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’ INTRODUCTION

The synthesis of coordination polymers is an important field
of chemistry with tremendous potential in the development of
materials with desirable properties. The applications where
metallopolymers may be used include, for instance, electronic,
magnetic, and optoelectronic devices; advanced nanocompo-
sites; or biological sensors.1 These one-, two-, or three- dimen-
sional systems may also be porous, which often translates to their
further applications in gas storage and catalysis.1 In this wide class
of materials, the conjugated polymers incorporating metal com-
plexes give rise to considerable interest among researchers, since
they have potential to be electrically conducting and offer
attractive magnetic, photochemical, optical, and electrical prop-
erties as well.2,3 In addition, the solubility of metallopolymers is a
valuable feature, because it enables their fuller characterization
and it opens the possibility of their deposition as films on various
surfaces. However, the preparation of soluble metallopolymers
still remains a challenge.1�3

We recently became interested in coordination polymers
based on copper(II) Schiff-base complexes that may exhibit
porous and/or conducting properties. As a line of this study,
we were investigating a series of salicyloyl hydrazones that, at first
glance, seemed to act as normal bidentate ligands. However, our
research, reported in this paper, has shown that these ligands may
become bridging ones and are able to form interesting unusual
single-chain copper-organic backbones.

In the literature, there are a few examples of polymeric Schiff-
base copper(II) complexes investigated with relevance to poten-
tial applications in material science and functional devices. These
supramolecular structures usually contain chelating Schiff-base
ligands and the bridging between metal centers occurs either
directly via this organic ligand3�5 or via another, usually inor-
ganic linker;6,7 otherwise, mixed organic and inorganic bridges
are observed.8 Recently, a series of polymeric copper complexes
was also reported with reduced Schiff base ligands and an
example of the utilization of a two-dimensional (2D) copper(II)
coordination polymer with one such ligand in the generation of
CuS nanomaterial with hollow structures was presented.9,10 In
the group of Schiff-base copper(II) polymers, metal complexes
with hydrazones are rare.5,6 Despite their attractiveness as
advanced materials, hydrazone ligands and their copper(II)
complexes are also interesting as potential chemotherapeutic
agents, since analogous systems were found to exhibit antitumor
and antibacterial activities.11,12

In this work, we report on the synthesis and X-ray crystal
structures, as well as spectroscopic and electrochemical proper-
ties of the series of soluble copper(II) polymers with salicyloyl
hydrazone linkers. For comparison, a mononuclear complex is
prepared and characterized with the use of dibutylketone as a
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ABSTRACT: Complexation of copper(II) with a series of hetero-
donor chelating Schiff bases (LL) of salicylic acid hydrazide and
aliphatic or cycloaliphatic ketones affords soluble one-dimensional
(1D) metallopolymers containing Schiff bases as bridging ligands.
Single-crystal X-ray diffraction results reveal nanometer-sized metal-
lopolymeric wires [Cu(μ-LL)2]n with off-axis linkers and a zigzag
geometry. Octahedrally coordinated copper centers, exhibiting a
Jahn�Teller distortion, are doubly bridged by two Schiff-base mol-
ecules in the μ2�η1,η2 coordination mode. The use of dibutylketone
with long alkyl chains as a component for Schiff base formation leads to
a distorted square planar monomeric copper(II) complex [Cu(LL)2],
as evidenced by its X-ray crystal structure. The compounds are
characterized by elemental analyses and IR and UV�vis spectroscopy,
as well as magnetic susceptibility and cyclic voltammetry measure-
ments. Electrochemical studies on the complexes reveal an existence of polymeric and monomeric forms in solution and the
dependence of Cu(II)/Cu(I) reduction potentials on alkyl groups of salicyloyl hydrazone ligands. Polymeric complexes form
conducting films on Pt electrodes upon multicycle potential sweeps.
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hydrazone component. Its long alkyl groups make it become just
a chelating ligand and not a bridging Schiff base ligand. All
obtained polymeric nanostructures and the monomer are a
unique example of spacer-dependent structural diversity in
copper complexes. Since copper occurs commonly at redox
active sites of metalloenzymes, where it shuttles between cuprous
and cupric ions during biochemical processes, it is also of interest
in this work to ascertain whether the salicyloyl hydrazone
polymers can exist in bothþ1 andþ2 oxidation states of copper
and, if so, how readily the interconversion of the oxidation states
can occur. The electrochemical behaviors of the polymeric
complexes are also under scrutiny, with regard to electronic
charge transfer within the metal�organic polymer backbones, as
well as their ability to form conducting films.

