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a b s t r a c t

Six new copper complexes of di-2-pyridyl ketone nicotinoylhydrazone (HDKN) have been synthesized.
The complexes have been characterized by a variety of spectroscopic techniques and the structure of
[Cu(DKN)2]·H2O has been determined by single crystal X-ray diffraction. The compound [Cu(DKN)2]·H2O
ccepted 30 November 2010
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crystallized in the monoclinic space group P21 and has a distorted octahedral geometry. The IR spec-
tra revealed the presence of variable modes of chelation for the investigated ligand. The EPR spectra
of compounds [Cu2(DKN)2(�-N3)2] and [Cu2(DKN)2(�-NCS)2] in polycrystalline state suggest a dimeric
structure as they exhibited a half field signal, which indicate the presence of a weak interaction between
two Cu(II) ions in these complexes.

© 2010 Elsevier B.V. All rights reserved.

SR spectra

. Introduction

Acid hydrazides and their corresponding products, heteroaroyl-
ydrazones, have attracted much attention in synthetic chemistry
nd inorganic chemistry due to their use in biological systems
nd analytical chemistry. Due to the chelating behavior, they are
sed in analytical chemistry as selective metal extracting agents
s well as in spectroscopic determination of certain metals [1].
ixed ligand metal complexes of hydrazones, have proved to

e useful catalysts in reactions such as hydrogenation, oxida-
ion, carbonylation and hydroformylation [2]. The applications
f rhenium–carbonyl compounds as electrochemical sensors and
he optosensing behavior of ruthenium(II), manganese(I) com-
ounds of di-2-pyridyl ketone have been reported [3,4]. The use
f these systems as molecular sensors is due to their high val-
es of extinction coefficients and low values for their activation
arameters. Interest in these ligands has been driven, in part, by
otentially beneficial biological activity of the ligands and the metal
omplexes, including antimicrobial, antitumor, anti-convulsant,
nti-inflammatory and antibacterial [5,6]. Some hydrazone ana-
ogues namely di-2-pyridyl ketone isonicotinoylhydrazone were

ound to effectively promote the efflux of intracellular Fe and inhibit
he uptake of Fe from transferrin by tumor cells in culture [7].

oreover they have been investigated as promising agents for the
reatment of neoplasia and were suggested as potential oral chelat-

∗ Corresponding author. Tel.: +91 484 2862423; fax: +91 484 2575804.
E-mail address: mrp@cusat.ac.in (M.R. Prathapachandra Kurup).

386-1425/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2010.11.032
ing drugs for the treatment of genetic disorders such as thalassemia
[8].

Recently we have reported the synthesis and characterization of
some new hydrazones and their vanadium complexes [9]. We have
been interested in the chemistry of polypyridyl containing ligands
and as an extension of our previous work [9] we have used di-2-
pyridyl ketone nicotinoylhydrazone as a precursor to synthesize
and characterize a series of Cu(II) complexes. Di-2-pyridyl ketone
nicotinoylhydrazone is an interesting synthon in the class of chelat-
ing agents. These ligands exhibit keto-enol tautomerism and can
coordinate metal ions in neutral and monoanionic forms [10–12].
The choice of di-2-pyridyl ketone is mainly due to the fact that
this heteroaromatic moiety can provide a further binding site for
metal cations [13,14]. It is rigid, and provides two aromatic nitro-
gens whose unshared electron pairs are beautifully placed to act
co-operatively in binding cations. Thus it seemed interesting to
investigate the coordinating behavior of the ligand, and in this
paper we report the spectral and structural aspects of some newly
synthesized copper(II) complexes.

2. Experimental

2.1. Materials
Di-2-pyridyl ketone (Aldrich), nicotinic hydrazide (Aldrich),
copper(II) chloride dihydrate (E-Merck), copper(II) acetate mono-
hydrate (E-Merck), sodium azide (Reidel-De Haen), potas-
sium thiocyanate (Merck), copper(II) bromide (Aldrich), cop-
per(II) perchlorate hexahydrate (Aldrich) were used as supplied

dx.doi.org/10.1016/j.saa.2010.11.032
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:mrp@cusat.ac.in
dx.doi.org/10.1016/j.saa.2010.11.032
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Scheme 1. Synthesis of di-2-p

nd solvents were purified by standard procedures before
se.

