = 4.69 BM/Ni2+.
2.4. X-ray crystallographic study

The crystals of 1 and 2 were mounted on glass fiber and studied
with a Oxford Diffraction Gemini ‘‘A’’ diffractometer with a CCD
area detector, with radiation source of kMo Ka = 0.71073 Å using
graphite-monochromatized radiation. CrysAlis Pro and CrysAlis
RED software packages [50] were used for data collection and data
integration. A data sets consisted of frames of intensity data col-
lected with a frame width of 1� in x, a counting time of 1.7–
6.8 s/frame, and a crystal-to-detector distance of 55.00 mm. The
double pass method of scanning was used to exclude any noise.
The collected frames were integrated by using an orientation
matrix determined from the narrow frame scans. Final cell con-
stants were determined by a global refinement; collected data
were corrected for absorbance by using analytical numeric absorp-
tion correction [51] using a multifaceted crystal model based on
expressions upon the Laue symmetry using equivalent reflections.

Structure solution and refinement were carried out with the
program(s): SHELXS97 [52], SHELXL97; for molecular graphics:
ORTEP-3 for Windows [53] and the software used to prepare mate-
rial for publication: WinGX 1.80.05 [54,55].

Full-matrix least-squares refinement was carried out by mini-
mizing (Fo

2 � Fc
2)2. All non-hydrogen atoms were refined anisotrop-

ically. For 1 the H atoms of the water group (H–O) and amine group
(H–N) were located in a difference map and refined isotropically
with Uiso(H) = 1.5 and 1.2 Ueq for (O) and (N) respectively, while



Fig. 1. ORTEP diagram of compound [Co(bztb)2]�2H2O 1. (Displacement ellipsoids are drawn at 30% probability).
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Fig. 2. [Co(bztb)2]�H2O: (A) plane N3, S11, N3a, S11a; (B) plane O14, S11, O14a, S11a.

Table 2
Selected bond lengths (Å) and angles (�) for the cobalt(II) 1 and nickel(II) 2 compounds.

Co(1)–N(3) 2.123(16) Å N(3)–Co (1)–S(11) 80.82(5)�
Co(1)–S(11) 2.493(5) Å N(3)–Co(1)–O(14) 90.48(6)�
Co(1)–O(14) 2.054(13) Å O(14)–Co(1)–S(11) 97.40(4)�

Ni(1)–N(23) 2.064(7) Å Ni(1)–N(3) 2.099(7) Å
S(11)–Ni(1) 2.417(2) Å S(31)–Ni(1) 2.425(2) Å
O(14)–Ni(1) 2.002(5) Å O(34)–Ni(1) 2.019(6) Å

N(23)–Ni(1)–N(3) 172.1(3)� S(11)–Ni(1)–S(31) 95.46(8)� O(14)–Ni(1)–O(34) 94.6(2)�
N(23)–Ni(1)–S(11) 92.9(2)� O(14)–Ni(1)–S(11) 85.54(19)� O(14)–Ni(1)–N(23) 95.6(3)�
N(3)–Ni(1)–S(11) 82.63(18)� O(34)–Ni(1)–S(11) 177.03(19)� O(34)–Ni(1)–N(23) 90.0(3)�
N(23)–Ni(1)–S(31) 83.75(19)� O(14)–Ni(1)–S(31) 178.8(2)� O(14)–Ni(1)–N(3) 90.5(3)�
N(3)–Ni(1)–S(31) 90.2(2)� O(34)–Ni(1)–S(31) 84.41(17)� O(34)–Ni(1)–N(3) 94.4(2)�
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for 2 the H atoms of the water group (H–O) and amine group (H–N)
were located in a difference map and refined as riding on their par-
ent atoms with Uiso(H) = 1.5 and 1.2 Ueq for (O) and (N) respectively.
H atoms attached to C atoms were placed in geometrically idealized
positions and refined as riding on their parent atoms, with C–
H = 0.93–0.99 Å and with Uiso(H) = 1.2 Ueq(C) for aromatic and
methylene groups. The crystal 2 studied was a racemic twin; the
minor twin component refined to 26(3)%. Crystal data and experi-
mental details of the structures determination are listed in Table 1.
3. Results and discussion

3.1. Spectroscopic characterization

The diffuse reflectance spectrum of [Co(bztb)2]�2H2O 1,
presented bands characteristic of an octahedral geometry for
cobalt(II), m1

4T2g(F) 4T1g(F), at 8250 cm�1; m2
4A2g(F) 4T1g(F) at

16500 cm�1 and m3
4T1g(P) 4T1g(F) at 20450 cm�1. Compound

[Ni(bztb)2]�3H2O 2, showed transitions at 9300, 15500 and



Table 3
Hydrogen bonds for 1 and 2 [(Å) and (�)].

