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The 1:1 reaction of the diacetyl monoxime-2-pyridyl hydraz-
one HL1 (1) and the pyridine-2-carboxaldehyde-2-imid-
azoline hydrazone hydrobromide HL2 (2) with copper(II) sul-
fate pentahydrate in methanol affords a series of new sulfate-
bridged dimeric copper(II) complexes, [CuII

2(HL1)2(µ-SO4)2]·
4H2O (1a) and [CuII

2(HL2)2(µ-SO4)Br2]·2H2O (2a), respec-
tively. The room temperature magnetic moments of the com-
plexes 1a and 2a are 1.82 µβ and 1.84 µβ, respectively. The
bands appearing in the UV region (200–340 nm) are charac-
teristic of the ligands HL1 (1) and HL2 (2). In complexes 1a
and 2a, these ligand centred bands are accompanied by mul-
tiple bands extending into the visible region (370–480 nm).
The association constant (Kass, UV/Vis) was found to be
(1.120�0.002)�105 for 1a and (1.196�0.002)�104 for 2a at
298 K determined using UV/Vis spectroscopy. On excitation

Introduction

Transition-metal-based frameworks are particularly
interesting because of various useful biological and techno-
logical applications that may arise from their special elec-
tronic, magnetic, ion exchange, adsorption, photochemical
and catalytic properties.[1–19] The properties can be varied
by changing the ligand type, the presence of substituents
and by using different metal ions. Introduction of spacers
and/or bridging ligands[20–30] between two redox active
metal termini not only permits the electron flow essential
for construction of nanoscale devices [31–33] but also signifi-
cantly influences the overall topology of the framework.
Among inorganic anions, sulfates are particularly interest-
ing since they are capable of binding metal centres in a bi-
dentate, tridentate or bridging mode.[34–38] Sulfate-bridged
dinuclear copper complexes with substituted imidazoles
and N-heteroaromatic receptors are of great importance be-
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at 285 nm, ligand 1 emits strongly in the 364 nm region due
to an intraligand 1(π–π*) transition. Upon complexation with
copper(II), the emission peak is slightly blue shifted (354 nm,
F/Fo 0.89) with a little quenching in the emission intensity as
expected for divalent copper. Complexes 1a and 2a exhibit
two consecutive oxidation couples for two copper(II) centres
in deionised distilled water under a nitrogen atmosphere.
DFT and TDDFT calculations were performed and the results
are highly consistent with the spectroscopic behaviour of the
complexes. The molecular structures of dinuclear 1a (Cu···Cu
4.555 Å) and 2a (Cu···Cu 6.106 Å) have been determined by
single-crystal X-ray diffraction studies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

cause of their wide applicability in synthetic, biological and
supramolecular chemistry.[39–46] The above objective has
been realised with the synthesis, characterisation and em-
ployment of new homodinuclear copper(II) complexes with
active redox centres. Interestingly, the modulation of the li-
gand frame has a remarkable influence on the photophysi-
cal as well as the binding patterns of the complexes. Em-
phasis will be given to understand the binding phenomenon
by means of the binding constant and thermodynamic cal-
culations for the complexation equilibrium. DFT and
TDDFT calculations were performed to establish the nature
of the orbitals involved in transition processes and to corre-
late the structural parameters with the spectroscopic prop-
erties of the complexes.[47–53]

Results and Discussion

The ligands HL1 (1) and HL2 (2) react with copper(II)
sulfate pentahydrate in methanol at room temperature in a
1:1 molar ratio to afford green dinuclear copper(II) com-
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plexes of the type [Cu2(HL1)2(µ-SO4)2]·4H2O (1a) and
[Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a), respectively, in excellent
yields.

The elemental analysis data are consistent with the pro-
posed empirical formulae. All the complexes are soluble in
methanol but sparingly soluble in water. The binding modes
of 1, and 2, are shown below. The room temperature mag-
netic moments of complexes 1a and 2a are 1.82 µβ and
1.84 µβ, respectively. These values are consistent with an S
= ½ spin state as expected for d9 (t2

6e3) systems.

Crystal Structures of 1a and 2a

The molecular structures of the dinuclear complexes
[Cu2(HL1)2(µ-SO4)2]·4H2O (1a) and [Cu2(HL2)2(µ-SO4)Br2]·
2H2O (2a) together with their schematic representations are
shown in Figures 1 and 3, respectively. Crystal packing dia-
grams illustrating the different hydrogen bonding in the two

Figure 1. Molecular structure of complex [Cu2(HL1)2(µ-SO4)2]·
4H2O (1a) with thermal ellipsoids drawn at the 50% probability
level. Water molecules have been omitted for clarity.
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structures are shown in Figures 2 and 4 and selected bond
lengths and angles are listed in Tables 1 and 2. Details of
the hydrogen bonding are given in Table 3.

