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Two squarate complexes of nickel(II), [Ni(C4O4)(4-Meim)2(H2O)2]n (1) (4-Meim: 4-methylimi-
dazole) and [Ni(C4O4)(his)2]n � nH2O (2) (his: histamine or 2-(4-imidazolyl)ethylamine), have
been synthesized and characterized by X-ray diffraction, IR and UV–Vis techniques. The
electrochemical properties of the nickel(II) complexes are investigated by cyclic voltammetry.
In both complexes the Ni(II) ions have distorted octahedral geometry. Both structures comprise
infinite chains parallel to [010] for 1, ½10�1� for 2 built up of bis(monodentate) squarate-O1,O3

(�-1,3) C4O
2�
4 anions bridging [Ni(4-Meim)2(H2O)2] (1) and [Ni(his)2] (2) units. These chains are

held together by hydrogen bonds between the noncoordinated oxygens of the squarate anions
and the water molecules, forming a two-dimensional sheet of Ni(II) ions. These sheets are held
together by hydrogen bonds between the imidazole (1) or amine (2) hydrogens and
noncoordinated squarate oxygens (1 and 2), or water (2) molecules. IR and UV–Vis spectra
of both compounds agree with the observed crystal structure. The voltammetric behaviors of 1
and 2 were investigated in DMSO (dimethylsulfoxide) solution by cyclic voltammetry using
n-Bu4NClO4 supporting electrolyte. Both complexes exhibit only ligand (C4O

2�
4 ) centred

electroactivity in the potential �0.2–1.4V versus Ag/AgCl reference electrode. The squarate
anion is oxidized in two consecutive steps to the corresponding radical monoanion and
neutral form.

Keywords: Polymeric Ni(II) squarate complexes; X-ray crystal structure; IR; UV–Vis; Cyclic
voltammetry

1. Introduction

Squaric acid, 3,4-dihydroxy-3-cyclobutene-1,2-dione (C4H2O4), is a strong dibasic acid
and has been studied for potential application to organic solar cells and optical
recording devices [1, 2]. Because of the presence of several potential donor oxygen
atoms, increasing attention has been devoted to the coordination chemistry of the
squarate ligand, C4O

2�
4 , by both inorganic and bioinorganic chemists [3–5]. Squarate

acts as a bridge between two or more metal atoms in mono- or polydentate
coordination modes with first row transition metal ions [6, 7]. It coordinates to
Fe(II), Fe(III), Ni(II) and Cu(II) complexes in a �-1,3 fashion, giving binuclear [8–11]
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and chain structures [12, 13], whereas the �-1,2 coordination mode has been reported
for binuclear and chain complexes of Cu(II) and Pd(II) [14, 15]. The squarate anion,
with Cu(II) and Ni(II), is a tetradentate ligand forming polynuclear compounds [16].
The chelating and bis-chelating coordination modes are only possible in complexes with
larger metal ions, such as alkaline and rare-earth cations [17–19]. In our ongoing
research on squaric acid, we have synthesized some mixed-ligand metal(II) complexes of
squaric acid, and their structures have been reported [20–23]. In these compounds,
squaric acid is a monodentate ligand [24, 25] or both a monodentate and a bidentate
ligand [26], while in 1 and 2, reported in the present study, it has �-1,3 bis(monodentate)
coordination between the Ni(II) ions. We have used histamine, an imidazole derivative,
as ligand. Imidazole with two nitrogen atoms provides a potential binding site for
metal ions in many biological systems [27]. Histamine effects many physiological and
pathological processes, e.g. the regulation of micro-circulation and blood pressure,
the stimulation of gastric secretion, the mediation of symptoms of allergy and
inflammation, etc.; use in pharmacology makes it an attractive field for biochemical
researchers [28]. Therefore, the present complexes of imidazole derivatives may be of
interest in pharmacological studies.

