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The synthesis, structural characterisation and magnetic prop-
erties of a new chloro-bridged linear chain imine-copper(II)
compound are reported. The results indicate that uniform
chains are formed by stacking of parallel pyramidal units
formed from the copper centre coordinated to the imine li-
gands and bridged by chloride ions, with the uncoordinated
perchlorate ions located between the layers to balance the
charge. Magnetic measurements carried out on a powder
sample at temperatures from 1.8 to 290 K and a field of
500 Oe, indicated an intramolecular magnetic coupling be-
tween the copper centres [J/k = (–12.3�0.2) K]. Moreover,
an antiferromagnetic interaction can also be observed be-
tween the polynuclear arrays [J�z/k = –(10.4�1.7) K]. An
analysis of the sample at high temperature indicated that the
overall interaction would be antiferromagnetic (ΘCW =

Introduction
In recent years molecular electronics research has gener-

ated considerable interest.[1] New metallopolymers have
been synthesised for creating molecular devices.[2] In par-
ticular, electrodes modified with polymer-based films con-
taining charge carriers (e.g. redox mediators attached to a
polymer backbone) and enzymes (e.g. glucose and bilirubin
oxidases) dispersed into a matrix are of technological im-
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–14 K). Furthermore, this new inorganic-organic zigzag poly-
mer was linked covalently to the poly(N-vinylimidazole)
polymer, PVI, on a vitreous carbon electrode surface and
used as a biomimetic material for the efficient analytical de-
termination of hydrogen peroxide. Raman spectroscopy and
electrochemical techniques were used to give a complete
characterisation of the hybrid film obtained. The proposed
enzyme-free biosensor for catalase-like activity exhibited
good sensitivity (268 mAmol–1 Lcm–2) at –0.4 V relative to
the. SCE in a phosphate buffer solution (pH 7.0) and a wide
linear range from 1 to 30 mmolL–1 for hydrogen peroxide de-
tection.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

portance in the design of novel electrochemical sensors for
analytical applications and in providing improved elec-
trodes for biofuel cells.[3] Enzyme-modified electrodes have
been extensively explored and enzymes are used in many
chemical processes.[4] However, in spite of showing out-
standing activity as well as high specificity and selectivity,
they have the drawback of working at near physiological
conditions and are often expensive and unstable during ex-
tended usage although their active lifetimes can be extended
by immobilisation on electrode surfaces by means of en-
trapment, chemical bonding and crosslinking.[5] These
limitations have, therefore, led to extensive efforts on de-
veloping syntheses of enzyme-free biosensors with a centre
resembling the 3D catalytic active site of the enzymes.[6]

Catalase, one of the three major sensitive protective en-
zymes in living organisms, exists in almost all aerobically
respiring organisms. It protects cells from the toxic effects
of hydrogen peroxide (H2O2), the latter being linked to a
variety of pathological consequences such as aging, diabetes
and cancer.[7] Therefore, detection of hydrogen peroxide has
received tremendous attention in sensor research for dec-
ades. So far, many techniques have been used from chemi-
cal, biological, clinical and environmental, and many other
impressive applications have been developed.[8] Among
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them, amperometric detection is one of the most promising
approaches for achieving accurate, separate and rapid H2O2

monitoring.[9] In recent years, enzyme-based (e.g. perox-
idase and cytochrome c) electrodes have been developed for
H2O2 detection with simplicity, high sensitivity and selectiv-
ity.[10] However, their operational conditions are generally
limited by the denaturation of enzymes. Prussian blue (PB)
and its analogues have been explored in a variety of H2O2

determination assays.[11] Recently, supramolecular complex
dentrimers-PB membranes and silver-DNA hybrid films
have been developed as catalytic layers for detecting
H2O2.[12] Despite these advances, it is still a great challenge
to construct highly selective, sensitive and stable biorecogni-
tion interfaces for the determination of H2O2.

The molecular self-assembly of coordination polymers is
a potential route to novel 1-, 2- and 3D networks for appli-
cations in amperometric sensor devices.[2e,4b] The prepara-
tion of polymeric complexes can be accomplished by using
rationally designed polydentate ligands.[13] These have re-
ceived considerable attention because of their potential ap-
plications in the fields of catalysis, separation, gas storage,
molecular magnetic materials and host-guest chemis-
try.[13,14] Porous coordination polymers are particularly at-
tractive synthetic goals for catalysis because they have the
potential to uphold reactive species, such as transition met-
als, along pore walls.[13–15] Indeed, they could provide new
functional materials with a switching ability and in more
specific cases the ability to sequester/release guest molecules
or ions according to the delivered external information.