’EXPERIMENTAL SECTION

Salicylic acid hydrazide and copper(II) acetate monohydrate were
synthesized according to published methods.13,14 All other chemicals
and solvents were of analytical grade (Aldrich, Lach-ner, Reactivul-
Bucuresti, Koch-Light Laboratories, Polmos) and were used as supplied.
Carbon, hydrogen, and nitrogen contents were determined using an
Elementar Vario MICROCube elemental analyzer. Solid samples for IR
spectroscopy were compressed as KBr pellets, and the IR spectra were
recorded on a Bruker EQUINOX 55 FT-IR spectrophotometer. Elec-
tronic absorption spectra were measured with a Shimadzu UV-3600
UV�vis-NIR spectrophotometer. Diffuse reflectance spectra were mea-
sured in BaSO4 pellets, with BaSO4 as a reference, using a Shimadzu
Model 2101PC system equipped with an ISR-260 attachment. Magnetic
susceptibility measurements were carried out at room temperature on a
Sherwood Scientific Magway MSB MK1 balance. Cyclic voltammetry
measurements were carried out in dimethylsulfoxide (DMSO) with
[Bu4N]PF6 (0.10M) as the supporting electrolyte, using Pt working and

counter and Ag/AgCl reference electrodes on an AUTOLAB/PGSTAT
128N Potentiostat/Galvanostat. Cyclic voltammograms were obtained
under argon at room temperature. E1/2 values were calculated from the
average anodic and cathodic peak potentials:

E1=2 ¼ 0:5 Ea þ Ecð Þ

The redox potentials were calibrated versus ferrocene, which was used as
an internal potential standard for measurements, to avoid the influence
of liquid junction potential; the final values are reported versus a
standard hydrogen electrode.
Synthesis of [Cu(μ-acesah)2]n (1). Salicylic acid hydrazide (304

mg, 2.00mmol) and acetone (140 μL, 2.00mmol) were dissolved in EtOH
(40 mL) and heated under reflux for ∼15 min. [Cu(O2CCH3)2] 3H2O
(200 mg, 1.00 mmol) was added and the heating under reflux of the
resultant green suspension was continued for∼5 min. Green precipitate of
1 (yield: 0.25 g, 55%) was filtered off, washed twice with small amount of
cold EtOH, and dried in air at room temperature. Anal. Calcd for
C20H22N4O4Cu: C, 53.87; H, 4.97; N, 12.56. Found: C, 53.58; H, 4.94;
N, 12.32%. IR (KBr, cm�1): vCN(imine), 1596(vs), 1623(m); vCO(enolate),
1253(s); vCO(phenolic), 1299(m). UV�vis (solid state) λ, nm: 600, 370(sh),
310, 270, 220. UV�vis [DMSO solution: λ, nm (ε, dm3 mol�1 cm�1)]:
628 (120), 310 (7300). Green crystals of 1 suitable for single-crystal X-ray
diffraction (XRD) were obtained after recrystallization from MeCN.
Synthesis of [Cu(μ-emsah)2]n 3 0.5nH2O (2 3 0.5nH2O). The

synthetic procedure was analogous to that of 1, except that ethyl-
methylketone (179 μL, 2.00 mmol) was used instead of acetone.
(Yield: 0.28 g; 59%) Anal. Calcd for C22H27N4O4.5Cu: C, 54.70; H,
5.63; N, 11.60. Found: C, 54.32; H, 5.20; N, 11.96%. IR (KBr, cm�1):
vCN(imine), 1602(vs); vCO(enolate), 1257(vs); vCO(phenolic), 1329(m).
UV�vis (solid state) λ, nm: 600, 370(sh), 310, 270, 220. UV�vis
[DMSO solution: λ, nm (ε, dm3 mol�1 cm�1)]: 636 (99), 310 (2300).
Green crystals of 2 suitable for single-crystal XRD were obtained after
recrystallization from MeCN.