2. Experimental

2.1. General method

All chemical reagents were analytical grade commercial products. Solvents were
purified by conventional methods. The IR spectra were recorded on a Jasco 430 FT/IR
spectrometer using KBr pellets and operating in the 4000–400 cm�1 range. UV–Vis
spectra were obtained for aqueous solutions of the complexes (10�3M) with a Unicam
UV2 spectrometer in the range 900–190 nm. An EcoChemie Autolab-30 potentiostat
with the electrochemical software package GPES 4.9 (Utrecht, Netherlands) was used
for voltammetric measurements. A three electrode system was used: a Pt counter
electrode, an Ag/AgCl reference electrode and a Pt wire electrode as working electrode.
The potentiostat/galvonastat have an IR-compensation option. Therefore, the
resistance due to the electrode surface was compensated throughout the measurements.
Oxygen-free nitrogen was bubbled through the solution before each experiment.
All experiments were carried out at room temperature.

2.2. Syntheses of catena-poly[[diaquabis(4-methylimidazole-jN)nickel(II)]-
l2-squarato-jO

1:O3] (1) and catena-poly[[[bis(histamine-j2N:N0)
nickel(II)]-l2-squarato-jO

1:O3]monohydrate] (2)

Squaric acid (0.57 g, 5mmol) dissolved in 25mL water, neutralized with NaOH (0.40 g,
10mmol), was added to a hot solution of NiCl2 � 2H2O (0.81 g, 5mmol) dissolved in
100mL water. After stirring for 30min, precipitates were filtered and washed with
acetone to yield Ni(C4O4) � 2H2O. An aqueous solution of 4-methylimidazole (1) or
histamine (2) (2mmol, 20mL) was added into aqueous solutions of these compounds
(1mmol, 20mL), under stirring, and the mixtures were allowed to stand at room
temperature. A few days later, well formed crystals were selected for X-ray studies.

Nickel(II) squarate 2591

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
5
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



2.3. X-ray crystallography

A suitable single crystal was mounted on a glass fibre and data collection was
performed on a STOE IPDSII image plate detector using Mo-Ka radiation
(�¼ 0.71019 Å). Details of crystal structures are given in table 1. Data collection:
Stoe X-AREA [29]. Cell refinement: Stoe X-AREA [29]. Data reduction: Stoe X-RED
[29]. The structure was solved by direct methods using SHELXS-97 [30] and anisotropic
displacement parameters were applied to non-hydrogen atoms in a full-matrix least-
squares refinement based on F2 using SHELXL-97 [30]. All aromatic and methyl
hydrogens were positioned geometrically and refined by a riding model with Uiso 1.2
and 1.5 times, respectively, that of attached atoms; remaining H atoms were found by
Fourier difference map. Molecular drawings were obtained using ORTEP-III [31].

3. Results and discussion

3.1. Crystal structures of 1 and 2

The crystal structures of both compounds consist of chains built up by squarato-
O1,O3-bridged (�-1,3) Ni(II) ions. Contrary to [Ni(C4O4)(H2O)2] [32], where all
squarato oxygens are coordinated directly to Ni(II), forming a sheet structure, the

Table 1. The details of the crystal data and structure refinement for 1 and 2.

Formula C12H16N4O6Ni C14H20N6O5Ni
Formula weight 370.98 411.05
Temperature (K) 297(2) 297(2)

Wavelength (Mo-Ka) (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P21/c C2/c
Unit cell dimensions (Å, �)

a 8.668(7) 8.948(6)
b 7.935(6) 19.259(2)
c 11.130(1) 9.955(7)
� 103.914(6) 98.396(6)

Volume (Å3) 743.1(8) 1697.3(2)
Z 2 4
Calculated density (g cm�3) 1.660(2) 1.608(2)
� (mm�1) 1.343 1.184
F (000) 384 856
Crystal size (mm3) 0.24� 0.32� 0.41 0.22� 0.30� 0.40
� range (�) 1.88–27.06 2.11–27.93
Index ranges �11� h� 8 �11� h� 11