An enormous number and variety of discrete, isolable,
supramolecular coordination chemistry-based assemblies
featuring well-defined nanoscale cavities have been de-
signed, synthesised and characterised over the past dec-
ade.[13–15] Among them, copper(II) complexes with imine
ligands containing imidazolate-bridging groups have been
investigated, leading to highly ordered, symmetrical molec-
ular or supramolecular structures.[16] Recently, we have re-
ported the synthesis and characterisation of some new cop-
per(II) complexes containing an imidazolate group incorpo-
rated in the imine ligand as precursors to dinuclear and
polynuclear species, the latter being designed to act as active
species for the homogeneous catalysis of phenol or catechol
oxidation.[17] Moreover, one of these precursor complexes
was immobilised into hexaniobate nanoscrolls by an ion ex-
change reaction and its reactivity was investigated for cate-
chol oxidation in the presence of hydrogen peroxide.[18]

However, fairly few examples of infinite 1D molecular zig-
zag polymeric chains based on this type of ligand have been
reported so far.

In this work, we describe the synthesis, structural charac-
terisation and magnetic properties of a new linear chain
chloride-bridged imine-copper(II) compound (see Fig-
ure 1). Furthermore, the new inorganic-organic zigzag poly-
mer reported here was linked covalently to the PVI polymer,
on a vitreous carbon electrode surface and used as a biomi-
metic material for the analytical determination of hydrogen
peroxide. To the best of our knowledge, this is the first time
that a disposable polymer of an imine-copper(II) complex
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has been employed in the development of an amperometric
sensor for the analytical determination of hydrogen perox-
ide.

Figure 1. (a). Perspective view of the crystallographically indepen-
dent [Cu(2pymehist)Cl]+ monomeric unit with the atom labelling.
Thermal ellipsoids are plotted at the 50% of probability level and
the hydrogen atoms have been given arbitrary radii; (b) ORTEP
representation of the 1D zigzag architecture in the cationic parts
of the coordination polymers. All hydrogen atoms are omitted for
clarity; (c) 3D network for the compound [Cu(2pymehist)-
Cl](ClO4), in the solid state, as determined by X-ray crystallogra-
phy. The polymeric chains are shown at the 50% probability level
and the perchlorate ion with arbitrary size. All hydrogen atoms
except those involved in hydrogen bonding have been omitted for
clarity.

Results and Discussion

The metallation of the tridentate imine ligand 2-(4-imid-
azolyl)-ethylimino-6-methylpyridine with copper(II) per-
chlorate, in acid solution, led to the chloride-bridged
polynuclear complex [Cu(2pymehist)Cl](ClO4). Elemental
analysis results were consistent with the proposed formula,
the latter also being corroborated by conductivity measure-
ments as shown in the experimental section. The prepared
complex was additionally characterised by spectroscopic
and magnetic techniques and its molecular structure deter-
mined from single-crystal X-ray diffraction data. The corre-
sponding mononuclear [Cu(2pymehist)Cl2] species has al-
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ready been characterised by Matsumoto and co-workers by
X-ray diffraction.[19] Herein, we focused on the influence of
the counterion on the structural features, since a 1D linear
chain compound was obtained in the presence of perchlo-
rate instead of chloride salts. When the same reaction was
carried out with copper(II) chloride as the precursor mate-
rial, the chloride ligands remained bonded to the copper(II)
ion, saturating the coordination positions and a mononu-
clear complex was obtained.[19] A similar equilibrium has
been studied by our group for dinuclear copper(II) com-
plexes with a tridentate imine ligand, apyambi [or 2-(benz-
imidazolyl)methylene-2-amino-1-ethylpyridine], containing
chloro-bridges such as perchlorate, nitrate or chloride salts
and characterised by different techniques.[20]

Structural and Spectroscopic Characterisation of
[Cu(2pymehist)Cl](ClO4)

The molecular structure of [Cu(2pymehist)Cl](ClO4) was
obtained from single-crystal X-ray diffraction data. The
structure is comprised of the Cu compound, one perchlo-
rate anion and 0.33 waters of crystallisation per unit. Se-
lected bond lengths and angles are listed in Tables S1 and
S2 in the Supporting Information and the ORTEP views
are given in Figure 1. The coordination around the copper
atom is a distorted tetragonal pyramidal environment gen-
erated from three nitrogen atoms from the 2pymehist ligand
and two chloro-bridging ligands coordinated to each CuII

ion, as certified by Reedijk�s τ factor of 0.2 (τ = 0 for a
square pyramid, and τ = 1 for a trigonal bipyramid).[21] The
copper ion is displaced by 0.402(3) Å from the mean basal
plane towards the apical Cl atom.

The structure of the mono-µ-chloro-bridged copper(II)
compound may be visualised as uniform chains formed by
stacking of parallel pyramidal units. The uncoordinated
perchlorate ions are located between the layers in order to
balance the charge. In this compound, the two Cu–Cl bond
lengths are very different from each other [2.322(2) and
2.614(2) Å] but comparable with the Cu–Cl bond lengths
found for Cu(ImH)Cl2 (ImH = imidazole) in which one
chlorine atom forms a bridge between successive symmetry-
related copper atoms and a polynuclear chain is formed
with alternating short and long Cu–Cl distances of 2.365
and 2.751 Å, respectively.[22] For the chlorine atom, which
occupies a position in the basal plane of the copper ion,
this distance of 2.321(2) Å is close to the sum of the coval-
ent radii for copper and chlorine (2.27 Å) given by Pau-
ling.[23] The Cu–Cl bond length of 2.614(2) Å observed at
the fifth coordination site is comparable with the sum of
the ionic radii (rCu

2+ = 0.81 Å and rCl
– = 1.81 Å) of 2.62 Å.