.2. Synthesis of di-2-pyridyl ketone nicotinoylhydrazone
emihydrate (HDKN·0.5H2O)

The ligand di-2-pyridyl ketone nicotinoylhydrazone hemihy-
rate (HDKN·0.5H2O) was prepared as reported by us earlier [9].
o a methanolic solution of nicotinoyl hydrazide (0.137 g, 1 mmol),
i-2-pyridyl ketone (0.184 g, 1 mmol) in methanol was added. The
eaction mixture was refluxed for 5 h and was kept at room tem-
erature for slow evaporation. After a week, a white compound
as separated, filtered and washed with ether and dried over

4O10 in vacuo. Yield: 84%, Color: colorless, M.P.: 159 ◦C, Elemental
nal. Found (Calcd.) (%): C: 65.94 (65.37), H: 4.26 (4.52), N: 22.47
22.42) for HDKN·0.5H2O. Selected IR (cm−1) bands: �(N–H) 2928
; �(C O) 1689 vs; �(C N) 1579 s.

Electronic absorption bands (MeCN) �max (nm): 223, 269, 318
Scheme 1).

.3. Syntheses of complexes

.3.1. Synthesis of [Cu(DKN)2] (1)
Complex 1 was prepared by refluxing a methanolic solution of

DKN·0.5H2O (1 mmol, 0.312 g) and Cu(CH3COO)2·H2O (1 mmol,
.199 g) for 5 h. The resulting solution was allowed to stand at
oom temperature and after slow evaporation, dark green crys-
alline compound was separated, filtered and washed with ether
nd dried over P4O10 in vacuo.

[Cu(DKN)2] (1): Yield: 81%, �m (DMF): 5 �−1 cm2 mol−1, �eff
B.M.): 1.72, Elemental Anal. Found (Calcd.) (%): C: 60.86 (61.12),
: 3.58 (3.62), N: 20.36 (20.96).

.3.2. Syntheses of [Cu(HDKN)Cl2] (2), [Cu(DKN)Br] (3) and
Cu2(DKN)2](ClO4)2·2H2O (4)

Complexes 2, 3 and 4 were prepared by refluxing equimo-
ar methanolic solutions of HDKN with corresponding copper salt
olutions. The resulting solution was allowed to stand at room
emperature and after slow evaporation, the green products were
eparated, filtered and washed with ether and dried over P4O10
n vacuo.

[Cu(HDKN)Cl2] (2): Yield: 75%, �m (DMF): 9 �−1 cm2 mol−1, �eff
B.M.): 1.89, Elemental Anal. Found (Calcd.) (%): C: 46.56 (46.64), H:
.67 (2.99), N: 15.56 (16.00).

[Cu(DKN)Br] (3): Yield: 78%, �m (DMF): 12 �−1 cm2 mol−1, �eff
B.M.): 1.86, Elemental Anal. Found (Calcd.) (%): C: 45.26 (45.81), H:
.96 (2.71), N: 15.20 (15.71).

[Cu2(DKN)2](ClO4)2·2H2O (4): Yield: 90%, �m (DMF):
65 �−1 cm2 mol−1, �eff (B.M.): 1.26, Elemental Anal. Found

Calcd.) (%): C: 42.38 (42.25), H: 2.99 (2.92), N: 14.61 (14.49).

.3.3. Synthesis of [Cu2(DKN)2(�-N3)2] (5)
Complex 5 was prepared by stirring methanolic solution of

DKN (1 mmol, 0.312 g) and aqueous solution of NaN3 (1 mmol,
di-2-pyridylketone nicotinoylhydrazone

ketone nicotinoyl hydrazone.

0.065 g) for half an hour and then Cu(CH3COO)2·H2O (1 mmol,
0.199 g) in distilled water was added to the mixture and again
stirred for 2 h. Green precipitate obtained was filtered, washed with
methanol and dried over P4O10 in vacuo.

[Cu2(DKN)2(�-N3)2] (5): Yield: 85%, �m (DMF):
8 �−1 cm2 mol−1, �eff (B.M.): 1.24, Elemental Anal. Found (Calcd.)
(%): C: 49.73 (50.06), H: 2.40 (2.97), N: 27.68 (27.47).

2.3.4. Synthesis of [Cu2(DKN)2(�-NCS)2] (6)
Complex 6 was prepared in a similar manner as complex 5 by

using KSCN instead of NaN3. Green crystalline complex obtained
was filtered, washed with methanol and dried over P4O10 in vacuo.