�10� k� 10 �25� k� 25
�14� l� 14 �13� l� 12

Reflections collected 4580 11574
Independent reflections 1601 [R(int)¼ 0.048] 2010 [R(int)¼ 0.058]
Reflections observed (42�) 1370 1806
Absorption correction Integration Integration
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 1601/0/120 2010/0/135
Goodness-of-fit on F2 1.062 1.060
Final R indices [I42�(I)] 0.025 0.033
R indices (all data) 0.031 0.038
Largest diff. peak and hole (e Å�3) 0.280, �0.440 0.620, �0.380
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present compounds have only two of the squarato oxygens coordinating directly to the
Ni(II) ion, forming a chain structure (figures 1 and 3).

In 1, Ni(II) is trans connected to two molecules of 4-methylimidazole [Ni1–N1¼
2.068(2) Å] occupying the axial sites, two aqua ligands [Ni1–O1W¼ 2.095(2) Å] and two
squarate-oxygen atoms [Ni1–O2¼ 2.083(2) Å] composing the basal plane, adopting a
slightly distorted octahedral geometry (figure 1). In 1, the Ni1–Osquarate bond distance is
slightly shorter than the Ni–Oaqua bond because of the electronegative character of the
C4O

2�
4 ligand. The Ni–Oaqua bond lengths compare well with those observed

in [Ni(C4O4)(H2O)2] [2.060(9) Å] [32], [Ni(C4O4)(Him)2(H2O)2] [2.069(9) Å] [33],
[Ni(C4O4)(bipy)2(H2O)2] � 2H2O [2.030(3) and 2.054(3) Å] (bipy: 2,20-dipyridl) [34] and
[Ni(C4O4)(py)2(H2O)2] [2.090(4) Å] (py: pyridine) [35], whereas the Ni–Osquarate bond
lengths are considerably shorter than those observed in the corresponding compounds.
In 1, the Ni1–N1 bond length is within the range of values reported for Ni–N distances
[36, 37]. Angles for coordinated atoms to Ni(II) are near 90 or 180� without notable
exception (table 2).

In 2, each Ni(II) is hexa-coordinated by four nitrogens of two potentially bidentate
symmetry related histamine ligands [Ni1–N1¼ 2.085(2) Å and Ni1–N3¼ 2.092(2) Å]
and cis-coordinated two squarate-oxygens [Ni1–O1¼ 2.154(1) Å], adopting a slightly
distorted octahedral geometry (figure 3). In the crystal structure of 2, there is also one
water molecule. The Ni–Osquarate bond distances in 2 are significantly longer than in 1.
Presumably, the strongly coordinated histamine ligands are responsible for the larger

Figure 1. The molecular structure of 1 showing the atom-numbering scheme. Displacement ellipsoids are
drawn at the 30% probability level and H atoms are shown as small spheres of arbitrary radii [symmetry
codes (i): �x, 1� y, 1� z; (ii): �x, 2� y, 1� z; (iii): x, 1þ y, z].
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Ni–Osquarate distance. This lengthening of Ni–Osquarate bond distances is also observed

in other Ni(II)-squarate complexes having strong nitrogen donors [33–35]. In 2, the best

equatorial plane around the Ni(II) ion is comprised of O1, O1*, N3 and N3* atoms

(symmetry code *: 1� x, y, 1.5� z), with the r.m.s. deviations of 0.050 Å and the largest

deviation from the mean plane is 0.052 Å for atom O1; symmetry related N1 atoms are

in the apical positions.
The squarate anions are almost planar in both compounds as expected. In 1, the C–O

[1.246(2) Å] bonds involving coordinated oxygens are slightly shorter than the other

C–O [1.256(2) Å] bonds, while in 2 the C–O [1.257(2) Å] bonds involving coordinated

oxygen are slightly longer than the other C–O [1.241(2) Å] bonds. The C–C bond

lengths [1.460(2) and 1.464(2) Å for 1, 1.462(3) and 1.468(2) Å for 2] are slightly larger

than the mean value in squaric acid [1.456(12) Å] and close to the value reported for