Table 1. Crystal Data and Structure Refinement Parameters for 1, 2, and 4

1 2 4

empirical formula C20H22N4O4Cu C22H26N4O4Cu C32H46N4O4Cu

formula weight 445.79 474.01 613.91

crystal size 0.30 mm � 0.15 mm � 0.10 mm 0.20 mm � 0.15 mm � 0.15 mm 0.33 mm � 0.30 mm � 0.08 mm

crystal system monoclinic monoclinic triclinic

space group P21/c P21/c P1

a 6.22000(10) Å 6.1507(2) Å 8.1220(4) Å

b 16.2648(3) Å 11.0663(4) Å 9.3940(4) Å

c 10.5760(3) Å 15.5218(5) Å 11.9660(5) Å

R 90.00� 90.00� 95.922(3)�
β 116.857(2)� 96.195(3)� 102.409(3)�
γ 90.00� 90.00� 114.530(2)�
V 954.53(4) Å3 1050.33(6) Å3 791.93(6) Å3

Z 2 2 1

T 293(2) K 110(2) K 293(2) K

Dc 1.551 Mg/m3 1.499 Mg/m3 1.287 Mg/m3

μ 1.180 mm�1 1.077 mm�1 0.731 mm�1

reflections measured 5481 4461 6646

reflections unique 1946 2317 3610

reflections observed [I > 2σ(I)] 1664 1780 3243

R indices [I > 2σ(I)]

R 0.0248 0.0374 0.055

wR2 0.0701 0.1066 0.1557

S 1.088 1.059 1.051
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Synthesis of [Cu(μ-chesah)2]n 3 nH2O (3 3nH2O). The syn-
thetic procedure was analogous to that of 1, except that cyclohexanone
(210 μL, 2.00 mmol) was used instead of acetone. (Yield: 0.33 g; 62%)
Anal. Calcd for C26H32N4O5Cu: C, 57.39; H, 5.93; N, 10.30. Found: C,
57.83; H, 5.54; N, 10.49%. IR (KBr, cm�1): vCN(imine), 1594(vs),
1615(m); vCO(enolate), 1255(vs); vCO(phenolic), 1301(m). UV�vis
(solid state) λ, nm: 600, 370(sh), 310, 270, 220. UV�vis [DMSO
solution: λ, nm (ε, dm3 mol�1 cm�1)]: 645 (100), 310 (2800).
Synthesis of [Cu(dbusah)2] 3 EtOH (4 3 EtOH). The synthetic

procedure was analogous to that of 1, except that dibutylketone (345 μL,
2.00mmol) was used instead of acetone. (Yield: 0.073 g; 11%) Anal. Calcd
for C34H52N4O5Cu: C, 53.87;H, 4.97; N, 12.56. Found: C, 53.58; H, 4.94;
N, 12.32%. IR (KBr, cm�1): vCN(imine), 1601(vs); vCO(enolate), 1258(s);
vCO(phenolic), 1307(s). UV�vis (solid state) (λ, nm): 550(broad), 370,
310, 260, 210. UV�vis [DMSO solution: λ, nm (ε, dm3 mol�1 cm�1)]:
730 (63), 310 (20500). Greenish-gray crystals of 4 suitable for single-
crystal XRD were obtained after recrystallization from MeCN.

’CRYSTALLOGRAPHIC DATA COLLECTION AND
STRUCTURE REFINEMENT

The crystals of 1, 2, and 4 suitable for X-ray analysis were
selected from the materials prepared as described in the Experi-
mental Section. Intensity data for 1 and 2 were collected on an
Oxford Diffraction SuperNova dual-source diffractometer with
an Atlas electronic CCD area detector using Mova microfocus
Mo KR radiation source (λ = 0.71073 Å). Intensity data for 4
were collected on a Nonius Kappa CCD diffractometer, using
graphite monochromated Mo KR radiation (λ = 0.71073 Å). An
Oxford Instruments Cryojet HT low-temperature device was
used for cooling the crystal of 2 to 110 K. The crystal data, details
of data collection and structure refinement parameters are
summarized in Table 1. The positions of most atoms for all
structures were determined by direct methods; other nonhydro-
gen atoms were located on difference Fourier maps. In complex
2, methyl and ethyl groups were refined with fractional occu-
pancy factors at two alternative positions. The displacement
parameters of C15B indicated further disorder of ethyl group not

resolved during refinement. Hydrogen H02 (1 and 2) and
hydrogen H7 (4) were identified on difference Fourier maps
and refined with geometrical restraints. All other hydrogen atoms
bonded to carbons were included in the structure factor calcula-
tions at idealized positions.

The structures were solved using SIR92 and were refined
using the SHELXL program.15,16 Full crystallographic data may
be obtained from the Cambridge Crystallographic Data Centre.
The CCDC reference numbers are 818229 (1), 818230 (2), and
818231 (4).