[Cu2(DKN)2(�-NCS)2] (6): Yield: 70%, �m (DMF):
3 �−1 cm2 mol−1, �eff (B.M.): 1.42, Elemental Anal. Found (Calcd.)
(%): C: 50.55 (51.00), H: 2.31 (2.85), N: 19.82 (19.82).

Caution! Although no problems were encountered during this
research, azide and perchlorate salts of metal complexes with
organic ligands are potentially explosive. So they should be pre-
pared in small quantities and handled with care.

2.4. Physical measurements

C, H and N analyses of the ligand and the complexes were
performed on a Vario EL III CHNS analyzer at SAIF, Kochi, India.
The IR spectra were recorded on a JASCO FT/IR-4100 Fourier
Transform Infrared spectrometer using KBr pellets in the range
400–4000 cm−1. Electronic spectra in acetonitrile solutions were
recorded on a Spectro UV–vis Double Beam UVD-3500 spectrom-
eter in the 200–900 nm range. The molar conductances of the
complexes in DMF (10−3 M) solutions were measured at 298 K with
a Systronic model 303 direct-reading conductivity bridge. Magnetic
susceptibility measurements at 298 K were made using a MSB mk1
magnetic susceptibility balance from Sherwood Scientific Limited.
EPR spectra of complexes in solid state at 298 K and in frozen DMF
at 77 K were recorded on a Varian E-112 spectrometer at X-band,
using TCNE as standard with 100 kHz modulation frequency and
9.1 GHz microwave frequency at SAIF, IIT Bombay, India.

2.5. X-ray crystallography

X-ray quality crystals of [Cu(DKN)2]·H2O (1a) were grown from
a solution of 1 in methanol-acetonitrile mixture. Hydrogen atoms
of water could not be located and were not included in the model.
The determination of the crystal structure was carried out on a
Bruker P4 X-ray diffractometer using graphite monochromated Mo
K� radiation (� = 0.71073 Å) at 153 K. The data were solved using
Bruker SHELXTL by direct method and refined by the full matrix
least squares method on F2 using Bruker SHELXTL [15]. The Bruker
SAINT software was used for data reduction and Bruker SMART for

cell refinement. The atoms C(32) and C(33) of a pyridine ring are
disordered over two sites with relative occupancies of 58 and 42%
for A and B components respectively. All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen
atoms attached to carbons were placed in calculated positions with
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Table 1
Crystal data and structure refinement parameters for complex 1a.

Parameters [Cu((DKN)2]·H2O (1a)

Empirical formula C34H24CuN10O3

Formula weight (M) 684.18
Temperature (T) (K) 153(2) K
Wavelength (Mo K�) (Å) 0.71073
Crystal system Monoclinic
Space group P21

Lattice constants
a (Å) 9.3770(19)
b (Å) 10.111(2)
c (Å) 16.763(3)
˛ (◦) 90
ˇ (◦) 101.33(3)
� (◦) 90
Volume (V) (Å3) 1557.2(5)
Z 2
Calculated density (�) (Mg m−3) 1.459
Absorption coefficient (�) (mm−1) 0.755
F(000) 702.0
Crystal size (mm3) 0.28×0.28×0.38
� range for data collection 2.22–25.00◦

Limiting indices −11≤h≤11
−12≤ k≤12
−19≤ l≤19

Reflections collected 14,918
Unique reflections 5466
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5086/17/453
Goodness-of-fit on F2 1.055
Final R indices [I > 2	 (I)] R1 = 0.0356, wR2 = 0.086

w
R

C
i
t
a
c
s

R indices (all data) R1 = 0.0387, wR2 = 0.0875

R2 = [
∑

w(F2
o − F2

c )
2
/
∑

w(F2
o )

2
]
1/2

.
1 = 
||Fo| − |Fc||/
|Fo|.

–H = 0.93 Å (aromatic protons) and U(H) = 1.2 Ueq (C) and refined

sotropically in the riding model approximation. Molecular struc-
ure of the compound was created using the ORTEP program [16]
nd packing diagram was plotted using MERCURY [17]. Pertinent
rystallographic data and structure refinement parameters for the
tructure are given in Table 1.