[Ni(C4O4)(Him)2(H2O)2] [1.463(2) Å], [Ni2(tren)2(H2O)2][ClO4]2 [tren¼ tris(2-amino-

ethyl)amine] [1.469(3) Å] [38], but somewhat smaller than the value reported for

[Ni(C4O4)(H2O)2] [1.478(16) Å]. The O–C–C angles vary in the range 137.9(2)–132.4(2)�

for 1 and 137.1(2)–132.5(2)� for 2, whereas the C–C–C angles are very close to 90� in

both compounds.
The imidazole ring is planar in both polymeric compounds, with r.m.s. deviations

of 0.002 Å for 1 and 0.012 Å for 2, with maximum deviations from this plane of 0.003 Å

for atom C3 in 1 and 0.017 Å for atom C3 in 2. These planes are approximately

perpendicular to the squarate planes in both compounds, with a dihedral angle of

62.40(10)� for 1 and 73.25(10)� for 2.
The crystal packing of both compounds, shown in figures 2 and 4, is formed via

intra- and intermolecular hydrogen bonding interactions. In 1, the chains are held

together by strong hydrogen bridges between aqua ligands and the non-coordinated

squarate oxygens, forming a two-dimensional array of Ni(II) ions. These planes are

held together by hydrogen bonds between the imidazole N and the non-coordinated

squarate oxygens. In 2, the NH2 and NH groups, solvent water molecule and

uncoordinated squarate oxygen atoms are involved in inter-chain hydrogen bonds

(see table 3 for details). These interactions form a layered structure. The shortest

interchain Ni(II) � � �Ni(II)a distance [symmetry codes: (a) �x� 0.5, yþ 0.5, �zþ 0.5

for 1 and (a) �xþ 1, �y, �zþ 1 for 2] is 7.341(2) Å for 1 and 7.365(6) Å for 2,

whereas the intrachain equivalent is Ni(II) � � �Ni(II)ii or ** [symmetry codes: (ii) �x,

2� y, 1� z for 1 and (**)�xþ 1.5, �yþ 0.5, �zþ 1 for 2] of 7.935(5) Å for 1 and of

8.303(8) Å for 2.

Table 2. Selected bond lengths and angles of 1 and 2.

1

Ni1–N1 2.068(2) C1–O2 1.246(2) N1–Ni1–O2 90.30(6)
Ni1–O2 2.083(2) C1–C2ii 1.460(2) N1–Ni1–O1W 86.92(7)
Ni1–O1W 2.095(2) C1–C2 1.464(2) O2–Ni1–O1W 84.30(6)
C5–N1 1.309(2) C2–O3 1.256(2) C1–C2–C1ii 90.33(13)
2

Ni1–N1 2.085(2) C6–O1 1.257(2) N1–Ni1–O1 91.72(6)
Ni1–N3 2.092(2) C6–C7 1.462(3) N3–Ni1–O1 172.11(7)
Ni1–O1 2.154(1) C6–C7iv 1.468(2) N1–Ni1–N3 90.95(7)
C4–N2 1.361(3) C7–O2 1.241(2) C7–C6–C7iv 90.43(14)

Symmetry codes: (ii) �x, 2� y, 1� z; (iv) �xþ 0.5, �yþ 0.5, 2� z.
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3.2. FT-IR investigation

Infrared spectra of squarate-containing complexes are characteristic of the mode of
coordination. Both compounds (figure 5) show broad and very intense bands at
1521 cm�1 (1), 1445 cm�1 and 1513 (2), assignable to a coupled mode of CO and CC
stretching. The fact that this stretching vibration in both compounds is slightly split
compared to the corresponding vibration in K2C4O4 [39] strongly suggests the
symmetry is lower than D4h, confirmed by the X-ray investigation. Weak intensity IR

Figure 3. The molecular structure of 2 showing the atom-numbering scheme. Displacement ellipsoids are
drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radii [symmetry
codes; *: 1� x, y, 1.5� z; **: 1.5� x, 0.5� y, 1� z; ***: 0.5þx, 0.5� y, �0.5þ z].