The Cu···Cu distance in the [Cu(2pymehist)Cl](ClO4) core
is 4.234(5) Å and the Cu–Cl–Cu angle is 118.03(7)° which
falls in the normal range.[24] The average Cu–N bond length
is 1.999(6) Å and in the organic ligand, the N–C and C–C
bond lengths in the pyridine and imidazole groups are in
the expected ranges. The crystal packing reveals that the
cations of the 1D polymeric chains are engaged in C–H···O
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hydrogen-bonding interactions by means of the imine li-
gand and ClO4

– counterions, affording a 3D supramolec-
ular network which is illustrated in Figure 1 (c) (see Table
S3 in the Supporting Information).

The electronic spectrum of this copper(II) complex re-
corded in methanol solution exhibits two intense bands at
203 nm (ε = 22�103 mol–1 Lcm–1) and 299 nm (ε =
8�103 mol–1 Lcm–1) attributed to internal ligand transi-
tions, as well as an asymmetric characteristic copper d-d
band at 744 nm (ε = 135 mol–1 Lcm–1) indicative of a py-
ramidal geometry as seen in the crystal geometry. Presum-
ably all four d–d transitions 2A[(dx2 – y2)1]� 2A[(dz2)1],
2A[(dxy)1], 2A[(dxz)1], 2A[(dyz)1] expected for a square-py-
ramidal geometry are responsible for this band.[25] Likewise,
the spectrum also shows a strong absorption at 350 nm that
can be assigned to the Cl�Cu charge-transfer transition
(data not shown).

The X-band EPR spectra of the polycrystalline powder
[Cu(2pymehist)Cl](ClO4) at different temperatures show a
broad isotropic copper(II) signal centred around a g value
of 2.06. The EPR spectrum at 126 K showed a narrowing
of the line and better resolution of the hyperfine structure
[see Figure 2 (a) which is characteristic of axial symmetry
with g� = 2.116 and g� = 2.483]. This narrowing probably
comes from an electronic exchange between the paramag-
netic centres which has the effect of averaging interactions,
such as hyperfine and magnetic dipole, something which
usually leads to line broadening but that can also lead to a
narrowing of the lines as observed in this work.[26]

The EPR spectra of this polynuclear complex in frozen
methanol exhibit a resolved hyperfine structure in the g�

region, around 3100 G, with some detectable lines as shown
in Figure 2 (b, black line), with g� = 2.055 and g� = 2.223.
This feature arises from the overlap of two sets of peaks,
corresponding to two different copper(II) complexes in
tetragonal environments, probably due to the equilibrium
between the polynuclear µ-chloro bridged species [Cu-
(2pymehist)Cl](ClO4) and the related mononuclear aqua-
compound [Cu(2pymehist)(H2O)2]2+. Furthermore, EPR
spectra obtained in a frozen methanol/water (4:1, v/v) mix-
ture corroborate this mono-/polynuclear species equilib-
rium, as shown in Figure 2 (b) (red line, mononuclear spe-
cies spectrum). In aqueous solution the mononuclear com-
plex [Cu(2pymehist)(H2O)2]2+ is predominantly formed
while in methanol both species can be observed in equal
quantities as a result of µ-chloro-bridges dissociation. Like-
wise, a weak absorption corresponding to the ∆Ms = 2 for-
bidden transition can be observed at “half-field” values
(ca. 1500 G). This signal is characteristic of the presence of
interactions between two copper(II) ions to give a triplet
state. An attempt to calculate the distance between these
copper ions, from the relative intensities of both signals,[27]

was not successful because of the partial overlapping of the
mean signal with the ∆Ms = 2. Moreover, the complex
showed a superhyperfine multiplet structure due to 14N
atoms around the copper ion in the g� region when dis-
solved in methanol. This multiplet showed seven lines with
AN� = 14.0 G as expected for at least three 14N atoms
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Figure 2. EPR spectra of the [Cu(2pymehist)Cl](ClO4) complex in
solid state at different temperatures (a) and in frozen methanol
solution (black line) and methanol/water (4:1, v/v) mixture (red
line), indicating an equilibrium between the mono- and the corre-
sponding polynuclear species (b).

strongly coordinated to copper, in an approximately tetrag-
onal ligand field, as shown in Figure 2 (b).[28]