Fig. 1. The molecular structure of [Cu(DKN)2]·H2O (
ctrochimica Acta Part A 78 (2011) 926–934

3. Results and discussion

The syntheses of all complexes were straight forward and high
yielding. The compounds are soluble in organic solvents such as
CH3CN, DMSO and DMF. The analytical and spectroscopic data are
in good agreement with the chemical formulas of the complexes.
The ligand and its Cu(II) complexes are very stable at room tem-
perature and remain for a long time without decomposition. The
molar conductance values of all the compounds except 4 are in
the range 3–12 �−1 cm2 mol−1, indicating their non-electrolytic
nature, but 4 is found to be a 2:1 electrolyte [18]. Magnetic moments
for the complexes were calculated from magnetic susceptibility
measurements using diamagnetic corrections. Mononuclear Cu(II)
complexes exhibit magnetic moments in the range 1.7–1.9 B.M.,
which corresponds to a single unpaired electron [19]. The low
magnetic moment for the dinuclear complexes may be attributed
to the presence of antiferromagnetic spin–spin interaction. From
the spectroscopic characterization, it is found that di-2-pyridyl
ketone nicotinoylhydrazone acts as a tridentate ligand coordinat-
ing through azomethine, one of the pyridyl nitrogens and enolate
oxygen via deprotonation which was also evident from the crystal
structure of complex 1a.

3.1. Crystal structure of [Cu(DKN)2]·H2O (1a)

A view of the Cu(II) complex with the atom numbering scheme
is presented in Fig. 1 as an ORTEP plot [16]. Selected interatomic
distances and bond angles are provided in Table 2. The Cu(II) ion is
in an N4O2 coordination sphere in which each of the two meridion-
ally spanning ligands coordinates the metal ion via the pyridine-N,
imine-N and deprotonated amide-O atoms forming two five mem-
bered chelate rings [20]. A distinguishing feature of Cu(II) structure
is its asymmetry. In similar complexes reported containing Mn(II),

Ni(II) and Zn(II) divalent metal ions, the pairs of corresponding
coordinate bond lengths to the two ligands are more or less the
same, but here the two ligands bonded to copper are distinct [21].
One ligand forms Cu–N and Cu–O bond lengths that are consis-
tently longer than those of the other ligand. The distortion forcing

1a) along with the atom numbering scheme.
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Table 2
Selected bond lengths (Å) and bond angles (◦) for [Cu(DKN)2]·H2O.

Bond lengths Bond angles

Cu1–N2 1.986(2) N2–Cu1–N7 171.7(3)
Cu1–N7 1.947(2) N2–Cu1–O1 74.8 (6)
Cu1–O1 2.253(2) N2–Cu1–N1 76.3 (9)
Cu1–O2 2.066(2) N7–Cu1–O2 78.2 (5)
Cu1–N1 2.276(3) N7–Cu1–N6 79.0 (0)
Cu1–N6 2.069(2) O1–Cu1–N1 150.9(8)
N2–N3 1.378(3) O2–Cu1–N6 156.1(9)
N7–N8 1.357(3) N7–Cu1–N1 96.7(9)
N2–C6 1.299(4) N2–Cu1–N6 97.2(9)
N7–C23 1.297(3) N6–Cu1–N1 99.2(2)
O1–C12 1.253(3) O2–Cu1–N1 90.3(4)
O2–C29 1.264(3) N6–Cu1–O1 88.2(8)
N3–C12 1.338(4) N2–Cu1–O2 106.1(7)
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band located at 1579 cm is assigned to the �(C N) stretching

T
H

D
C

N8–C29 1.338(4) O2–Cu1–O1 93.8(7)
C6–N2–N3 118.1(2)
C23–N7–N8 122.3(2)

1 and N2 away from the Cu ion is so large that Cu–N3 bond is also
eakened. The deviation from perfect octahedron is evident from

he bond distances and angles given in Table 2. For e.g. the ideally
inear trans angle N3–Cu1–N8 is ∼172.11(14)◦ and the interligand
ngle N2–Cu1–O1 is ∼150.75(12)◦, which gives clear evidence for
he deviation from perfect octahedron [22]. Least square analyses
hows that planes containing O1, N2, N1, Cu1 and N7 (plane 1) and
2, N7, N6, Cu1 and N2 (plane 2) shows a maximum deviation from

he mean plane of −1.3274(5) Å for N1 and 1.1553(4) Å for N6 and
he dihedral angle formed by the two planes is 49.07(1)◦.