Figure 2. The chain structure of 1 along the crystallographic b axis, with intra- and interchain interactions
indicated by dashed lines.
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bands observed above 1550 cm�1 were taken as evidence for the presence of localized

squarate C¼O [1731 cm�1 for 1 and 1735 cm�1 for 2] and C¼C [1631 cm�1 for 1 and

1643 cm�1 for 2]. These stretching vibrations were found at 1777 cm�1 and 1640 cm�1 in

the IR spectra of free squaric acid. The weak absorption bands at 1594 cm�1 for 1 and

1577 cm�1 for 2 can be attributed to H–O–H bending of water. A strong and broad

feature in the region 3500–3000 cm�1 in the IR spectra of both compounds is indicative

of the presence of N–H � � �O and O–H � � �O hydrogen bonds. The OH/NH frequency

range implies that neither the water molecules nor the imidazole NH groups participate

in very strong hydrogen bonds. Moreover, the existence of �(OH) bands close to

3500 cm�1 indicate that some of the water OH groups are very weakly hydrogen

bonded. Considering the chemical structure of histamine, the vibration band

information on metal coordination of histamine mainly originates from the symmetric

and asymmetric stretching vibrations of NH2. The vibration of the NH2 at

3272–3100 cm�1 is higher than free histamine. This shift clearly indicates that histamine

coordinates to nickel(II) through NH2. The 936 cm�1 ring mode of free imidazole [40]

is strongly dependent on the coordination geometry of the complexes. In 1, this band is

displaced to higher energies after coordination (946 cm�1) and its intensity is strongly

enhanced. Most of the other skeletal vibrations are unaffected by coordination.

Figure 4. The chain structure of 2 with intra- and interchain interactions indicated by dashed lines.

Table 3. Hydrogen bonding interactions for 1 and 2 (Å, �).

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

Complex 1 O1W–H1A � � �O3v 0.84(3) 2.02(2) 2.850(3) 170(2)
O1W–H1B � � �O3i 0.81(3) 1.95(3) 2.722(2) 161(2)
N2–H2 � � �O3vi 0.84(3) 2.08(3) 2.910(3) 168(3)
OW1–H1 � � �O2vii 0.85(4) 1.90(4) 2.750(2) 176(4)

Complex 2 N2–H2 � � �O1viii 0.95(4) 1.91(4) 2.828(3) 162(3)
N3–H3A � � �O2*** 0.74(3) 2.33(3) 2.982(2) 147(3)
N3–H3A � � �OW1 0.87(3) 2.18(3) 3.012(3) 162(3)

Symmetry codes: (i) �x, �yþ 1, �zþ 1; (v) x� 0.5, �yþ 1.5, z� 0.5; (vi) xþ 0.5, �yþ 1.5, z� 0.5; (vii) xþ 0.5, y� 0.5, z;
(viii) xþ 0.5, �yþ 0.5, zþ 0.5; (***) xþ 0.5, �yþ 0.5, z� 0.5.
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3.3. UV-Vis spectra

The UV spectra of both complexes display a band centered at 275 nm (1) and 282 nm (2)
corresponding to absorption within the squarate anion. The position of this band is
insensitive to the mode of coordination [41]. In addition, in the UV region both spectra
display a broad band at 210 nm (1) and 217 nm (2), due to �!�* intraligand
transitions of the 4-Meim and his ligands, respectively. The visible spectra of both
compounds are very similar. The d–d transition spectrum in aqueous solution
is compatible with a distorted octahedral configuration. The �max values at 545 and
890 nm for 1 and 574 and 900 nm for 2 were assigned to �2:

3A2g!
3T1g and

�1:
3A2g!

3T2g d–d transitions.