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) <(DHA)

[Co(bztb)2]�2H2O
O(1W)–H(1W)� � �O(14)#2 0.83(3) 1.97(3) 2.787(2) 168(3)
N(1)–H(1N)� � �O(15)#3 0.80(2) 2.16(3) 2.943(2) 168(2)
O(1W)–H(2W)� � �O(15)#4 0.84(3) 2.04(3) 2.862(3) 168(3)

[Ni(bztb)2]�3H2O
N(21)–H(1)� � �O(3W)#1 0.93(2) 2.03(3) 2.935(14) 164(1)
N(1)–H(1)� � �O(1W)#1 0.94(11) 1.86(11) 2.738(3) 158(1)
O(1W)–H(1)� � �O(15)#2 0.66 1.80(2) 2.706(2) 164(1)
O(2W)–H(2)� � �O(35)#3 0.91 1.85(1) 2.741(2) 164(1)
O(3W)–H(2)� � �O(34)#3 0.83 2.07(8) 2.879(2) 166(1)
O(2W)–H(2E)� � �O(3W)#4 0.94 1.81(2) 2.729(3) 170(1)
O(3W)–H(3E)� � �O(15)#5 0.85 2.27(1) 3.033(2) 149(1)
N(1)–H(2)� � �O(2W)#6 0.94(11) 2.10(10) 2.781(13) 130(1)

D = donor, A = acceptor.
Symmetry transformations used to generate equivalent atoms for 1: #1 �x, �y + 1,
�z #2 x, y, z #3 �x � 1/2, y � 1/2, �z + 1/2 #4 x � 1/2, �y + 3/2, z � 1/2.
Symmetry transformations used to generate equivalent atoms for 2: #1 x, y, z; #2
�x + y + 1, �x + 1, z + 2/3; #3 �x + y,�x + 1, z + 2/3; #4 �y + 1, x � y + 1, z + 1/3; #5
�y, x � y, z + 1/3; #6 �x + y + 1, �x + 1, z � 1/3.
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25000 cm�1, assigned to m1
3T2g(F) 3A2g(F), m2

3T1g(F) 3A2g(F),
and m3

3T1g(P) 3A2g(F), for a nickel(II) in an octahedral geometry.
3.2. X-ray diffraction analysis

There are only three reported X-ray crystal structures of
coordination compounds with bztb, [Re(bztb)(CO)3] [35],
[Ni(bztb)2]�3EtOH and [Cu(bztb)2]�2H2O [49]. All of them are
mononuclear compounds, where the deprotonated bztb behaves
as a tridentate ligand giving place to fac-octahedral geometries.
The [Ni(bztb)2]�3EtOH and [Cu(bztb)2]�2H2O compounds crystallized
2.16(3) 

O15 
N3a 

A 

D 

Fig. 3. Intermolecular interactions (Å), in [Co(bztb)2]�2H2O: p-stacking of the aromati
different carboxylate oxygen atoms with a water molecule: C13–O15a� � �H–Ow1 and C1
in a monoclinic system (P21/n). Nevertheless, they stabilized differ-
ent isomers, being the nickel(II) compound an all-cis isomer, while
in the copper(II) compound the sulfur atoms are trans- to each
other. The complexes obtained in this work present different iso-
mers to both compounds, as will be discussed.
3.2.1. Compound [Co(bztb)2]�2H2O 1
Compound 1 consists of two deprotonated 4-(benzimidazol-2-

yl)-3-thiabutanoic ligands (bztb), tricoordinated to the metal cen-
ter. The cobalt(II) ion stabilizes a fac-octahedral geometry, with the
bztb donor atoms in an all-trans arrangement, which can be
described as fac-all trans, Fig.1.