There is one lattice water per molecule and the hydrogen bond-
ng interactions are shown in Table 3. Thus adjacent molecules are
inked into chains by these interactions as shown in Fig. 2. The

etal chelate ring Cg(8) {N6, C18, C19, C20, C21, C22} is stacked via
–� interactions with Cg(9) {N9, C30, C31, C32A, C33A, C34} of the
eighboring unit with a centroid to centroid distance of 3.708(5) Å
23]. In addition to the �–� stacking, significant C–H· · ·� inter-
ctions of the pyridyl hydrogens with metal chelate rings of the
eighboring molecules adds the stability of the unit cell packing
Table 3). Ring puckering analyses shows that two five membered

ings Cg(1) {Cu1–O1–C12–N3–N2}, Cg(2) {Cu1–O2–C29–N8–N7}
re puckered [24] and adopts an envelope conformation on Cu1
Q(2) = 0.145(2) Å, Phi(2) = 360.0(11)◦) and twisted conformation
n N7 (Q(2) = 0.1042(19) Å, Phi(2) = 350.0(14)◦) respectively.

able 3
-bonding, �–� and C–H· · ·� interaction parameters of [Cu(DKN)2]·H2O.

H-bonding
D−H· · ·A (Å) D−H H· · ·A
C1–H(1)· · ·N(9)a 0.93 2.62
C10–H(10)· · ·O(2)b 0.93 2.50
C20–H(20)· · ·N(9)c 0.93 2.58
Equivalent position code
a = 2− x, 1/2 + y, 1− z, b = 1− x,

1/2 + y, −z, c = 1− x, 1/2 + y,
1− z, �–� interactions

Cg(I)· · ·Cg(J) Cg–Cg (Å) ˛ (◦)
Cg(8)· · ·Cg(9)d 3.708(5) 5.6(4)
Cg(9)· · ·Cg(8)e 3.708(5) 5.6(4)
Equivalent position code
d =−1 + x, y, z, e = 1 + x, y, z

C–H· · ·� interaction
X−H· · ·Cg(J) H· · ·Cg (Å)
C(28)–H(28)· · ·Cg(2)f 2.64
Equivalent position code
f = 1− x, 1/2 + y, 1− z

, donor; A, acceptor; Cg, centroid; ˛, dihedral angles between planes I and J; ˇ, angle Cg
gI Perp, perpendicular distance of Cg(I) on ring J; CgJ Perp, perpendicular distance of Cg
Fig. 2. Packing diagram of [Cu(DKN)2]·H2O along ‘b’ axis.

3.2. Infrared spectra

The significant IR frequencies of the ligand are given in the
experimental section. Bonding of the hydrazone to Cu(II) cen-
ter has been suggested by a careful comparison of the infrared
spectra of the complexes with that of the free ligand. The main
stretching frequencies of the IR spectra of the complexes and their
tentative assignments are tabulated in Table 4. The �(NH) and
�(C O) stretching bands at 2928 and 1689 cm−1 respectively, cor-
responding to the free ligand are not observed in the spectra of the
complexes [25,26]. This fact, along with the presence of a medium
intensity band at ca. 1369 cm−1 assignable to �(C–O), indicates that
the hydrogen atoms of the amide group are lost during the synthe-
sis and the deprotonated ligand is predominantly in the enolate
form in the complexes [27]. But in complex 2, the ligand is coordi-
nated in the keto form which is evident from its spectrum with a
peak at 1604 cm−1 due to �(C O) band. A very strong and sharp

−1
vibrations of azomethine of the ligand. This band is shifted to lower
wavenumber on complexation with the metal [28], which supports
the participation of azomethine group of the ligand in binding to
the Cu(II) ion and is consistent with the X-ray diffraction studies

D· · ·A D−H· · ·A
3.371(4) 138
3.221(4) 135
3.389(5) 145

ˇ (◦) � (◦) CgI Perp CgJ Perp
24.77 19.33 3.4986(14) −3.367(4)
19.33 24.77 −3.366(4) 3.4986(14)

Cg(8) = N(6), C(18), C(19), C(20), C(21), C(22); Cg(9) = N(9), C(30), C(31), C(32A),
C(33A), C(34)

X−H· · ·Cg (◦) X· · ·Cg (Å)
150 3.482(3)

Cg(2) = Cu (1), O(2), C(29), N(8), N(7)

(I)−Cg(J) vector normal to plane I; � , angle Cg(I)−Cg(J) vector normal to plane J;
(J) on ring I.
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Table 4
Infrared spectral data (cm−1) of the copper(II) complexes.