3.4. Voltammetric behavior of 1 and 2

The redox behavior of C4H2O4 (squaric acid) in acidic media have been reported in the
literature [42]. Squarate anion and its monosubstituted derivatives can be oxidized
reversibly in two consecutive steps to the corresponding radical monoanions and
neutral forms [E1/2¼�0.120V and E1/2¼ 0.810V versus SCE (Saturated Calomel
Electrode) for C4O

2�
4 ] [43].

The cyclic voltammograms of 1 and 2 in 5mM solution at a platinum wire electrode
with DMF (dimethylformamide) as the solvent are shown in figure 6. No evidence of
Ni(II) oxidation or reduction in the potential range from �0.20 to 1.40V is observed
in the compounds (figure 6a). Compound 1 yields oxidation peaks at 0.38 and
0.84V in the anodic branch, and two reduction peaks at 0.30 and 0.68V on the

Figure 5. The FT-IR spectra of 1 and 2.
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reverse scan (figure 6a). As already mentioned, these redox couples correspond to

two successive monoelectronic oxidations and reductions of C4O
2�
4 . The first step is

oxidation of the dianion into the radical anion,

Sq2� , Sq��
þ e� E1=2 ¼ 0:34V vs:

Ag

AgCl

� �

and the second corresponds to oxidation of the radical anion into the neutral form,

Sq��
, Sqþ e� E1=2 ¼ 0:76V vs:

Ag

AgCl

� �
:

Figure 6. The cyclic voltammograms of (1) (a) and (2) (b) in a solution of 5mM complexes at a Pt wire
electrode in 0.1M DMSO- n-Bu4NClO4, potential scan rate 100 mVs�1 (potential scanning starts at �0.2V
towards anodic potential and back to 0.0V and towards negative potential).
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The second electron transfer induces loss of � delocalization as in electrooxidation
of the squarate dianion Sq2� into the instable tetraacetone C4O4. As can be seen in
figure 6a, the ratio of peak current (Ipc/Ipa) is 0.8 for E1/2 and 0.5 for E1/2. However,
the peak current increases with increase of the square root of the scan rate
(50mVs�1

� 500mVs�1). The Ip/v
1/2 value is almost constant for all scan rates,

establishing the electrode process as diffusion controlled. �Ep (¼Epa�Epc) provides
a rough evaluation of the degree of reversibility of electron transfer. �Ep of the peaks
is greater than 59/nmV, where n is the number of the electrons transferred, and
increases with increasing scan rate. Therefore, the electron transfer process is not
in equilibrium and shown to be slow. From all the voltammetric data, the redox
couples of 1 can be attributed to the electrode reaction of the dianion Sq2� within a
quasi-reversible 1e-transfer process.

In 2, the squarate anion yields only two irreversible oxidation peaks at 0.28 and
1.02V in the anodic branch (figure 6b).

4. Conclusions

Two new squarate complexes of nickel(II), [Ni(C4O4)(4-Meim)2(H2O)2]n (1) and
[Ni(C4O4)(his)2]n � nH2O (2), have been synthesized. Structural study indicates
both compounds have distorted octahedral geometry with infinite chain structures.
The OH/NH vibration bands in both compounds imply that neither the water
molecule nor the imidazole NH groups participate in strong hydrogen bonds. The
observed d–d transitions in the UV-Vis spectra of both compounds are compatible
with a distorted octahedral configuration. Both the IR and the UV-Vis results are
consistent with the structural data. The electrochemical data showed that both
compounds have two consecutive oxidation steps in the cyclic voltammogram similar
to the electrochemical behavior of squarate ligand implying the free form of the ligand
in aqueous solution.

Supplementary data

Crystallographic data (excluding structure factors) for the structure in this paper have
been deposited with the Cambridge Crystallographic Data Centre as the supplementary
publication no. CCDC 636091 for 1 and CCDC 636092 for 2. Copies of the data can
be obtained, free of charge, on application to CCDC, 12 Union Road, Cambridge,
CB12 1EZ, UK (Fax: þ44 1223 366 033; Email: deposit@ccdc.ac.uk or on the www:
http://www.ccdc.cam.ac.uk).
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