Figure 2. Crystal packing diagram of [Cu2(HL1)2(µ-SO4)2]·4H2O
(1a) viewed along the c axis, showing the inter- and intramolecular
hydrogen bonding (dotted lines). The hydrogen atoms are not
shown for clarity.

Figure 3. Molecular structure of the complex [Cu2(HL2)2(µ-SO4)-
Br2]·2H2O (2a) with thermal ellipsoids drawn at the 50% prob-
ability level. The water molecules are not shown for clarity.

Table 1. Selected bond lengths [Å] and angles [°] for [Cu2(HL1)2(µ-
SO4)2]·4H2O (1a).

Complex 1a

Cu(1)–N(1) 1.995(3) Cu(1)–N(3) 1.943(3)
Cu(1)–N(4) 2.032(3) Cu(1)–O(11) 2.196(3)
Cu(1)–O(12a) 1.955(3)
N(1)–Cu(1)–N(4) 157.24(13) N(3)–Cu(1)–N(1) 79.55(13)
N(3)–Cu(1)–N(4) 78.11(12) N(1)–Cu(1)–O(11) 96.28(12)
N(3)–Cu(1)–O(11) 113.60(11) N(3)–Cu(1)–O(12a) 153.26(13)
N(4)–Cu(1)–O(11) 96.54(10) O(12a)–Cu(1)–N(1) 92.29(12)
O(12a)–Cu(1)–N(4) 105.85(11) O(12a)–Cu(1)–O(11) 92.47(10)
Symmetry operation a: –x, –y, –z + 1
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Table 2. Selected bond lengths [Å] and angles [°] for [Cu2(HL2)2(µ-
SO4)Br2]·2H2O (2a).

Complex, 2a

Cu(1)–Br(1) 2.386(2) Cu(1)–N(4) 1.956(11)
Cu(1)–N(1) 2.058(11) Cu(1)–O(1) 2.274(10)
Cu(1)–N(2) 2.000(11) Cu(2)–Br(2) 2.379(2)
Cu(2)–N(6) 2.066(12) Cu(2)–N(7) 2.000(11)
Cu(2)–N(9) 1.950(12) Cu(2)–O(2) 2.283(9)
N(1)–Cu(1)–Br(1) 98.8(3) N(2)–Cu(1)–Br(1) 160.5(3)
N(4)–Cu(1)–Br(1) 99.7(4) O(1)–Cu(1)–Br(1) 103.0(3)
N(2)–Cu(1)–N(1) 78.2(4) N(4)–Cu(1)–N(1) 155.5(5)
N(4)–Cu(1)–N(2) 79.0(5) N(1)–Cu(1)–O(1) 90.6(4)
N(2)–Cu(1)–O(1) 96.4(4) N(4)–Cu(1)–O(1) 100.7(4)
N(6)–Cu(2)–Br(2) 99.0(3) N(7)–Cu(2)–Br(2) 160.1(3)
N(9)–Cu(2)–Br(2) 99.6(3) O(2)–Cu(2)–Br(2) 103.1(2)
N(7)–Cu(2)–N(6) 77.8(4) N(9)–Cu(2)–N(6) 155.6(4)
N(9)–Cu(2)–N(7) 79.4(5) N(6)–Cu(2)–O(2) 90.7(4)
N(7)–Cu(2)–O(2) 96.6(4) N(9)–Cu(2)–O(2) 100.3(4)

Table 3. Hydrogen bonding distances [Å] and angles [°] in compounds 1a and 2a.

Complex 1a

D–H···A D–H H···A D···A D–H···A
O(1)–H(1).O(11a) 0.84 1.83 2.663(4) 170
O(1 W) – H(1WA).O(14b) 0.83(4) 2.10(4) 2.915(4) 169(3)
N(2)–H(2).O(13c) 0.88 2.00 2.759(5) 144
O(1 W)–H(1WB).O(1b) 0.84(6) 2.56(6) 3.189(4) 133(5)
O(2 W)–H(2WA).O(1Wd) 0.84(6) 2.14(6) 2.822(5) 138(5)
O(2 W)–H(2WA).O(1Wd) 0.82(4) 2.05(5) 2.795(5) 153(5)
O(2 W)–H(2WB).O(13) 0.84(5) 2.08(5) 2.901(4) 168(5)
Symmetry operations a: –x, –y, 1 – z; b: 1 + x, 1 + y, z; c: 1 + x, y, z; d: 1 – x, 1 – y, – z