Compound �(C N) �(C N)a �(C O)/�(C–O) �(N–N) �(Cu–Nazo) �(Cu–O)

[Cu(DKN)2] (1) 1521 (m) 1585 (s) 1351 (m) 1075 (m) 471 (w) 433 (w)
[Cu(HDKN)Cl2] (2) 1509 (s) – 1604 (s) 1082 (m) 483 (w) 443 (w)
[Cu(DKN)Br] (3) 1501 (s) 1583 (m) 1371 (s) 1086 (m) 477 (w) 447 (w)
[Cu2(DKN)2](ClO4)2·2H2O (4) 1505 (s) 1590 (m) 1382 (s) 1083 (m) 467 (w) 430 (w)
[Cu (DKN) (�-N ) ] (5) 1506 (m) 1585 (m) 1375 (s) 1090 (m) 464 (w) 442 (w)
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[Cu2(DKN)2(�-NCS)2] (6) 1503 (s) 1582 (m)

, strong; m, medium and w, weak.
a Newly formed C N.

n complex 1a. A shift to the higher frequency of the �(N–N) band
nd the appearance of a new band due to �(C N) may be taken
s additional evidence for the participation of the imine nitrogen
28]. This new band is absent in complex 2, since the ligand is coor-
inating in the keto form. The low energy pyridine ring in-plane
nd out-of-plane vibrations observed in the spectrum of the lig-
nd at 615 cm−1, are shifted to higher frequencies in the case of
omplexes, which is a good indication of the coordination of the
eterocyclic nitrogen to the metal center [29].

In the perchlorate complex, bands corresponding to �(NH)
nd �(C O) stretching are absent and a new band is observed
t 1382 cm−1 which suggests the hydrazone has coordinated to
he metal in the enolate form. Also the azomethine stretching
as undergone shift to lower wavenumbers together with the
ppearance of a new band at 1590 cm−1 which may be due
o the formation of new (C N) bond. This gives the evidence
or the coordination of azomethine nitrogen. In addition to this,

strong absorption at 1091 cm−1 [30] and an unsplit band at
23 cm−1, indicates the presence of ionic perchlorate group. This
as also evident from the molar conductivity measurements. The
ost interesting part of the spectra in complexes 5 and 6 is the

000–2100 cm−1 region where the strong absorption bands due to
he azide and thiocyanate group are visible. The azido bridges in
omplex 5 take the end-on structure with the �a(N3) at 2057 cm−1

31]. In 5 and 6, the azomethine band has undergone down-
ard shift to 1506 and 1503 cm−1 respectively thus suggesting

he coordination through azomethine nitrogen. Also the �(NH)
nd �(C O) bands are absent and the �(C–O) stretching vibrations
re observed at 1375 and 1368 cm−1 respectively which indicates
hat the hydrazone has undergone deprotonation and has coor-
inated in the enolate form. In complex 6, a single strong and
harp peak at 2078 cm−1, assignable to �(CN) stretching mode of
hiocyanate group is observed which corresponds to the bridging
N stretching [31]. The pyridyl nitrogen coordination in 4, 5 and
complexes are evident from the shifting of out-of-plane bend-

ng modes of vibrations of the free ligand at 622 cm−1 to higher
nergies.

.3. Electronic spectra
The absorption bands of the ligand are discussed in the exper-
mental section and that of the complexes are listed in Table 5.
or the Cu(II) complexes with an elongated tetragonally distorted
ctahedral crystal field symmetry or in square planar geometry

able 5
lectronic spectral data of the copper(II) complexes.

Compound UV–vis absorption bands (nm)

[Cu(DKN)2] (1) 253, 273 (sh), 388, 699
[Cu(HDKN)Cl2] (2) 258, 296 (sh), 399, 664
[Cu(DKN)Br] (3) 253, 278 (sh), 397, 683
[Cu2(DKN)2](ClO4)2·2H2O (4) 253, 276 (sh), 393, 669
[Cu2(DKN)2(�-N3)2] (5) 251, 273 (sh), 397, 664
[Cu2(DKN)2(�-NCS)2] (6) 253, 275 (sh), 395, 686
368 (s) 1082 (m) 463 (w) 441 (w)