Two nitrogen and two sulfur atoms are in an equatorial square
planar arrangement around the cobalt(II), the plane N3, S11, N3a,
S11a shows a slight distortion of 0.0168 Å, Fig. 2A. Deviations from
the orthogonality are shown by the distances Co1–N3 2.123(1),
Co1–S11 2.493(1) Å, and bond angles N3–Co1–S11 of 80.82(5),
N3–Co1–S11a 99.18(5)� (Table 2). Coordination of the oxygen
and sulfur atoms form chelate angles of O14–Co1–S11, 82.60(4)
and O14–Co1–S11a, 97.40(4)�, with the oxygen and sulfur atoms
(O14, S11, O14a, S11a) forming a fairly regular square planar plane,
with a deviation of only 0.0036 Å, Fig. 2B. The distance Co–O
2.055(1) Å, is in the expected range for a Co–O bond length in sim-
ilar tridentate compounds (Co–O 2.065(6) Å) [56].

It is observed an intermolecular hydrogen bonding between the
proton of the benzimidazole nitrogen atom with the oxygen atom
from a neighboring carboxylate group (N3–H� � �O15), with an angle
of 168� and a distance D� � �A of 2.16 Å, which may be considered as
a strong interaction. The water molecule present hydrogen bonds
with two adjacent carboxylate oxygen atoms, O1w–H2w� � �O15a
and O1w–H1w� � �O14, with symmetry operations x, y, z and
x � 1/2, �y + 3/2, z � 1/2 respectively (Table 3, Fig. 3), providing
complex tridimensional interactions in a supramolecular array
3.622(2) 

1.97(2) 

2.04(2) 

Ow1 

O15a 

O14 

B 

C 

c rings; hydrogen bonding between N3–H� � �O15–C13; hydrogen bonding of two
3–O14� � �H–Ow1.



Fig. 4. ORTEP diagram of compound [Ni(bztb)2]�3H2O 2. (Displacement ellipsoids are drawn at 30% probability).
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40 F. Yoe et al. / Inorganica Chimica Acta 423 (2014) 36–45



0 50 100 150 200 250 300

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5
χT
χ
Theoretical Model

T / K

χT
 / 

cm
3 Km

ol
-1

0.0

0.2

0.4

0.6

0.8

1.0

χ 
/ c

m
3 m

ol
-1

Fig. 6. Temperature dependence of vMT (�) and vM (o) for the cobalt(II) compound
1.

0 50 100 150 200 250 300

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0 χT
χ

Theoretical model

T / K

χT
 / 

cm
3 Km

ol
-1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
χ 

/ c
m

3 m
ol

-1

Fig. 7. Temperature dependence of vMT (�) and vM (o) for the nickel(II) compound
2.
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Fig. 9. Contour plot of the MO of the neutral Hbztb molecule.
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with D2
2(5), C4

4(16), R4
4(32) and R6

6(48) motifs. Additionally, the 3D
arrangement is further stabilized by intermolecular p–p stacking
interactions between benzimidazolic rings as shown in Fig. 3, with
a p–p stacking distance of 3.622 Å.
3.2.2. Compound [Ni(bztb)2]�3H2O (2)
Compound 2 consists of two deprotonated 4-(benzimidazol-2-

yl)-3-thiabutanoic ligand (bztb) tricoordinated to the nickel(II)
ion, stabilizing a fac-octahedral geometry, Fig. 4. In this structure
the benzimidazolic nitrogen atoms are in a trans position, while
the coordinated oxygen and sulfur donor atoms are in a cis
arrangement, fac-DS, S, N-trans, which is a different isomer to the
reported nickel(II) compound, in an all-cis arrangement[49]. The
oxygen and sulfur donor atoms of the bztb form a square planar
plane (O14, S11, S31, O34) around the central nickel(II), with a
slight distortion of 0.0341 Å. Distances for the equatorial plane
Table 4
Magnetic and structural parameters for compounds 1 and 2.