’RESULTS AND DISCUSSION

Synthetic Approach. Our approach to synthesize salicyloyl
hydrazone containing copper polymers utilizes a condensation
reaction between a series of aliphatic/cycloaliphatic ketones
(acetone, ethyl methyl ketone, cyclohexanone) and salicylic acid
hydrazide. This reaction may be templated through the addition
of copper(II) acetate to give [Cu(μ-LL)2]n complexes 1�3. It is
likely that polymeric complexes with other metal centers may be
synthesized using a similar strategy, which will be the subject of
further studies. In this work, the appropriate precursors of Schiff
bases were mixed in the equimolar amounts and subsequently
reacted with copper(II) acetate in the molar ratio of 2:1 in
refluxing EtOH. A general synthetic route to the polymeric
copper wires 1�3 is presented in Scheme 1. It has been found
that the use dibutyl ketone as a Schiff base component for the
reaction with copper(II) acetate yields a monomeric [Cu(LL)]2
complex 4. Clearly, long alkyl chains here introduce a steric
hindrance and prevent the polymerization of copper centers.
Crystal Structures. Compounds 1�3 possess six-coordinate

copper centers that are doubly bridged by two salicyloyl hydra-
zone ligands in the μ2�η1,η2 coordination mode, whereas
compound 4 contains four-coordinate central atoms each sur-
rounded by two bidentate salicyloyl hydrazones, as confirmed by
single-crystal X-ray structures of 1, 2, and 4. The organic ligands
in all compounds have undergone tautomerization and

Scheme 1. General Synthetic Route to the Polymeric Wires 1�3 with the Ligands Derived from Salicylic Acid Hydrazide and
Aliphatic or Cycloaliphatic Ketones
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deprotonation in order to compensate the charge of the copper-
(II) centers on coordination. Thus, these Schiff bases are planar
(except alkyl parts), because of the presence of conjugated
double CdN bonds. The geometries at the metal centers are

centrosymmetric for all compounds and the deprotonated Schiff
base ligands are bound to the copper centers in the trans-N,
O modes.
Compounds 1 and 2 crystallize in monoclinic systems with

space group of P21/c. Each unit cell contains [Cu(μ-LL)2]
complexes, where LL are appropriate bridging μ2�η1,η2 salicy-
loyl hydrazone ligands: N-(propan-2-ylidene)-2-hydroxybenze-
necarbohydrazonoate (acesah) and N-(butan-2-ylidene)-2-
hydroxybenzenecarbohydrazonoate (emsah) for 1 and 2, respec-
tively. These Schiff base molecules link adjacent copper centers
which leads to 1D metallopolymers. The packing patterns of
both compounds in the solid state are illustrated in Figures 1 and
2. Each copper center is doubly bridged by the off-axis salicyloyl
hydrazone linkers that exhibit a zigzag geometry. The polymeric
chains, whose cross-sectional sizes are on the order of 1 nm,
propagate along the [100] direction. These separate chains are
related by a 21 screw axis along the [010] direction. There are no
cross-linking hydrogen bonds among chains, although there are
such intrachain interactions between phenolic oxygen and sali-
cyloyl hydrazone nitrogen atoms. The observed N10�O02
hydrogen bond distances are 2.577 Å (1) and 2.538 Å (2),
respectively. The lack of interchain interactions results in fragility
of these crystals; they are very brittle. It has been observed that
exerting a relatively weak pressure on them leads to their
destruction.
The structural motif of complex 1, which resembles that of 2, is

depicted in Figure 3; selected bond distances and angles of 1 and
2 are listed in Table 2. Salicyloyl hydrazone ligands coordinate in
a bidentate mode to the copper(II) to afford a Jahn�Teller
distorted octahedral geometry. This distortion is related to the d9

configuration of copper(II) centers. Equatorial positions are
occupied by enolate oxygens and imine nitrogens of two
bidentate salicyloyl deprotonated hydrazones, whereas the axial
positions have phenolic oxygens that are substituents of aromatic
rings of two other ligands bound to adjacent copper centers (see

Figure 1. Single-crystal X-ray structure of [Cu(μ-acesah)2]n (1), illus-
trating the packing pattern with a zigzag geometry of 1D nanowires, and
viewed (a) perpendicular to a copper plane and (b) perspectively along
the a-axis. Hydrogen atoms are omitted for clarity.

Figure 3. Single-crystal X-ray structure of [Cu(μ-acesah)2]n (1) with the atom labeling scheme and 50% displacement ellipsoids.