Complex 2a

D–H···A D–H H···A D···A D–H···A
O(1 W) – H1WA.Br1a 0.88(7) 2.64(6) 3.464(16) 155(10)
9(OW)–H(1WB).O(3b) 0.88(16) 1.86(16) 2.719(19) 163.00
N(3)–H(3N).O(3c) 0.88 1.84 2.695(15) 162
O(2 W)–H(2WB).Br(2d) 0.89(14) 2.78(12) 3.472(15) 136(16)
O(2 W)–H(2WA).O(4b) 0.9(2) 1.98(19) 2.735(19) 141(16)
N(8)–H(8N).O(4e) 0.88 1.85 2.703(15) 163
C(3)–H(3).Br(2d) 0.95 2.92 3.656(15) 135
C(6)–H(6).O(1Wf) 0.95 2.44 3.34(2) 156
C(9)–H(9a).O(1Wg) 0.99 2.57 2.97(2) 104
C(15)–H(15).O(2Wh) 0.95 2.47 3.37(2) 157
C(18) – H(18a).O(2Wi) 0.99 2.56 2.97(2) 104
Symmetry operations a: x, –1 + y, z; b: 1 + x, –1 + y, z; c: –x, 2 – y, 1 – z; d: 1 + x, y, z; e: –x, 2 – y, –z; f: 1 – x, 1 – y, 1 – z; g: 1 – x,
2 – y, 1 – z; h: 1 – x, 1 – y, –z; i: –x, 1 – y, –z

[Cu2(HL1)2(µ-SO4)2]·4H2O (1a)

The molecular structure of 1a clearly shows that it is a
centrosymmetric disulfate-bridged dimeric CuII–CuII com-
plex with a [Cu2(µ-SO4)2] core unit (Figure 1). Each copper
atom lies in a square pyramidal N3O2 coordination environ-
ment with a 3D euclidian geometry and is connected to the
other by means of two sulfate groups bridging in an end-
to-end fashion. The ligand binds to the metal in a tridentate
manner utilising the pyridyl, imine and oxime N-atoms as
potential donor sites with bond distances of Cu(1)–N(1)
1.955(3) Å, Cu(1)–N(3) 1.943(3) Å, Cu(1)–N(4) 2.032(3) Å,
respectively. The penta-coordination of the copper atoms is
completed by two oxygen atoms from the two sulfate ions,
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Cu(1)–O(11) 2.196(3) Å, Cu(1)–O(12a) 1.995(3) Å [sym-
metry operation, a: –x, –y,–z + 1]. The Cu1···Cu1a distance,
in the case of the bisulfate-bridged material, is ca. 4.555 Å.
Atoms N1, N3, N4 and O12a define the basal plane, with
atom O11 occupying the axial position. The angles at the
metal centre between the cis-positioned donor pairs span
the range 78.11(12)°–113.60(11)° and those between the
trans positioned pairs are 153.26(13)° and 157.24(13)°. The
copper atom is displaced by 0.302(1) Å from the best mean-
plane (RMS = 0.137) through the basal plane atoms
towards atom O11 of the sulfate. The hydroxy substituent
oxygen O1 is hydrogen-bonded to O11 of the sulfate group
and they are related by the centre of symmetry. The coordi-
nated water molecule is also involved in an intramolecular
hydrogen bond with a sulfate O-atom, O14. In the crystal
structure of 1a, water molecules O1w and O2w are hydro-

gen-bonded to each other and to the sulfate atoms O1 and
O13. A layer-like structure is formed in the ac plane and
these layers are connected by the water molecules to form
a 3D hydrogen-bonded structure (Figure 2 and Table 3).

[Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a)

The molecular structure of 2a (Figure 3) clearly shows a
3D euclidian geometry. Each metal atom is connected to
the other by means of a sulfate group bridging in an end-
to-end fashion. Each copper atom has a pentacoordinate
N3OBr environment (three nitrogen atoms from the ligand,
one bromide ion and one oxygen atom from the sulfate ion)
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thus forming a [Cu2(µ-SO4)] core unit. The Cu1···Cu2 dis-
tance is 6.106 Å. For the coordination sphere of Cu1, atoms
N1, N2, N4 and Br1 define the basal plane while sulfate
atom O1 occupies the axial position [Cu(1)–N(1)
2.058(11) Å, Cu(1)–N(2) 2.000(11) Å, Cu(1)–N(4)
1.956(11) Å, Cu(1)–Br(1) 2.386(2) Å, and Cu(1)–O(1)
2.274(10) Å]. The angles at Cu1 between the cis-positioned
donor pairs span the range 78.2(4)°–103.0(3)° and those be-
tween the trans-positioned pairs are 155.5(5)° and 160.5(3)°.
For the coordination sphere of Cu2, atoms N6, N7, N9 and
Br2 define the basal plane while sulfate atom O2 occupies
the axial position [Cu(2)–N(6) 2.066(12) Å, Cu(2)–N(7)
2.000(11) Å, Cu(2)–N(9) 1.950(12) Å, Cu(2)–Br(2)
2.379(2) Å, Cu(2)–O(2) 2.283(9) Å]. The angles at Cu2 be-
tween the cis positioned donor pairs span the range
77.8(4)° – 103.1(2)° and those between the trans positioned
pairs are 155.6(4)° and 160.1(3)°. Hence the geometry of
both five coordinated copper atoms is slightly distorted 3D
euclidian. Atom Cu1 is displaced by 0.297(1) Å from the
best mean-plane (RMS = 0.071) through the basal plane
atoms in the direction of the axial atom O1. Atom Cu2 is
displaced by 0.297(1) Å from the best mean-plane (RMS =
0.077) through the basal plane atoms in the direction of the
axial atom O2. In the crystal structure of 2a, symmetry-
related molecules are connected by O–H···Br, O–H···O and
N–H···O hydrogen bonds, which leads to the formation of
a 3D structure (Figure 4 and Table 3).