leff. [BM] giso DMag.[cm�1] E

[Co(Hbztb)2]�2H2O 6.52 2.0438 64.5 5
[Ni(Hbztb)2]�3H2O 4.82 1.7654 2.7 1
are approximately of 2.020 and 2.425 Å for Ni–O and Ni–S respec-
tively (Table 2). As expected, the bond angles O14–Ni1–S11, O14–
Ni1–O34, S11–Ni1–S31 show deviations from the orthogonality
(Table 2). The axial positions are occupied by the nitrogen atoms,
Ni–N (2.064(7) and 2.099(7) Å), Fig. 4, and Table 2. The angle S–
M–S between the cis-S atoms is of 95.46�(8), whereas O–M–O,
cis-O, is 94.60�(2) and for the trans N–M–N is 172.10�(3).

Note that the space group P31 corresponds to a chiral group,
thus the nickel(II) compound 2 is an optical isomer [57], the Flack’s
parameter indicates that it is only one isomer present in this crys-
tal, with an absolute configuration D. The reported analogue nick-
el(II) compound is the cis isomer, with a spatial group P21/n, which
is not chiral [49].

The three water molecules are in a triangular arrangement, as
depicted in Fig. 5. The neutral complex and the water molecules
establish multiple hydrogen bond interactions Ow–H� � �O and N–
H� � �Ow, Table 3. There is a bifurcated hydrogen bond between
N1–H and the oxygen atoms from the water molecules Ow1 and
Mag.[cm�1] DStr.[cm�1] EStr.[cm�1] vTIP/109 [m3 mol�1]

.8 15.6 1.6 +9.35

.2 2.5 0.8 +8.13
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Ow2. Additionally, protons from Ow1–H, and Ow3–H are interact-
ing with the carboxylate oxygen O15. In general, the water mole-
cules provide a link between the metal compounds by a three-
dimensional hydrogen bonding network, involving the water mol-
ecules (as donors and, in one case, as acceptor), the coordinated
and uncoordinated oxygen of each carboxyl (as acceptors), and
the benzimidazole N-H groups (as donors). Geometrical details of
the hydrogen bonds are given in Table 3.

3.3. Magnetic characterization

An EPR study of the ligand Hbztb and its cobalt(II) coordination
compound was undertaken at room temperature. It was observed
that the ligand stabilizes a free radical with a g = 1.9156 with a
coupling constant A = 15.35 Gauss, which indicates that the free
radical is situated on a nitrogen atom; although its concentration
is less than 2%. For the cobalt(II) compound, two signals were
observed, g|| = 2.731 and g\ = 2.129, as it is expected for a cobalt(II)
in an octahedral environment [58]. Additionally, a low intensity
signal, g = 2.0035, was assigned to the free radical. It was found
that its concentration was below 0.5%, so it is considered as a mag-
netic impurity.

Temperature dependent magnetic susceptibility measurements
for the compounds 1 and 2 were performed on polycrystalline
samples from 2 to 300 K. In both cases the susceptibility measure-
ments, vM, were corrected for diamagnetism with the Pascal
constants.

In Figs. 6 and 7 it is presented the susceptibility vM, and the
product vMT as a function of temperature for both compounds.
In the SI (Fig. SI-1) the values of the Curie constant, C, and Curie–
Weiss temperature, obtained after fitting the inverse of the suscep-
tibility (100–300 K), are included; C = 5.83 cm3 mol�1 K, and
hCW = �30 K. This value of C corresponds to a total spin, s = 5/2,
where the spin–orbital contribution was taken into account. The
Fig. 10. Contour plot for the MO coupling the metal centers of the dinucle
obtained values, are consistent with a dinuclear cobalt(II) com-
pound. In Table 4 it is shown selected data of the magnetic and
structural parameters.

The magnetic data were fitted to the model for dinuclear cobal-
t(II) interaction through a modify Van Vleck equation [59], in
which were included: the single-ion anisotropy and a paramag-
netic impurity of the ligand free radical, the cobalt(II) spin–orbit
contribution and the intermolecular interactions. The total spin
s = 5/2, indicated that the coordination compound is behaving as
a dimer, through intermolecular hydrogen bonding.