Magnetic Properties and Magneto-Structural Correlations

A study of magnetic susceptibility data for the complex
[Cu(2pymehist)Cl](ClO4) within the temperature range 1.8–
290 K at field of 500 Oe on a powder sample has been per-
formed. In Figure 3 (a), the magnetic susceptibilities, χ (left
scale), and their reciprocals, χ–1 (right scale) are shown. The
magnetic susceptibility measured shows a maximum around
10 to 15 K, indicating an antiferromagnetic 1D Heisenberg
chain.[27c] In the strictly paramagnetic regime at high tem-
peratures it is expected that the system should behave ac-
cording to the Curie–Weiss (CW) expression. For T � 30 K,
χ indeed exhibited CW behaviour and fitting the data to
the expression (dashed line)

χ–1 = (T – ΘCW)/C

furnished ΘCW = –14 K and C = 0.438 Kemu�1. The nega-
tive sign of ΘCW indicates antiferromagnetic correlations
between CuII ions.
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Figure 3. Temperature dependence of the magnetic susceptibility,
χCu, for the polynuclear compound [Cu(2pymehist)Cl](ClO4) in the
range 1.80–290 K (a); Plot of the singlet-triplet splitting J/k as a
function of θ/R, in different polynuclear copper complexes (b).

The Heisenberg Hamiltonian for this system with an ex-
change interaction between pairs of CuII ions, with spins Si

and Sj is of the form:[27c,29]

H = Σi�j Hij = Σi�j –2JijSiSj

in which we assume interactions between nearest neigh-
bouring copper ions on a chain (i.e., Jij = J for j = i�1 and
Jij = 0 otherwise). The detailed analysis of data was based
on the Bonner and Fisher model for a 1D infinite-chain
structure for which J/k � 0[30] but assuming a first-order
molecular field correction to account for interchain interac-
tions (J�z/k).[31] In this case the effective field in the sample
is Heff = H + γM. H is the external applied field where γ =
2J�z/Ng2µB

2 and z is the number of nearest neighbouring
chains interacting through the exchange J�. The corrected
susceptibility actually measured is then:

χ = Ng2µB
2 S(S + 1)/3kT {(1 – u)/(1 + u)} (1)

where u = (T/T0) – coth(T0/T) and T0 = 2JS(S + 1)/k

χ� = M/Heff = M/(H + γM), or χ� = χ /(1 – γ χ) (2)

With the substitution of Equation (1) into (2), we get (3):

χCu = {0.0937(A/T)[1 – 0.67(T/B) + cosh(1.5(B/T))/sinh(1.5(B/T))]/
[1 + 0.67(T/B) – cosh(1.5(B/T))/sinh(1.5(B/T))]}/{1 + C[0.0937(A/
T)[1 – 0.67(T/B) + cosh(1.5(B/T))/sinh(1.5(B/T))]/[1 + 0.67(T/B) –
cosh(1.5(B/T))/sinh(1.5(B/T))]]} (3)

where A = S(S + 1); B = J/k; and C = J�z/k
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The experimental data presented in Figure 3 (a) were fit-
ted to Equation (3) by considering the g value to be fixed
to that observed by EPR but with J/k and J�z/k being
allowed to vary freely. The best-fit values were J/k =
(–12.3�0.2) K, J�z/k = (–10.4�1.7) K and S = 1.63 (solid
line in right scale of Figure 3, a).These results indicate intra-
and interchain antiferromagnetic interactions with J � 0. The
value of J is small as expected for this kind of compound
exhibiting the out-of-plane bridging framework.[32,33]

The magnetic and structural data for [Cu(2pymehist)-
Cl](ClO4) are consistent with the reduced number of ex-
change pathways involving mono-µ-chloro-bridged linear
chain compounds of copper(II) already described in litera-
ture.[27c,34] Although there is a large body of data for chain
compounds, there are few examples of both structural and
magnetically characterised copper(II) chain complexes con-
taining mono(µ-halo) bridges, and magneto-structural cor-
relations in chains have not been developed in the same
detail as those already carried out for dinuclear copper(II)
systems.[32] Several authors have discussed the relevance of
various geometrical aspects on the magnetic behaviour of
chloride-bridged polynuclear copper(II) compounds. Hat-
field has suggested that a smooth correlation exists between
the exchange parameter J and the ratio θ/R (where θ is the
magnitude of the angle at the CuII–Cl–CuII bridge and R is
the longest Cu–Cl distance).[35] Table 1 shows the magnetic
and structural parameters for some mono-µ-halogen–cop-
per chains. The magnetic and structural data are consistent
with the reduced number of exchange pathways but more
data are required before the apparent magneto-structural
correlation can be established. Following these correlations,
overall ferromagnetic behaviour can be expected for values
of the quotient θ/R lower than approximately 40 and higher
than 57 while antiferromagnetic character appears when
this quotient θ/R is between these two values as shown in
Figure 3 (b).