Figure 2. Single-crystal X-ray structure of [Cu(μ-emsah)2]n (2), illus-
trating the packing pattern with a zigzag geometry of 1D nanowires, and
viewed (a) along the b-axis and (b) perspectively along the a-axis.
Hydrogen atoms are omitted for clarity.
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Scheme 1 and Figure 3). Planar Schiff bases occupying equatorial
positions in complexes 1 and 2 form five-membered rings whose
bite angles O01�Cu1�N11 [80.92� (1) and 81.33� (2)] are
responsible for the deviation from ideal octahedral angles.
The observed Jahn�Teller distortions for both compounds

are elongations along the axial axis (see Table 2). The compar-
ison of bond distances between the two complexes shows the
considerable difference in axial Cu1�O02 bonds. These are
shorter (2.698 Å) for 1 than for 2 (2.789 Å), which may be due to

the presence of a bulkier ethyl group in 2. However, this longer
distance observed for 2 does not translate to the intrachain
Cu 3 3 3Cu distances, which are even shorter for 2 (6.151 Å) than
for 1 (6.220 Å). This can be explained by the considerable
difference in bond angles between the complexes observed
within their coordination polyhedra (see Table 2); the relevant
O01�Cu1�O02 and O02�Cu1�N11 angles in complex 2 are
smaller, by ∼3.8� and ∼1.6�, respectively. Except for the
Cu1�O02 bonds, the rest of corresponding bond distances are
the same or comparable in the two complexes. Both relatively
long C08�O01 and short C08�N10 bond lengths in organic
ligands demonstrate their enolate forms in both compounds (see
Table 2).
The structure of compound 4 is considerably different from

those of 1 and 2. It crystallizes in a triclinic system with a space
group of P1. Each unit cell contains a monomeric distorted
square planar [Cu(LL)2] complex where LL is a bidentate ligand,
N-(nonan-5-ylidene)-2-hydroxybenzenecarbohydrazonoate
(dbusah), bound to each central atom in the trans-N,O mode
(see Figure 4). Similarly, as in the structures of 1 and 2, bidentate
Schiff bases in complex 4 form five-membered rings with bite
angles of 80.79� and are responsible for the deviation from ideal
square geometry. Unlike in complexes 1 and 2, the long carbon
chain of the butyl groups in complex 4 sterically hinders
coordination of the copper(II) ions to the phenolic oxygen
atoms of the ligands bound to adjacent copper centers. The
packing pattern is presented in Figure 5, and the selected bond
lengths and angles are listed in Table 2. Central copper atoms
propagate along the [100] direction with intermetallic Cu 3 3 3Cu
distances of 8.122 Å, considerably longer than these in polymers
1 and 2 (see Figure 5). Alkyl chains of butyl groups separate these
chains of discrete complexes with closest C 3 3 3C distances of
4.122 Å. The rest of the corresponding bond distances in the
structure of 4 are the same or comparable to those for complexes
1 and 2. As in the structures of 1 and 2, there are intramolecular
hydrogen bonds between phenolic oxygen and salicyloyl hydra-
zone nitrogen atoms (2.575 Å), and both bidentate ligands are in

Figure 4. Single-crystal X-ray structure of [Cu(dbusah)2] (4), showing the atom labeling scheme and 50% displacement ellipsoids.

Table 2. Selected Bond Lengths and Angles for [Cu(μ-
acesah)2]n (1), [Cu(μ-emsah)2]n (2), and [Cu(dbusah)2] (4)
(Estimated Standard Deviations Given in Parentheses)

1 2 4

Bond Lengths (Å)

Cu1�O01 1.909(1) 1.903(2) 1.891(2)

Cu1�O02 2.698(1) 2.789(2)

Cu1�N11 2.052(1) 2.052(2) 2.053(2)

C08�O01 1.285(2) 1.283(3) 1.286(3)

C08�N10 1.315(2) 1.307(3) 1.306(3)

N10�N11 1.407(2) 1.406(3) 1.404(3)

N11�C12 1.290(2) 1.289(3) 1.299(3)

O02�C02 1.362(2) 1.356(4) 1.344(4)

Bond Angles (deg)

O01�Cu1�O02 87.38(5) 83.57(7)

O01�Cu1�O020 92.62(5) 96.43(7)

O01�Cu1�N11 80.92(6) 81.33(7) 80.79(8)