For the nickel(II) compound 2, the Curie constant and the Curie–
Weiss temperature, obtained after fitting the inverse of the suscep-
tibility from 100 to 300 K, are the following: C = 2.976 cm3 mol�1 K
and hCW = �4.5 K, which correspond to a total spin of s = 2. Thus,
the removal of the spin degeneracy will be ms = 0 and ms = ± 1.
The vMT observed at 300 K is 2.976 cm3 mol�1 K [4,10,60–64]. This
experimental data showed that the nickel(II) compound presents a
dinuclear association, similar to the cobalt(II) compound 1
(Table 4).

M–H curves were measured at different temperatures for the
Hbztb ligand and for compounds 1 and 2, at magnetic fields from
0 to 2 T, these figures are included in the SI. The observed temper-
ature behavior, for the ligand and the two coordination com-
pounds, is in accord with the Brillouin model. The isothermal
magnetization curves were measured at 2, 10 and 50 K. For the
ligand, it corresponds to a value of s = ½. Both coordination com-
pounds are weakly antiferromagnetic and the M–H isothermal
measurements show weak ferromagnetism, indicative of canted
spins. In both complexes the magnetic couplings may be a conse-
quence of hydrogen-bonding.

The effective magnetic moment (leff) values for the two com-
pounds are displayed in Fig. 8. In the nickel(II) compound 2, leff

is close to 4.8 BM at room temperature. Whereas for the cobalt(II)
compound 1, was not possible to define a clear value of leff, how-
ar [Co(bztb)2� � �Co(bztb)2] system; a threshold of ±0.001 a.u. was used.
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ever the effective magnetic moment at room temperature is close
to 6.5 BM. These room temperature values corroborate the asso-
ciation of the monomers to give a dinuclear interaction, the data
reported in the literature for cobalt(II) or nickel(II) dinuclear
coordination compounds are similar [65–73]. On the other hand,
it is important to discuss the different behavior of the leff at low
temperature for both compounds: whereas the nickel(II) shows a
steep decrease of leff below ca. 30 K; which is the signature of
the zero field splitting of the energy levels, D, due to different
interacting processes [60,74–77]; while for the cobalt(II) com-
pound the decrease of leff is almost constant, from high to low
temperature. These two different behaviors are clearly due to
the values of the total spin, and to the magnitude of the zero field
splitting; in the cobalt(II) compound the splitting is given by
ms = ± 1/2, and ms = ± 3/2 [60,75–77].
3.4. Theoretical ab initio study

To evaluate the contribution of the intermolecular interactions
on the antiferromagnetic properties presented by these mononu-
clear compounds 1 and 2, a Density Functional Theory (DFT) study
was performed. Using the quantum chemistry software GAUSSIAN-09
[78], all-electron calculations were done at the B3LYP/6–
311 + G(d,p) level of theory [79–84].
3.4.1. Ligand Hbztb
DFT calculations were realized in order to understand the elec-

tronic properties of the ligand and its complexes. The highest occu-
pied molecular orbital (HOMO) of the Hbztb molecule (Fig. 9),
presents important contributions on the region defined by the het-
eroatoms (N and S). As expected, the ligand coordinates through
these atoms with the metal. Moreover, the estimated ionization
energy (IE) of Hbztb, 7.85 eV, is relatively low, about half the IE
of the hydrogen atom.

3.4.2. 2[Co(bztb)2]�2H2O (1)
The X-ray crystal structure of compound 1 reveals the presence

of three different inter-molecular interactions: p-stacking between
neighboring benzimidazole rings, hydrogen bonding of an imidaz-
olic nitrogen with a carboxylate group N1–H� � �O15–C, hydrogen
bonding of two carboxylates with a water molecule: C13–
O14� � �H–Ow1 and C13–O15a� � �H-Ow1, as shown in Fig. 3. The
possible contribution for each of these weak interactions to the
magnetic coupling was studied.