Figure 4. Crystal packing diagram of [Cu2(HL2)2(µ-SO4) Br2]·
2H2O (2a), viewed along the b axis and showing the intermolecular
hydrogen bonding (dotted lines). The hydrogen atoms are not
shown for clarity.

Spectroscopic Studies

All the spectroscopic measurements were carried out in
degassed methanol at room temperature. The bands ap-
pearing in the UV region 200–340 nm are characteristic of
the ligands, HL1 (1) and HL2 (2). In the complexes
[Cu2(HL1)2(µ-SO4)2]·4H2O (1a) and [Cu2(HL2)2(µ-SO4)Br2]·
2H2O (2a) these ligand centred bands are accompanied by
multiple bands extending into the visible region (370–
480 nm). On excitation at 285 nm, ligand 1 strongly emits
at 364 nm due to an intraligand 1(π–π*) transition. Upon
complexation with copper(II) the emission peak is slightly
blue shifted (354 nm) with a little quenching in the emission
intensity as expected for divalent copper.[54] The ratio of

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4927–49354930

fluorescence intensity of complex 1a in the presence of
metal (F) and in the absence of metal (Fo) is 0.89. On mod-
ulation of the ligand frame as in 2, the emission property is
completely lost as revealed from the DFT calculation (vide
supra) and therefore its dinuclear sulfate-bridged copper(II)
complex 2a becomes nonfluorescent.

Thermodynamics of Binding

The association constant (Kass) of complexes 1a and 2a
can be estimated spectrophotometrically according to
Equation (1)[18,55] where X represents the absorption inten-
sity, Xlim represents the absorption intensity at full complex-
ation, C0 is the initial concentration of the ligand, CH and
CG are the corresponding concentrations of the ligand and
metal ion during titration. The Kass (UV/Vis) was found to
be (1.120�0.002)�105 for the complex 1a and
(1.196�0.002)�104 for 2a at 298 K. A representative dia-
gram is shown in Figure 5.

X = Xo + (Xlim – Xo)/2C0 {CH + CG + 1/Kass –
[(CH + CG + 1/Kass)2 – 4CHCG]1/2} (1)

Figure 5. Absorbance spectra of HL1 (1) (1.0�10–5 ) upon ad-
dition of copper(II) (1.0�10–6  – 1.0�10–5 ) in degassed meth-
anol (pH = 7.0) at 298 K.

The high Dq value of oximato N-coordination is proba-
bly the main reason for the enhanced stability of complex
1a compared to 2a.[56–58] The temperature dependence of
the binding constant was studied between 293 K and 308 K
and the values of the thermodynamic parameters for the
binding were obtained by variable-temperature UV/Vis ti-
tration in degassed methanol at 298 nm. The standard
Gibb’s energy change, ∆G0, the standard enthalpy change,
∆H0 and the standard entropy change, ∆S0 which are listed
in Table 4 were calculated using van ’t Hoff’s Equation. It
can be seen that the binding process is favoured by the
negative ∆H0 and positive ∆S0.
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Table 4. Thermodynamic parameters for the complexes 1a and 2a.

Complexes Kass ∆G0 [cal] ∆H0 [cal] ∆S0[cal deg–1]

[Cu2(HL1)2(µ-SO4)2]·4H2O (1a) (1.120�0.002)�105 –6929.35�1.27 –324�4.01 22.17�0.045
[Cu2(HL2)2(µSO4)Br2]·2H2O (2a) (1.196�0.002)�104 –5596.33�5.06 –45.77�4.27 18.63�0.012

Metal Redox

The redox properties of the complexes 1a and 2a have
been studied in doubly distilled deionised water by cyclic
voltammetry using a platinum working electrode. The di-
meric copper(II) complexes 1a and 2a exhibit two consecu-
tive oxidative responses OxI and OxII on the positive side
of the Ag/AgCl electrode under a nitrogen atmosphere. The
dimeric complex, 1a displays a quasi reversible (∆Ep =
160 mV) one-electron cyclic response near 0.35 V which was
assigned to the Cu(II/II)/Cu(II/III) oxidation. In case of
complex 2a, the first oxidative response can be observed at
0.45 V (∆Ep = 160 mV). The high ligand field-strength of
the oximato N-coordination (vide infra)[56–58] is probably
the main reason for the lowering of the redox potential in
1a (0.35 V) compared with 2a (0.45 V) vs. the Ag/AgCl elec-
trode. In both the cases the second oxidative response for
Cu(II/III)/Cu(III/III) is irreversible. In all cases the poten-
tial values are lower than the reported E1/2 Cu(II/III) val-
ues.[59] We were unable to isolate the oxidised species in pure
form due to their instability at a higher potential.