O01�Cu1�N110 99.08(5) 98.67(7) 99.21(8)

O02�Cu1�N11 88.41(5) 86.88(7)

O02�Cu1�N110 91.59(5) 93.12(7)

O01�Cu1�O010 180.00(5) 180 180.000(1)

O02�Cu1�O020 180 180

N11�Cu1�N110 180.00(8) 180.00(9) 180.000(1)
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their enolate forms. Crystal structures of analogous mononuclear
trans-CuN2O2 four-coordinate complexes with Schiff bases
derived from salicyl- or hydroxynaphthalenecarbox-aldehydes
and bulky amines (1-ethylpropylamine, 1-naphthylethylamine,

1-phenylethylamine, or cycloamines) exhibited mostly geome-
tries that are intermediate between square planar and
tetrahedral.17 Generally, these configurations are dependent on
the substituents at the nitrogen atom exhibiting different steric
effects.18

Spectroscopic andMagnetic Properties.The infrared spec-
troscopic data of the Cu(II) complexes exhibit several character-
istic absorptions for organic ligands.19 The presence of the
azomethine group in all complexes is conspicuous by the ν(CdN)
absorptions that appear as strong bands at ca. 1600 cm�1. Ring-
breathing vibrations of the aromatic rings of the appropriate
ligands range from 1420 cm�1 to 1560 cm�1. The infrared
spectra of 1�4 also exhibit absorption bands characteristic for
C�O groups, as well as those assignable to both aliphatic and
aromatic C�H vibrations. Strong signals at ∼1260 cm�1 in-
dicate the presence of enolate C�O groups, whereas the absorp-
tions at∼1300 cm�1 are typical for phenolic C�Omoieties. The
position of the latter is similar for all complexes but one. This
clearly distinguishable signal, observed relatively high at 1329 cm�1

for compound 2, indicates a stronger phenolic C�O bond in
comparison with the other complexes and is in agreement with the
structural data for 1 and 2. The C�H bonds of the alkyl groups of
1�4 are readily identifiable by their absorptions in the
2840�2960 cm�1 region, whereas the aromatic C�H vibrations
of organic ligands occur at ∼3030�3060 cm�1. The lack of
characteristic N�H (ca. 3300 cm�1) stretching vibrations as well
as those of secondary amides at∼1650 cm�1 (CdO) additionally
confirms the enolizations of salicyloyl hydrazone ligands. Wide
absorptions at∼3400 cm�1 observed for all complexes are attribu-
table to O�H stretching vibrations.
Themagnetic susceptibilitymeasurements were performed for all

compounds at room temperature. The observed effective magnetic
moments: 1.9 μB (1), 1.7 μB (2), 1.5 μB (3), and 1.8 μB (4)
(without the corrections for diamagnetism) are comparable to the
expected spin-only value (1.73 μB) for one unpaired electron and
confirm the formal þ2 oxidation state of the copper centers.
The reflectance UV�vis spectra of 1�4 contain bands in the

200�400 nm region that are attributable to intraligand CT
transitions, as well as broad bands of the lowest energies at
∼550�600 nm assignable to d�d transitions. The electronic
absorption spectra of these compounds dissolved in DMSO are
presented in Figure 6, together with the representative diffuse

Figure 5. Single-crystal X-ray structure of [Cu(dbusah)2] (4), illustrat-
ing the packing pattern, and viewed (a) along the a-axis, (b) along the
b-axis, and (c) along the [1 1 0] direction. Hydrogen atoms are omitted
for clarity.

Figure 6. UV�visible absorption spectra of 1�4 in DMSO. The diffuse
reflectance spectrum of 1 is given for comparison.
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reflectance spectrum of 1. Similarly, as in the solid state, the UV
region of each spectrum is dominated by absorption bands in the
ranges of 250�420 nm, which are attributable to ligand-to-metal

CT transition and the electronic transitions of the organic
ligands.11a The visible region for complexes 1�3 exhibits weak
absorptions in the range of 628�645 nm associated with d�d
transitions, which is consistent with related complexes.5,6 On the
other hand, the d�d transitions of the complex 4 are represented
by the broad absorption band at ∼730 nm with several weakly
pronounced shoulders, some of them being instrument artifacts.
Nevertheless, the visible spectra of the six-coordinate complexes
(1�3) are significantly different from that of the square planar
complex 4, which indicates structural differences at the metal
center and confirms the findings of X-ray crystallography. The
unresolved broad absorption observed for complex 4 contains at
least two overlapping bands corresponding to the 2B1 g f