For the isolated mononuclear cobalt(II) compound 1, a quadru-
plet multiplicity was found as the most stable energy state. While
for the dinuclear [Co(bztb)2� � �Co(bztb)2] system the quintuplet
state was the one of lowest energy. Negligible contributions were
found for p-stacking or hydrogen bonding (between the two pro-



44 F. Yoe et al. / Inorganica Chimica Acta 423 (2014) 36–45
tons of a water moiety and two carboxylates) to the magnetic cou-
pling. The total energy difference between the di-nuclear
[Co(bztb)2� � �Co(bztb)2] system and two monomeric species, indi-
cates a binding energy of �14 kcal/mol for the di-nuclear system.
That is, DFT calculations yield this value for the imidazolic N1–
H� � �O14–C13 hydrogen bonding, which is mainly responsible for
the attractive interaction of the monomers. Moreover, the N1–
H� � �O14–C13 distance (2.07 Å) and the N1–H� � �O14 angle
(167.25�) are consistent with such strong hydrogen bonding. The
contour plot for the molecular orbital principally contributing to
the coupling of the two monomeric moieties is depicted in
Fig. 10. Note that the hydrogen atom of the bztb ligand is clearly
polarized through the intermolecular N1–H� � �O14-C13 sigma
bonds. Magnetic interaction has previously been proposed to be
dependent on the orbital overlap [67–68,71–72], associated to
the strength of the hydrogen bonds.
3.4.3. [Ni(bztb)2]�3H2O (2)
In the crystal packing of compound 2, there are relevant non-

covalent interaction which contribute to the observed magnetic
behavior. In Fig. 11a it is depicted the nickel(II) complexes A and
C, the triangular arrangement of the water molecules and the inter-
molecular interactions that may contribute to the magnetic cou-
pling between the two nickel(II) atoms. It is shown the
directional character and distances of the hydrogen bonding
between the three water molecules W1, W2 and W3 with the
mononuclear complexes A and C, giving place to a dinuclear sys-
tem. A triplet state was found as the one of lowest energy for the
[(Ni(bztb)2� � �(H2O)3� � �Ni(bztb)2].

In Fig 11b is shown the MO for the dinuclear [(Ni(bztb)2� � �(H2-

O)3� � �Ni(bztb)2] system. The carboxylic group is coupled with the
water molecules, through hydrogen bonding interactions. Which
are mainly responsible for the super–exchange interaction in this
di-nuclear association [69–70,73–74].
4. Conclusions

In conclusion, the 4-(benzimidazol-2-yl)-3-thiabutanoic acid
(bztb), behaves as a tridentate ligand which may stabilized differ-
ent octahedral isomers. [Co(bztb)2]�2H2O 1, is an all-trans isomer,
while [Ni(bztb)2]�3H2O 2, stabilizes a fac-D cis-cis–trans-N com-
pound. At low temperature, compounds 1 and 2 present weak anti-
ferromagnetic couplings via intermolecular interactions. DFT
calculations showed that in compound 1, the hydrogen bonding
between the benzimidazolic nitrogen and the neighboring carbox-
ylic oxygen atom, contributes to the magnetic pathway for the cou-
pling between the cobalt(II) complexes, which can be seen as a
dinuclear [Co(bztb)2� � �Co(bztb)2] system, whereas the water mole-
cules do not contribute to the magnetic behavior. On the other
hand, calculations of compound 2, indicated that two nickel(II)
mononuclear compounds are linked by non-covalent interactions
though three water molecules, [(Ni(bztb)2� � �(H2O)3� � �Ni(bztb)2],
which play an important role on the super-exchange magnetic
coupling.
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[9] M. Gembicky, R. Boča, L. Jäger, C. Wagner, Chem. Comm. 3 (2000) 566.

[10] D. Luneau, P. Rey, Coord. Chem. Rev. 249 (2005) 2591.
[11] A.I. Poddel’sky, V.K. Cherkasov, G.A. Abakumov, Coord. Chem. Rev. 253 (2009)

291.
[12] F.-H. Zhao, Y.-X. Che, J.-M. Zheng, F. Grandjean, G.J. Long, Inorg. Chem. 51

(2012) 4862.
[13] C. Yang, M.Y. Tsai, S.-W. Hung, J.-H. Chen, S.-S. Wang, J.-Y. Tung, Polyhedron 37

(2012) 1.
[14] P. Gütlich, A.B. Gaspar, V. Ksenofontov, Y. Garcia, J. Phys. Condens. Matter 16

(2004) S1087.
[15] B. Dojer, A. Pevec, P. Šegedin, Z. Jagličić, C. Stropnik, Inorg. Chim. Acta 363
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