Table 1. Structural and magnetic properties of some (µ-chloro)cop-
per(II) compounds.[a][24,34]

Compound R: Cu–Cl Cu–Cl–Cu� θ/R J/k
[Å] [°] [°/Å] [cm–1]

[Cu(dmso)2Cl2] 2.702(2) 144.6(1) 53.5 –6.1
[Cu(ImH)2Cl2] 2.751(6) 117.0 42.5 –2.1
[Cu(maep)Cl2] 2.785(2) 113.58(5) 40.8 +1.58
[Cu(dipm)Cl2] 2.6520(6) 144.60(2) 54.5 –3.2
[Cu(bpy)Cl2] 2.674(3) 107.5(1) 40.2 –2.3
[Cu(caf)(H2O)Cl2] 2.788(2) 128.1 45.9 +0.48
[Cu(dpp)Cl4] 2.5600(13) 98.46(4) 38.4 +6.0
[Cu(2pymehist)Cl](ClO4) 2.614 118.0 45.1 –8.3

[a] Abbreviations: dmso = dimethyl sulfoxide, ImH = imidazole,
bpy = 2,2�-bipyridine, maep = 2-[2-(methylamino)ethyl]pyridine,
dpp = 2,3-di(2-pyridyl)pyrazine, caf = caffeine, dipm = bis(pyrimi-
din-2-yl)amine.

Characterisation of the Modified Electrode PVI/
[Cu(2pymehist)Cl](ClO4) Crosslinked with PEGDGE and
Its Amperometric Response to H2O2

FT-Raman spectra of PVI, [Cu(2pymehist)Cl](ClO4) and
GC/PVI/[Cu(2pymehist)Cl](ClO4) (see Figure 4, parts a–c)
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were recorded in order to confirm the presence of redox
centres of the metal-organic redox hydrogel in the electrode
surface. We think that the structure of the copper(II) com-
plex on the electrode may be different from the X-ray deter-
mined structure of crystals of the compound. This is proba-
bly due to the Cu–Cl bond cleavage during the reaction of
the PVI with the polynuclear copper(II) complex in aque-
ous solution, as confirmed by EPR analyses described pre-
viously. Each experimental spectrum was deconvoluted to a
sum of Lorentzian curves. Figure 4 (d) shows the difference
spectra for the experimental data and fitted spectra for GC/
PVI-[Cu(2pymehist)Cl](ClO4). Comparing the individual
bands in the three samples enabled one inference about the
presence of determined species in the electrode. Table 2 lists
the frequencies and the corresponding assignments of the
common bands observed in the GC/PVI/[Cu(2pymehist)-
Cl](ClO4) electrode, PVI and in [Cu(2pymehist)Cl](ClO4).
Bands 1, 2 and 5 are characteristic out-of-plane vibrational
modes of the PVI imidazole ring.[36] Bands 3 and 9 are pyr-
idine C–H and CH3 asymmetric vibrations of [Cu(2pymeh-
ist)Cl](ClO4), respectively.[37] The remaining bands, ring vi-
bration, black-body radiation, and C=N vibration were
present in all cases.

Figure 4. Raman spectra of PVI (a), [Cu(2pymehist)Cl](ClO4) (b)
and modified electrode GC/PVI/[Cu(2pymehist)Cl](ClO4) (c). Red
lines indicate the individual deconvoluted bands while the last
curve in (d) shows the difference spectra among experimental and
fitted spectra of (c).

Figure 5 shows the cyclic voltammograms of the modi-
fied electrode GC/PVI/[Cu(2pymehist)Cl](ClO4), cross-
linked with PEGDGE film, in a phosphate buffer at dif-
ferent scan rates. The cyclic voltammogram exhibits well-
defined redox peaks at –0.20 and –0.35 V relative to the
SCE which were assigned to the CuII/CuI redox process.
The anodic peaks’ currents are directly proportional to the
square root of the scan rate in the range from 20 to
200 mVs�1, as expected for a diffusion-controlled electron
transfer process and they are shown in the insert of Fig-



W. A. Alves, A. M. Da Costa Ferreira et al.FULL PAPER
Table 2. List of common Raman band frequencies [cm–1] observed
for the GC/PVI/[Cu(2pymehist)Cl](ClO4) electrode, [Cu-
(2pymehist)Cl](ClO4) complex and PVI.[32,33]

Electrode Cu complex PVI Assignment

1 640 – 636 out-of-plane def. vibr.
imidazole ring (4 H)

2 916 – 916 out-of-plane def. vib. imid-
azole ring (1 H)

3 935 932 – C–H out of plane vibr. of
pyridine

4 1013 1014 1012 ring vibr.
5 1185 – 1182 out-of-plane imidazole

ring bending vib.
6 1228 1221 1229 C=N vibr.
7 1977 1975 1971 black-body radiation
8 2870 2868 2870 N–H stret. imidazole ring
9 2968 2967 – CH3 assym. vibr.

ure 5. Furthermore, the peak-to-peak separation increased
with increasing scan rate due to the slow kinetics of electron
transfer on the electrode surface.[38]

Figure 5. Cyclic voltammograms of an electrode modified with a
crosslinked film of PVI-[Cu(2pymehist)Cl](ClO4) in PBS
(0.1 molL–1) at scan rates from 1 mVs–1 to 100 mVs–1.