2B2 g
and 2B1 g f 2Eg transitions. The same transitions should be
observed for 1�3, since all complexes 1�4 possess the sameD4h

Table 3. Selected Electrode Potentials (E) and Peak-to-Peak Separations (ΔE) for the Anodic and Cathodic Processes Exhibited
by Complexes 1�4 in DMSO Solutions

complexa 1Epc (V vs SHE) 1Epa (V vs SHE) 1E1/2 (V vs SHE) 1ΔE (V) 2Epc (V vs SHE) 2Epa (V vs SHE) 2E1/2 (V vs SHE) 2ΔE (V) 3Epc (V vs SHE)

1 0.075 0.27(sh) 0.17 0.19 �0.085 0.36 0.14 0.45 �0.90b

2 0.11 0.27c 0.19 0.16 �0.10 0.27c �0.82b

3 0.15 0.38c �0.10 0.38c 0.14 0.48 �0.68b

4 0.20b 0.37b 0.28b 0.17b �0.11b �0.82b

aMeasurements for 1�3 are carried out at as multicycles at 50 mV s�1, and the data correspond to their voltammograms in Figure 7. bData obtained
from single measurement at 200 mV s�1. cBroad unresolved signal.

Figure 7. Cyclic voltammograms measured in DMSO solutions for (top left) 1 after 9 cycles at a can speed of 50 mV s�1, (top right) 2 after 4 cycles at a
can speed of 50 mV s�1, (bottom left) 3 after 4 cycles at a can speed of 50 mV s�1, and (bottom right) 4 after 9 cycles at a can speed of 200 mV s�1.

Figure 8. Cyclic voltammogram measured in DMSO solution for 1 at
200 mV s�1 within a potential range from �1.55 V to 0.95 V.

Scheme 2. Electrochemical and Chemical Processes in
DMSO Solutions of Complexes 1�3
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symmetry. However, the separation of excited states 2B2 g and
2Eg

is much smaller in the case of a tetragonally elongated octahedral
geometry than in the case of a square planar geometry; therefore,
the visible spectra of complexes 1�3 exhibit narrower, unsym-
metrical bands that correspond to the two transitions.
Cyclic voltammetry. The cyclic voltammograms for all

copper(II) complexes 1�4 were recorded at various scan speeds
(50�1000 mV s�1) over the range from�1500 mV to 1000 mV
(versus Ag/AgCl) in DMSO, and the electrochemical data are
summarized in Table 3. The representative voltammograms for
all complexes are presented in Figures 7 and 8.
All of the complexes except 4 show similar electrochemical

behaviors. Their voltammograms display, within scan speeds of
50�200mV s�1, two reduction waves (1Epc and

2Epc), which occur
in the potential ranges from 75 mV to 150 mV and from�175 mV
to �85 mV, respectively (see Figure 7). The first quasi-reversible
reduction wave corresponds to the [CuII(LL)2]/[Cu

I(LL)2]
�

process (1), with a directly associated reoxidation peak (1Epa) in
the reverse scan, whose potential values are in the range of 270�380
mV (see Table 3). The second quasi-reversible reduction wave
(2Epc), with its back wave (

2Epa) in the reverse scan, is interpreted as
the [CuII(μ-LL)2]n/[Cu

I(μ-LL)2]n
n� process (2) with relatively

high peak separations, which is typical when CT involves polymeric
species. This back signal is observed either as a broad unresolved
anodic wave (for complexes 2 and 3) or as a wave with a shoulder
(complex 1). The presence of two reduction waves with related two
oxidation signals in the relatively narrow range of potentials (within
a range from �0.2 V to 0.6 V) in DMSO solutions of polymeric
complexes 1�3 can be explained by the presence of another
copper(II) species, most probably monomeric complexes (see
Scheme 2). In addition, the variations of scan speeds in multicyclic
measurements over this narrow range of potentials allows one to
observe different changes in diffusion currents that accompany
processes (1) and (2) (see Figure 9), thus supporting their
interpretation and labeling. The dependence of 1I and 2I current
values on scan speed (see Figure 9) indicates the possible inter-
conversions between polymeric and monomeric species in solution
(see Scheme 2). Thus, processes (1) and (2) are associated with
monomers and polymers, respectively. Polymeric forms of com-
plexes seem to undergo relatively slow depolymerization process
upon reduction. Thus, at low scan speeds, signals related to
monomeric oxidation/reduction are more distinct; at higher scan
speeds, these waves are less pronounced, because smaller amounts
of monomeric forms are generated near the electrode surface (see
Figure 9).
The reduction potentials 1Epc (for monomers) become con-