Electronic Structure Calculations and Correlation with
Spectroscopic Transitions

In the present work, DFT and time-dependent DFT
(TDDFT) calculations were carried out on the X-ray crys-
tallographic data of the complexes [Cu2(HL1)2(µ-SO4)2]·
4H2O (1a) and [Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a) and on
the gas phase structures of corresponding ligands, HL1 and
HL2. The highest occupied (HOMO) and the lowest unoc-
cupied (LUMO) molecular orbitals are abbreviated as H

Figure 7. Some MO pictures (HOMO, HOMO – 1, LUMO, LUMO + 1) of [Cu2(HL1)2(µ-SO4)2]·4H2O (1a) and [Cu2(HL2)2(µ-SO4)Br2]·
2H2O (2a).
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and L, respectively, and other orbitals are referred accord-
ingly. Figure 6 gives the energy level diagram of sets of MOs
of all the ligands and complexes relevant for our study and
Figure 7 shows some MO pictures of complexes 1a and 2a.

Figure 6. Frontier MO levels of ligands HL1, HL2 and complexes
1a and 2a [dot-dash (-·-): ligand σ levels; dots (···): copper d levels;
dashes (---): ligand SO4

–2 and/or Br levels; solid lines (––): ligand
π levels].

For the fluorescent ligand 1 most of the MOs are π orbit-
als, except H-1 and H-2 (–5.74, –6.31 eV). The latter are
lone pairs, centred on N1, N2 and N4 of the ligand. The H
at –5.27 eV is a π chain from N3 to well inside the pyridine
while the L, at –0.8 eV, extends from C6 via N3 to the pyr-
idine (as shown in Figure 1).

For the nonfluorescent ligand 2 the four lowest virtual
orbitals (L to L + 3) are all π* orbitals. L and L + 1
(–1.26, –0.38 eV) extend from pyrrole to pyridine. The H at
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–6.07 eV is a σ type orbital which constitutes the backbone
of the ligand and H-2 is similar to H. H-1 and H-3 (–6.16,
–6.77 eV) are π orbitals.

Compared with the ligands, the complexes 1a and 2a ex-
hibit a denser set of MOs. In 1a, H and L (–4.79, –4.16 eV)
consist of mixed Cu(3d) and O(2p) orbitals. The four MOs
below H (–5.42, –5.42, –5.46, –5.61 eV) mainly originate
from the two sulfate bridges with H-3 and H-4 having some
Cu(3d) mixed in it. Orbitals further down originate from
the ligands. Below these, H-5 (–6.21 eV) and H-6 (–6.35 eV)
are quite close in energy and both constitute Cu(3d) +
SO4

2– type ML orbitals. H-9 at –6.56 eV is similar in nature.
In between, the nearly degenerate H-7 (–6.50 eV) and H-8
(–6.53 eV) form the imine N3, N2, C5 and some of the pyr-
idine and Cu(3d) (Figure 1). L + 1 and L + 2 (–2.45,
–2.43 eV) are ligand π* orbitals excluding the pyridine and
the adjacent imine N2. The higher energy orbitals all origi-
nate from the pyridine of the ligand.

For the nonfluorescent complex 2a, H (–5.25 eV) is a sul-
fate orbital but L and L + 1 (–4.60, –4.46 eV) are both
mixed Cu(3d) and ligand π* orbitals. L + 2 and L + 3
(–3.15, –2.92 eV) are ligand π* orbitals. Orbitals still higher
in energy mostly originate from the pyridine moiety. The
orbitals H-1 to H-4 (–5.42, –5.42, –5.45, –5.68 eV) all origi-
nate from the sulfate group with H-1 and H-2 having some
contributions from Cu(3d) and the pyridine as well. The
next set of quasi-degenerate occupied orbitals, H-5 to H-9
(–6.37 to –6.77 eV) are essentially bromine (4p) orbitals.

Thus the fluorescent ligand HL1 (1) and complex 1a can
be distinguished by the similar nature (π or Cu + ligand π)
of the HOMO and LUMO. For the nonfluorescent ligand
HL2 (2) and complex 2a these orbitals are not similar in
nature. In the case of 2 the HOMO is a σ-type and the
LUMO is a π*-type orbital. For 2a, the HOMO is a sulfate
orbital while the LUMO has both Cu(3d) and neighbouring
ligand components.

Table 5. List of selected transition wavelengths (oscillator strength) and the major contributions of 1, 2, 1a and 2a, calculated in the gas
phase by the TDDFT method (percentages are given in brackets).