On the basis of the cyclic voltammetry results described
above, we examined the performance characteristics of this
electrode as an H2O2 sensor by using constant potential
amperometry. The operating potential was stepped from
–0.1 to –0.5 V in order to investigate the effect of the ap-
plied potential on the current response of the sensor, in a
phosphate buffer solution (0.1 molL–1, pH 7.0), with dif-
ferent concentrations of hydrogen peroxide. As shown in
Figure 6, the sensor response increases with decreasing po-
tentials from –0.1 to –0.4 V, indicating that the sensor re-
sponse is controlled both by the kinetics of the complex
catalytic reaction and the electrochemical process. When the
potential is more negative than –0.4 V, the response changes
slightly, indicating that the sensor response is controlled by
the diffusion of the substrate. Therefore, the potential of
–0.4 V was selected as the optimum potential for the re-
duction of hydrogen peroxide. In this case, the sensor cop-
per(II) complex-organic redox hydrogel plays the same role
as the native catalase enzyme[7b,39] and a proposed mecha-
nism is presented in Figure 7. This is based on the catalase
mechanism and by considering that the copper complex
[Cu(2pymehist)Cl](ClO4) is dispersed in the PVI polymer,
crosslinked with PEGDGE, in a way favourable to the for-
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mation of CuI-µ-O2
2––CuI sites. In a first step, the copper

centres on the electrode surface are reduced to CuI when a
potential of –0.4 V is applied to the modified working elec-
trode, followed by the coordination of hydrogen peroxide to
the copper ions. At the same time, the hydrogen peroxide
might be reduced to water by oxidation of the copper
centres and, consequently, giving signal amplification when
the complex film is reduced at the electrode surface at
–0.4 V. The reduction current observed is proportional to
the hydrogen peroxide concentration which indicates that
the immobilised polymer of the imine-copper(II) complex
exhibits excellent electrocatalytic activity towards the re-
duction of H2O2. The same mechanism has also been re-
ported for many amperometric biosensors based on the cat-
alase enzymes.[7b,39]

Figure 6. Effect of the applied potential on the sensitivity of the
electrode modified with a crosslinked film of PVI/[Cu(2pymehist)-
Cl](ClO4), in 0.1 molL–1 PBS (pH 7.0).

Figure 7. Scheme of the modified electrode with a crosslinked film
of PVI/[Cu(2pymehist)Cl](ClO4), in 0.1 molL–1 PBS (pH 7.0).

Figure 8 shows the calibration curve of the GC/PVI/[Cu-
(2pymehist)Cl](ClO4) electrode as a sensor on addition of
12.5 µLmolL–1 H2O2 into a gently stirred air-saturated
buffer solution. The electrode response time was less than
3 s. This fast response can be attributed to the direct elec-
tron transfer from the copper(II) complex-organic redox hy-
drogel to the electrode surface. When the concentration of
H2O2 in the solution was too high, the electrode response
time increased and the amperometric response became non-
linear. The insert in Figure 8 shows the calibration graph of
H2O2 at the modified electrode. The calibration graph of
current against H2O2 concentration is linear over the con-
centration range 1–30 mmolL–1 and the sensitivity is
268 mAmol–1 Lcm–2 for H2O2 at –0.4 V relative to the SCE.
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Figure 8. The response of electrode modified GC/PVI/[Cu-
(2pymehist)Cl](ClO4) to H2O2, added in portions of 12.5 µmolL–1.
The electrode was operated at –0.4 V, in 0.1 molL–1 PBS (pH 7.0).

Several methods have been used to construct a thin en-
zyme-film on the electrode surface to achieve and improve
the direct electron transfer between native catalase enzyme
and the electrode surface. This is because it is difficult for
catalase to exchange electrons with the electrode surface di-
rectly since its redox centre, the haeme group, is deeply bur-
ied in its peptide chains.[40] In particular, direct electrochem-
istry of catalase on multi-walled carbon nanotubes
(MWCNT) has been observed at –0.50 V relative to the
SCE in 0.1 molL–1 Tris-HCl buffer solution (pH 7.0), while
there is no electrochemical response of catalase on a bare
GC electrode.[41] In this work, a similar potential was ob-
served for the GC/PVI/ [Cu(2pymehist)Cl](ClO4) electrode,
the latter having good sensitivity for detection of hydrogen
peroxide indicating that the [Cu(2pymehist)Cl](ClO4) com-
plex is mimicking the catalase active site. This redox hydro-
gel-based sensor showed a wide linear response range for
H2O2 detection when compared with native catalase en-
zyme immobilized in multi-walled carbon nanotubes on a
gold surface electrode (1–5 mmolL–1).[41] The detection li-
mit for this biomimetic material was found to be
4�10–6 molL–1, using the ratio of three for the lowest stan-
dard deviation of the background current. Further studies
showed that this modified electrode is very stable. When it
was stored in a pH 7.0 PBS for at least two weeks at 4 °C,
the electrode retained more than 90% of its initial response
to the reduction of H2O2.