siderably more positive as the ketone alkyl substituents become
bulkier in the following order: acetone < ethylmethyl ketone <
cyclohexanone < dibutyl ketone. These results are in agreement
with those presented by Patterson and Holm,20 who studied
copper(II) chelates with alkyl substituents but remain in contrast
with those presented by Fernandez et al. for the series of CuN2O2

chelates with cycloalkyl substituents.17e The first authors ex-
plained the effect as the result of complex geometry changes
going from square planar ones with less bulky substituents to
tetrahedrally distorted ones as the bulkiness of substituents
increases. However, this explanation cannot account for our
findings for the series of complexes 1�4, because all of their bis-
chelate geometries around metal centers are approximately
planar. Most probably, the observed trend is associated with
increasing electro-donating character of alkyl groups with their
bulkiness, which makes their copper(II) complexes easier to

reduce. On the other hand, the explanation of the reverse trend
by Fernandez et al., who associated the bulkiness of substituents
with the difficulty involved in approaching the electrode, is
consistent with the values of 2Epc reduction potentials (see
Table 3), relative to polymeric forms; however, this trend is
not so distinct.
It is also noteworthy that, for polymeric complexes 1�3,

multiscan potential sweeps within the range of reduction 1Epc,
2Epc and oxidation

1Epa,
2Epa processes result in the steady increase

in the currents of the anodic and cathodic peaks (see Figure 9). It
indicates that conducting films of polymeric copper complexes are
formed on the working electrode surface.21 No such behavior is
observed for the monomeric complex [Cu(dbusah)2] (4), where
multiscan sweeps make all signals become smaller with each cycle
until no distinct signals are finally observed. The formation of a
conducting film on a Pt electrode was recently reported for
monomeric Cu(II) complex with a tetradentate Schiff base derived
from 1,3-propylenediamine and 3-methoxysalicylaldehyde, where

Figure 9. Formation of the polymeric film of the complex [Cu(μ-
acesah)2]n (1). Multiscan cycles recorded within�0.25 V to 0.50 V: (A)
15 cycles at 200 mV s�1 and (B) 10 cycles at 50 mV s�1.

Figure 10. Current response as a function of applied potential at 200
mV s�1 for a Pt electrode in contact with DMSO solution of complex
[Cu(μ-emsah)2]n (2) measured after 60 s of microelectrolysis at
�0.95 V.
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twomodels of electropolymerization were proposed.22 In contrast
to that report, here, we were unable to deposit such a conducting
film starting from a monomeric complex 4.
All complexes exhibit a broad reduction wave 3Epc in the range

from �680 mV to �900 mV (at a scan speed of 100 mV s�1),
attributable to the [CuI(LL)2]/[Cu

0(LL)2]
� or [CuI(μ-LL)2]n/

n[Cu0(μ-LL)2]
� processes lacking a directly associated response

in the reverse scan, because of the rapid decomposition of Cu0

complexes to metallic copper with the ligand release. This was
confirmed when the microelectrolyses for 60 s at a low potential,
close to the observed reduction waves (3Epc), were carried out,
and, in the reverse scan, the “stripping-like” anodic peak A
appeared to be associated with the reoxidation of electrodepos-
ited copper to free Cuþ ion. The representative voltammogramm
is presented in Figure 10.

’CONCLUDING REMARKS

It has been shown, in this work, that the complexation of
copper(II) with a series of derivatives of salicylic acid hydrazide
and aliphatic or cycloaliphatic ketones leads either to one-
dimensional (1D) metallopolymers containing Schiff bases
(LL) as bridging μ2�η1,η2 ligands or four-coordinate
[Cu(LL)2] monomers, depending on the ketone used. Single-
crystal X-ray diffraction (XRD) results have revealed nanometer-
sized polymeric copper chains [Cu(μ-LL)2]nwith off-axis linkers
and a zigzag geometry, as well as square planar geometry of the
monomers.

This report on a bottom-up formation of soluble single-chain
copper-organic backbones based on salicyloyl hydrazones may
serve as a basis for future investigations of coordination polymers
with such ligands. In particular, it opens new attractive routes for
the creation of novel supramolecular structures with desirable
properties such as pore shape, size, composition, and function.
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