λmax [nm] Oscillator strength Major contribution
(f�103)

223.77 88.70 HL1 (1)
H-3�L + 1(28),H�L + 2(25.7), H-3�L(24.8), H-5�L + 1(7)

284.12 341.94 H�L + 1(71.6), H�L(14.1)
306.14 176.38 H�L(68.3), H�L + 1(19.8)

HL2 (2)
316.20 14.78 H-4�L(66.1), H-5�L(16.1), H-2�L + 1(4.6)
337.53 0.39 H-1�L + 1(46.9), H�L(44.9), H-2�L + 1(5.5)

[Cu2(HL1)2(µ-SO4)2]·4H2O (1a)
230.36 10.03 H�L(48.2), H-3�L(36.1) ML�ML
278.51 0.69 H�L(23), H-3�L(27.6), H-9�L(24.8), H-4�L(15.3) ML�ML
319.42 1.47 H-3�L(40.5), H-4�L(37.9), H�L(10.4) L�ML
450.83 0.58 H-3�L(31.80), H-4�L(26.2), H-9�L(20.7), H�L(9.6) L�ML

[Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a)
199.65 7.32 H�L(46.3), H-2�L(43.8), H-3�L(7.6) L(SO4

2–)�ML
238.95 8.51 H-6�L(34.6), H-3�L(26.6), H-5�L(16), H-2�L(4.5)

H-1�L + 1(4.4) L�ML
285.28 0.12 H�L(46.8), H-2�L(31.6), H-3�L(6.6) L�ML
446.30 3.74 H-1�L (double excitation) (81.6) L�ML

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 4927–49354932

A comparison of the TDDFT results as shown in Table 5
and the experimental data is quite revealing. We only report
high oscillator strength (f, in brackets) transitions found in
our calculations in the UV/Vis region. For the fluorescent
ligand HL1 the calculated transitions are π–π*-type at
223.77 nm, 284.12 nm and 306.14 nm, made up of compo-
nents such as H-3�L, H�L + 2 etc. The values are in
close agreement with observed λmax values at 298 nm and
215 nm. For the nonfluorescent ligand HL2 (2) the calcu-
lated transitions were at 316.2 nm and 337.53 nm while ob-
served values were at 204 nm, 298 nm and 332 nm. The cal-
culated values correspond to π–π* transitions, the main
components being H-1�L, H-1�L + 1 etc. In case of the
fluorescent complex [Cu2(HL1)2(µ-SO4)2]·4H2O (1a) the
observed transitions at 204, 241, 294, 370 and 471 nm may
be compared with the TDDFT values of 230.36, 278.51,
319.42 and 450.83 nm. The first two transitions are of the
ML to ML type whereas the next two are primarily of the
L(SO4

–2)�ML-type. The transitions for the nonfluorescent
complex [Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a) were found to
be at 199.65, 238.95, 285.28 and 446.30 nm. These values
compare well with experimental λmax values at 205, 237, 295
and 409 nm. All these transitions for compound 2a are of
the L�ML-type where the ligand orbitals are mainly
SO4

–2, except for the calculated transition at 238.95 nm
where bromine and pyridine also contribute.

An attempt was also made to reproduce the fluorescence
spectra of the ligand, HL1 (1) using TDDFT calculations.
The calculation involved transitions S0 �S1 and S1 �S0

from optimised S0 and S1 states, respectively. The partially
converged results for absorption and emission were
λex(S0 �S1) at 328.85 nm and λem(S1 �S0) at 381.58 nm,
respectively. The calculated λem value compares favourably
with observed λem value (364 nm). The nonfluorescent na-
ture of the ligand HL2 is due to the intrusion of a non π (σ)
type orbital as the HOMO between the π and π* orbitals
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(Figure 6). The fluorescent complex was too large to be
handled in the same manner. The interesting information
revealed in the present study necessitates further investiga-
tion in these and related complexes. Such studies are in pro-
gress.

Conclusions

A series of dinuclear copper(II) (S = ½) complexes 1a
and 2a based on ligand 1 and 2 have been successfully de-
signed and synthesised. Modulation of the ligand frames
significantly influences the photophysical and chemical
properties of the complexes. The association constants
(Kass) and thermodynamic calculations clearly revealed that
in all cases the binding process is favoured by a negative
∆H0 and a positive ∆S0. The complexes exhibit metal
centred oxidative response for CuII/CuIII in aqueous media
under a nitrogen atmosphere. The increased Kass value and
low redox potential in 1a may be due to the high Dq value
of the oximato-N. The DFT and TDDFT calculations are
quite useful in establishing the electronic structures and
spectroscopic transitions of the ligands and complexes. The
X-ray structures show that the ligands bind the metal in a
tridentate manner resulting in the 3D euclidian geometry in
all cases. The Cu···Cu distance in 1a is ca. 4.555 Å and that
in complex 2a is 6.106 Å. Complexes 1a and 2a also display
strong intra- and intermolecular H-bonding leading to the
formation of 3D networks.