of D4h symmetry, three spin allowed transitions are expected viz.
2A1g← 2B1g, 2B2g← 2B1g, 2Eg← 2B1g which occur in the ranges
850–550, 645–555 and 580–500 nm, respectively [32]. But often
these theoretical expectations are unseen in practice and these
bands usually appear overlapped and become difficult to resolve
into separate bands due to the very small energy difference
between the d levels. The presence of a broad band in all the com-
plexes in the range 660–700 nm can be assigned to the envelope of
2A1g← 2B1g, 2B2g← 2B1g, 2Eg← 2B1g transitions. The intense bands
observed at ∼390 nm in all Cu(II) complexes are mainly due to the
phenoxy O→Cu(II) charge transfer transitions [33,34]. The remain-
ing bands of the complexes ∼260 and 280 nm correspond to the
intraligand �–�* and n–�* transitions which suffered marginal
shifts when compared to that of the free ligand.

3.4. EPR spectra

For the case of a 3d9 copper(II) ion, the appropriate spin Hamil-
tonian assuming a B1g ground state is given by

Ĥ = ˇ[g||BzSz + g⊥(HxSx +HySy)]+A||IzSz + A⊥(IxSx + IySy)

The EPR spectra of all the compounds were recorded in poly-
crystalline state at 298 K and in frozen DMF at 77 K in the X band
frequency and various magnetic induction parameters are summa-
rized in Table 6. EPR spectra of 2, 3 and 4 in frozen DMF were not
good and were rerecorded in DMSO. The experimental and sim-
ulated best fits [35] of EPR spectra of some of the complexes in
DMF/DMSO at 77 K are given in Fig. 3. The polycrystalline state
spectra of all the compounds except [Cu2(DKN)2](ClO4)2·3H2O and
[Cu2(DKN)2(�-NCS)2] were axial in nature. The geometric parame-
ter G, and the bonding parameters of all the spectra are calculated.
For axial spectra, G which is a measure of the exchange interac-
tions between the copper centers, is calculated using the equation:
G = (g|| −2.0023)/(g⊥ −2.0023). If G < 4.0 considerable exchange
interaction is indicated in the solid complex [36,37]. The value of in-
plane sigma bonding parameter ˛2 was estimated for each species,
from the expression [38],

˛2 = − A||
0.036

+ (g|| − 2.0023)+ 3
7

(g⊥ − 2.0023)+ 0.04.

The orbital reduction factors K|| and K⊥were estimated from the
expression

K|| = (g|| − 2.0023)Ed–d

8�o

K⊥ = (g⊥ − 2.0023)Ed–d

2�o
where K|| = ˛2ˇ2, K⊥ = ˛2�2 and �o represent the one electron
spin–orbit coupling constant for the free ion, equal to −828 cm−1.
Significant information about the nature of bonding in the cop-
per(II) complexes can be derived from the magnitude of K|| and K⊥.
In case of pure 	 bonding K|| ≈K⊥ ≈0.77 whereas K|| < K⊥ implies
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Table 6
EPR spectral assignments of copper(II) complexes in polycrystalline state and in frozen DMF at 77 K.

1 2 3 4 5 6

Polycrystalline (298 K)
g||/g1 2.352 2.198 2.138 2.044 2.244 2.053
g⊥/g2, g3 2.108 2.106 2.110 2.110, 2.198 2.059 2.069, 2.244
giso/gav 2.189 2.136 2.119 – 2.120 –
G 3.308 1.887 1.259 – 4.262 –

DMF (77 K)
g||/g1 2.015 2.192 2.060 – 2.225 2.270
g⊥/g2, g3 2.086, 2.248 2.079 2.142 – 2.055 2.040
gav/giso – 2.116 2.114 2.110 2.111 2.116
A|| 111.36a – – – 165.50a 166.02a

˛2 – – – – 0.742 0.784
ˇ2 – – – – 0.940 0.975
�2 – – – – 0.911 0.728

a

F
t

K|| – – –
K⊥ – – –

Expressed in units of cm−1 multiplied by a factor of 10−4.

ig. 3. Experimental (green) and simulated best fit (purple) of the EPR spectra of complex
his figure legend, the reader is referred to the web version of the article.)
– 0.698 0.765
– 0.677 0.571

es 1, 3 and 5 in frozen DMF at 77 K. (For interpretation of the references to color in
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ig. 4. EPR spectrum of [Cu2(DKN)2](ClO4)2·2H2O in polycrystalline state at 298 K.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.).

onsiderable in-plane bonding, while for out-of-plane bonding,
|| > K⊥.