Conclusions

A new mono-µ-chloro-bridged imine-copper(II) com-
pound was synthesised and characterised. The determined
crystal structure of this compound exhibited uniform
chains formed by stacking of parallel pyramidal units with
the uncoordinated perchlorate ions located between the lay-
ers to balance the charge. The magnetic measurements on
this compound show different types of interactions, re-
flecting the ligand bridging modes and the geometric pa-
rameters. The corresponding variation of the magnetic
susceptibility with temperature shows a maximum around
9.4 K, indicating an intramolecular magnetic coupling
between the copper centres [J/k = (–12.3�0.2) K] and
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further interactions between adjacent chains [J�z/k =
–(10.4�1.7) K] should be taken into account. Therefore, a
linear Curie–Weiss analysis at temperatures far above the
typical coupling constants indicated that the overall interac-
tion is antiferromagnetic (ΘCW = –14 K). Furthermore, this
new inorganic-organic zigzag polymer was linked covalently
to PVI, on a vitreous carbon electrode surface and used as
biomimetic material for the efficient analytical determi-
nation of hydrogen peroxide. In this case, the sensitivity ob-
tained was 268 mAmol–1 Lcm–2 at –0.4 V relative to the
SCE in phosphate buffer solution (pH 7.0). A wide linear
range from 1 to 30 mmolL–1 for hydrogen peroxide detec-
tion was observed. These results suggest that the composite
film formed by a modified electrode GC/PVI/[Cu-
(2pymehist)Cl](ClO4), crosslinked with PEGDGE, is a
promising material for potential applications as an enzyme-
free biosensor for catalase-like activity.

Experimental Section
Materials and Physical Measurements: All reagents were of analyti-
cal grade, purchased from different sources, and used without fur-
ther purification. The following abbreviations were used: 2pymehist
= 2-(4-imidazolyl)ethylimino-6-methylpyridine, is a diimine ligand
derived from condensation of 6-methyl-2-carboxypyridine with his-
tamine dihydrochloride. The PVI polymer was prepared by Dr.
Heller’s group by using a method that was already reported in a
previous publication.[42]

Elemental analyses were performed using a Perkin–Elmer 2400
CHN elemental analyser. Optical absorbance spectra were recorded
on a Shimadzu UV-1601PC spectrophotometer. EPR spectra were
acquired with a Bruker EMX instrument, operating at the X-band
frequency (9.35 GHz), using standard Wilmad quartz tubes, at
77 K. Conductivity experiments with the complexes studied (in
1 mmoldm–3 aqueous solution) were carried out on a Digimed
DM-31 instrument, using a 10.0 mmoldm–3 KCl solution as stan-
dard (specific conductivity = 1412.0 µScm–1, at 25 °C). An FT-Ra-
man spectrometer (Bruker RFS 100/S; Bruker Optics GmbH,
Ettlingen, Germany) was used with a Nd:YAG laser at 1064 nm
as the excitation light source. The laser power at the sample was
maintained at 30 mW while the resolution was set to 4 cm–1. The
spectra were recorded using 100 scans (nearly 3 min of acquisition
time). The temperature dependence of the magnetic susceptibility
of polycrystalline samples was measured between 1.8 and 290 K,
at a field of 500 Oe, using a computer-controlled SQUID magne-
tometer. Diamagnetic correlations were made using Pascal’s con-
stants. Cyclic voltammetry (CV) and chronoamperometry (CA) ex-
periments were performed with an Autolab PGSTAT30 (Eco
Chemie) electrochemical system. All potentials are referred to the
saturated calomel electrode (SCE) while a platinum foil was em-
ployed as the auxiliary electrode. As the working electrode, a glassy
carbon electrode (3 mm diameter) was used. Before experiments,
the buffer solution was bubbled with pure nitrogen for a thoroughly
anaerobic situation. All measurements were performed at room
temperature.

Synthesis of [Cu(2pymehist)Cl](ClO4): Histamine dihydrochloride
(1.840 g, 10 mmol) was added to a solution of 6-methylpyridine-2-
carboxylic acid (1.249 g, 10 mmol) in water (40 mL) and the mix-
ture was stirred at room temperature for 40 min. A water solution
(10 mL) of [Cu(ClO4)2]·6H2O (3.705 g, 10 mmol) was then added
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at once. After 48 h of standing, a green crystalline precipitate was
observed which was collected by filtration, washed with small
amounts of cooled methanol and diethyl ether and finally dried in
vacuo over P2O5. The obtained yield was 73%. C12H14ClCuN4-
(ClO4): calcd. C 34.92, H 3.42, N 13.57; found: C 34.30, H 3.40,
N 13.02. ΛCu = 71.07 Scm2 mol–1 in methanol. UV/Vis (methanol):
λmax (ε, Lmol–1 cm–1) = 203 (22.8�103), 299 (8.58�103), 744
(135) nm.