Experimental Section
Materials: All starting materials and solvents were purchased from
Sigma Aldrich Chemical Company and used without further purifi-
cation unless otherwise stated.

Physical Measurements: A Perkin–Elmer 2400C Elemental Ana-
lyser was used to collect microanalytical data (C, H, N). A Sarto-
rius CP64 balance was used for weighing. IR data were collected
using an FTIR Perkin–Elmer L 120-000A instrument. The UV/Vis
spectra of the ligand and its complexes were recorded on a Shim-
adzu UV-1601 spectrophotometer and corrected for the back-
ground resulting from the solvent absorption. Fluorescence spectra
were recorded with a Perkin–Elmer LS 50B Luminescence spec-
trometer. All spectroscopic measurements were carried out in de-
gassed HPLC grade methanol at room temperature. For binding
constant measurements, solutions were prepared at fixed concen-
trations of HL1 (1) and HL2 (2) (1.0�10–5 ) and at a concentra-
tion of metal ions ranging from (1.0–10.0)�10–6  at room tem-
perature. Electrochemical measurements were performed under a
nitrogen atmosphere on a Versastat II PAR Electrochemistry sys-
tem using a platinum electrode. NH4PF6 was used as a supporting
electrolyte and the potentials are referenced to the Ag/AgCl elec-
trode. Room temperature magnetic susceptibilities were measured
with a model 155 PAR vibrating sample magnetometer fitted with
a Walker Scientific L75FBAL magnet.

Syntheses of Ligands and Complexes

The ligands and complexes were synthesised and then characterised
by various analytical techniques including C,H,N analysis, FTIR,
absorption and emission spectroscopy, magnetic and redox mea-

Eur. J. Inorg. Chem. 2008, 4927–4935 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 4933

surements, and single-crystal X-ray diffraction studies. DFT calcu-
lations were also performed.

HL1 (1): Ligand 1 was synthesised by the same general procedure
as before.[60] C9H12N4O (192): calcd. C 56.25, H 6.25, N 29.16;
found C 56.26, H 6.23, N 29.15. FTIR: ν̃ = 3335, 3153, 3017, 2801,
1965, 1912, 1609, 1574, 1527, 1513, 1445, 1360, 1309, 1276, 1168,
1144, 1093, 1045, 1015, 998, 980, 928, 860, 767, 734, 695, 634, 592,
574, 551, 505, 459, 412 cm–1. UV/Vis (CH3OH): λmax (ε, –1 cm–1):
298 (42800), 215 (12600) nm.

HL2 (2): The new ligand was prepared by 1:1 condensation of pyr-
idine-2-carbaldehyde (0.021 g, 0.2 mmol) and 2-hydrazino-2-imid-
azoline hydrobromide (0.036 g, 0.2 mmol) in methanol. On
recrystallisation from methanol, pale yellow crystals separated out
which were dried with fused CaCl2. Yield 0.044 g, 82%. C9H12BrN5

(270): calcd. C 40.00, H 4.07, N 25.92; found C 40.01, H 4.08, N
25.90. FTIR: ν̃ = 3551, 3473, 3414, 3233, 3097, 3029, 2970, 2890,
1657, 1616, 1585, 1566, 1516, 1489, 1470, 1433, 1380, 1365, 1292,
1233, 1191, 1145, 1130, 1070, 1000, 930, 882, 781, 745, 660, 621,
517, 479 cm–1. UV/Vis (CH3OH): λmax (ε, –1 cm–1): 332 (24300),
298 (43500), 204 (19800) nm.

[Cu2(HL1)2(µ-SO4)2]·4H2O (1a): To a methanolic solution of cop-
per(II) sulfate pentahydrate (0.04 g, 0.2 mmol) was added a solu-
tion of HL1 (1) (0.038 g, 0.2 mmol) in methanol (5 mL) and the
resultant green solution was stirred for 0.5 h. The solvent was evap-
orated using a rotary evaporator and on recrystallisation from
methanol, dark green crystals of [Cu2(HL1)2(SO4)2]·4H2O (1a) were
obtained; yield 0.065 g, 84%. C18H24Cu2N8O10S2·4H2O (775.72):
calcd. C 27.84, H 4.12, N 14.43; found C 27.86, H 4.13, N 14.44.
FTIR: ν̃ = 3423, 3259, 3149, 3064, 3055, 2952, 2877, 2761, 1618,
1571, 1506, 1477, 1423, 1380, 1321, 1288, 1257, 1226, 1141, 1118,
1035, 1014, 902, 829, 771, 744, 619, 572, 509, 459, 416 cm–1. UV/
Vis (CH3OH): λmax (ε, –1 cm–1): 471 (8110), 370 (11340), 294
(17370), 241 (25900), 204 (23610) nm.

[Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a): Copper(II) sulfate pentahydrate
(0.04 g, 0.2 mmol) in methanol (5 mL) was added to a methanolic
solution (5 mL) of HL2, 2 (0.05 g, 0.2 mmol) with constant stirring.
A green coloured solution was obtained which, on slow evapora-
tion, yielded a shining greenish-brown crystalline solid of
[Cu2(HL2)2(µ-SO4)Br2]·2H2O (2a); yield 0.067 g, 85%.
C18H20Br2Cu2N10O6S·2H2O (795.43): calcd. C 27.15, H 3.01, N
17.60; found C 27.16, H 3.02, N 17.58. FTIR: ν̃ = 3240, 3080, 2956,
2891, 1649, 1618, 1575, 1558, 1512, 1467, 1352, 1336, 1280, 1217,
1122, 1078, 1043, 1020, 923, 779, 675, 649, 621, 603, 580, 557, 518,
497, 472, 449, 422 cm–1. UV/Vis (CH3OH), λmax (ε, –1 cm–1): 409
(9300), 295 (22400), 237 (17700), 205 (34700) nm.

X-ray Structure Determination of 1a and 2a: Diffraction data for
single crystals of 1a and 2a (1a, dark green, 0.12�0.23�0.38 mm;
2a, greenish brown 0.37�0.14�0.12 mm) were grown by slow
evaporation of methanol at 298 K. The intensity data were col-
lected at 173 K on a Stoe Image Plate Diffraction System[61]

equipped with a two-circle goniometer using Mo-Kα-monochro-
mated radiation (λ = 0.71073 Å). The structures were solved by
Direct Methods using the program SHELXS-97.[62] The refinement
and all further calculations were carried out using SHELXL-97.[62]

The H atoms were either located from Fourier difference maps and
refined isotropically or included in calculated positions and treated
as riding atoms using SHELXL default parameters. The water H-
atoms were refined in most cases with distance restraints. The non-
hydrogen atoms were refined anisotropically using weighted full-
matrix least-squares on |F2|. Further crystallographic data and de-
tails of the refinement are given in Table 6.
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Table 6. Crystallographic data and structure refinement for compounds 1a and 2a.

1a 2a

Formula C18H24Cu2N8O10S2·4H2O C18H20Br2Cu2N10O6S·2H2O
Formula Mass 775.72 795.43
T [K] 173(2) 173(2)
Wavelength [Å] 0.71073 0.71073
Crystal system triclinic triclinic
Space group P1̄ P1̄
a [Å] 8.5160(11) 9.837(2)
b [Å] 8.6027(11) 9.838(2)
c [Å] 10.7487(14) 14.333(3)
α [°] 97.193(16) 99.423(16)
β [°] 109.374(15) 99.440(16)
γ [°] 104.371(15) 101.276(16)
V [Å3] 700.82(19) 1314.1(5)
Z 1 2
Dcalcd. [g cm–3] 1.838 2.010
µ [mm–1] 1.750 4.795
F(000) 398 788
Crystal dimensions [mm] 0.12�0.23�0.38 0.37�0.14�0.12
θ Range [°] 2.7–26.0 1.47–25.20
Limiting indices –10/10; –10/10; –13/13 –11/11; –11/11; –17/17
Reflections collected / unique 5524 / 2546 11186 / 4665
Refinement method full-matrix least squares on F2

Data / restraints / parameters 2546 /6 / 218 4665 / 4 / 364
GOF on F2 0.991 1.235
R1,[a] wR2

[b] [I � 2σ(I)] 0.0445, 0.1189 0.0627, 0.2085
R1,[a] wR2

[b] (all data) 0.0532, 0.1355 0.1099, 0.2189
Largest diff. peak and hole [eÅ–3] –0.85, 0.96 –0.761, 0.901

[a] R1 = [Σ||Fo| – |Fc||]/Σ |Fo|(based on F). [b] wR2 = [[Σw (|Fo
2 – Fc

2|)2]/[Σw(Fo
2)2]]1/2 (based on F2).

CCDC-686158 (for 1a) and -686159 (for 2a) contain the supple-
mentary 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.

DFT Calculations

For comparison, DFT calculations were carried out on the single-
crystal X-ray structures of [Cu2(HL1)2(µ-SO4)2]·4H2O (1a) and
[Cu2(HL2)2(µ-SO4)Br2]·2H2O] (2a) and the gas-phase structures of
the corresponding ligands HL1 (1) and HL2 (2). The GAMESS–
US [Version 2006, Sep 7 (R4)][63] and NWChem. (Version 4.5)[64]

packages were used for the calculations. The valence-only SBKJC
basis set[65] and B3LYP functional[66] were used. Electronic transi-
tions were checked using the TDDFT method in both packages.
The MO pictures and molecular structures were obtained with
MOLDEN[67] software.

Supporting Information (see also the footnote on the first page of
this article): Luminescence spectra of ligand HL1 (1) and complex
[Cu2(HL1)2(µ-SO4)2]·4H2O (1a), Tables S1 and S2 containing raw
data regarding the determination of Kass.
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