The EPR parameters g||, g⊥, A||(Cu) and energies of d–d transi-
ions were used to evaluate the bonding parameters ˛2, ˇ2 and �2,
hich may be regarded as a measure of covalency of the in-plane
-bonds, in-plane �-bonds and out-of-plane �-bonds respectively

39]. Since ˛2 values decreases with increasing covalency and
btained values lies above 0.5 and below 1.0, it is inferred that
he complexes have significant covalent character in the ligand
nvironment.

EPR spectra of polycrystalline samples of compounds 1, 2, 3 and
are axial in nature even though the hyperfine splittings were not

ery clear since it is magnetically concentrated but the perchlorate
nd thiocyanate derivatives undergo distortion around the metal
enter and the lower symmetry is reflected in the rhombic spectra
btained for these complexes (Fig. 4). Three g values g1, g2, g3 were
bserved and the large anisotropy in these values is indicative of

geometry distorted from regular octahedron in the solid state. In
olynuclear Cu(II) complexes the most important application of the
easurement of the EPR spectra is in the identification of Cu–Cu

ipolar interaction. Additional transitions arise associated with the
Ms =±2 values, compared with the �Ms =±1 values in mononu-

Fig. 6. Change in the coord
Fig. 5. EPR spectrum of [Cu2(DKN)2(�-N3)2] in polycrystalline state at 298 K.

clear complexes. In the X-band spectra, �Ms =±1 transitions are
associated with fields of ca. 300 mT, while the �Ms =±2 generate
an absorption at the half field value of ca. 150 mT and the presence
of this half field band is a useful criterion for dipolar interaction
for the presence of some dinuclear or polynuclear complex forma-
tion [40]. The EPR spectra of compounds 5 and 6 in polycrystalline
state suggest a dimeric structure as they exhibited a half field sig-
nal at 146.5 and 158 mT, respectively (Fig. 5), which indicate that
indeed a weak interaction between two Cu(II) ions is present in
these compounds. But the absence of a signal at half field corre-

sponding to �Ms =±2 forbidden transition in complex 4 indicates
that the exchange interaction is very weak.

In frozen DMF at 77 K, the spectrum of compound 1 is found to
be rhombic in nature with three g values g1, g2, g3, where g3 > g2 > g1

ination of 3 in DMSO.
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Fig. 7. Proposed structure

nd four hyperfine splittings are observed in the parallel region as
videnced in the spectrum (Fig. 3). The spectrum of 2 is broad but
ot isotropic in nature and does not give much information, but
ven more dramatic changes occur in the powder ESR spectrum
f compound 3 from an axial spectrum at room temperature to a
everse axial spectrum in DMSO at 77 K. These changes correspond
ith the variations of stereochemistry from square planar to trig-

nal bipyramidal structure which may be due to the coordination
f the solvent (Fig. 6) with g⊥ > g|| > 2.0023 relationship with a d2

z
round state [41]. DMSO is an aggressive solvent, so solvolysis of
he complex and a change in coordination geometry in that sol-
ent is not unreasonable. The spectrum of compound 4 does not
how any anisotropic feature and hyperfine splittings, which may
e due to poor glass formation, while 5 and 6 were found to be
xial in nature with four hyperfine splittings due to the coupling of
he electron spin with the nuclear spin of 63Cu (I = 3/2) with differ-
nt g|| and g⊥ values consistent with a dx2−y2 ground state with an
longated octahedral geometry [42,43].
. Conclusions

From the above observations it was found that di-2-pyridyl
etone nicotinoylhydrazone could coordinate to the metal center
ither in the neutral or in deprotonated form. Some of the com-
e synthesized complexes.

plexes were found to be dimeric in nature which was evident from
EPR spectra. The perchlorate compound was found to be ionic in
nature which was evident from the molar conductivity value. In
all the complexes the hydrazone was found to coordinate to Cu(II)
center through the pyridyl, azomethine nitrogens and the amide
oxygen either in neutral or deprotonated form. Based on the above
observations proposed structures of the synthesized complexes are
shown in Fig. 7.

Supplementary data

Crystallographic data for the structural analysis has been
deposited with the Cambridge Crystallographic Data Center, CCDC
695749 for compound [Cu(DKN)2]·H2O. The data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from Cambridge Crystallographic Data Centre (CCDC), 12 Union
Road, Cambridge CB21EZ, UK; fax: +44 1223 336 033; e-mail:
deposit@ccdc.cam.ac.uk].
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