Preparation of the Hybrid Material PVI/[Cu(2pymehist)Cl](ClO4):
Preparation of the hybrid material was carried out according to
previously published procedures[42] with suitable modifications.
[Cu(2pymehist)Cl](ClO4) (100 mg) and PVI (80 mg, 1:5 molar ra-
tio) in absolute ethanol (100 mL) were heated to reflux for 3 d. The
solvent was evaporated and the product was redissolved in ethanol/
water (30:70 v/v) containing NaCl (50 mmolL–1) and HEPES
(10 mmol L–1). The solution was passed through a Sephadex G-25
size exclusion column. The high molar mass polymer was collected
and partially methylated by adding CH3I (4 mg) to the polymer
(15 mg) dissolved in ethylene glycol (0.5 mL) and DMF (0.5 mL).
The solution was stirred for 24 h at room temperature. Bio-Rad
AG 1-X8 ion exchange beads were added and the total volume was
brought to 10 mL with water and stirred for 16 h at room tempera-
ture. The beads were removed by filtering and the solution was
dialysed against water for 2 d. The solution was then evaporated
and the polymer collected.

Preparation of the Hybrid Film Modified GC Electrode and
Chronoamperometry Studies Towards H2O2 Detection: Vitreous car-
bon electrodes (3 mm diameter) were used. These were polished
and cleaned using three grades of alumina slurry (5, 1, 0.3 µm)
with sonication and rinsing between grades. They were tested in a
phosphate buffer by scanning between the potentials of interest
(–0.5 to 0.5 V relative to the SCE) to ensure that the electrochemis-
try was featureless. Films were prepared by adding PVI/[Cu-
(2pymehist)Cl](ClO4) (2 µL, 20 mgmL–1) and the crosslinker
PEGDGE (1 µL, 5.6 mgmL–1), followed by mixing of these solu-
tions on the electrode surface with the tip of a syringe. The elec-
trodes were then placed in an evacuated desiccator for 16 h prior
to use.

After its preparation, the modified electrode was washed and used
as an amperometric sensor in a phosphate buffer 0.1 molL–1 (pH
7.0). Amperometric measurements were carried out in a stirred cell
by applying a potential of –0.5 V, relative to the SCE, to the work-
ing electrode.

X-ray Crystallographic Procedures: A single crystal of [Cu-
(2pymehist)Cl](ClO4) was mounted on the Enraf–Nonius CAD4
diffractometer at room temperature and, using 25 automatically
centred reflections (θ from 11.66 to 18.25°), the cell parameters
were obtained and refined. Table 3 shows the data collection and
the refinement conditions. The data were corrected by absorption
factors [µ(Mo-Kα) = 1.656 mm–1] using the PSISCAN method.[43]

The structure was solved using the WingX software package[44] in-
corporating SHELXS-97 and refined by means of least-squares
procedures on a F2 with the aid of the program SHELXL97.[45]

The hydrogen atoms were located in their ideal positions and not
refined, except those for the water molecule that were located in a
difference Fourier map. All non-hydrogen atoms were refined an-
isotropically. Drawings of molecules were performed with the pro-
gram ORTEP-3.[46] The structural analysis was performed with the
PLATON system.[47]

Although several crystals of [Cu(2pymehist)Cl](ClO4) were selected
for the data collection, their poor quality precluded the obtaining
of a good refinement. In addition, the structure shows disorder of
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Table 3. Crystal data and structural parameters for the complex
[Cu(2pymehist)Cl](ClO4).

Formula [CuClN4C12H14]ClO4(H2O)
Formula weight 418.67
Crystal system monoclinic
Space group P21/a
a [Å] 7.677(1)
b [Å] 15.528(2)
c [Å] 14.045(2)
[°] 96.22(1)
V [Å3] 1664.5(4)
Z 4
Dcalc [g cm�3] 1.671
Mo-Kα [mm–1] 1.656
F(000) 849
Crystal size [mm] 0.05�0.10�0.30
T [K] 291(2)
λ Mo-Kα [Å] 0.71073
θ min./max. [°] 2.6–28.5
Index ranges 0:10; 0:20; 1̄8̄:18
Total, unique data, Rint 4539, 4234, 0.078
Observed data [I � 2.0 σ(I)] 1447
Nref, Npar 4234, 219
R, wR2, S 0.062, 0.277, 0.92
w = 1/[σ2(Fo

2) + (0.0879P)2] P = (Fo
2 + 2Fc

2)/3
min, max. residual
electron density [eÅ�3] –0.53, 0.53

the solvent perchlorate ion and the refined site occupancy factor
of the water molecule was 0.33.

CCDC-710681 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Selected bond lengths, angles and hydrogen bonds to
the determined crystal structure [Cu(2pymehist)Cl](ClO4) are listed
in Tables S1, S2 and S3.
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