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Abstract A dinuclear centrosymmetric copper(II) complex
with the formula [Cu2(μ-maa)4(maaH)2] has been synthe-
sized and experimentally characterized by IR, electronic
spectroscopy, and X-ray single-crystal diffractometry. Start-
ing from experimental X-ray geometry and using antiferro-
magnetic singlet ground state, gas phase geometry
optimization was performed by density functional hybrid
(B3LYP) method with 6-31G(d) and LANL2DZ basis sets.
Gas-phase vibrational frequencies and single point energy
(SPE) calculations have been carried out at the geometry-
optimized structure. Molecular electrostatic potential calcu-
lated at the optimized geometry and natural bond orbital
analysis data have been extracted from SPE output. The
gas-phase electronic transitions of the title complex were
investigated by the time dependent-density functional
theory (TD-DFT) approach with the same theory employ-
ing LANL2DZ basis set. Also the calculated UV-Vis based
upon TD-DFT results and IR spectra were simulated for
comparison with the experimental ones.

Keywords B3LYP. DFT. Dinuclear copper(II) . Excited
states . LANL2DZ .Methacrylic acid . TD-DFT

Introduction

The accurate prediction of molecular properties of
transition metal complexes indispensably requires taking
electron correlations into account. Therefore, the use of
the methods that include electron correlation effects is
essential to obtain more reliable informations in addition
to experimental findings. Among these, the most preva-
lent method by coordination chemists is density function-
al theory (DFT) with its efficient applicability not only to
the calculation of the ground state porperties by its static
version but also to that of the excited state properties by
its time dependent extension (TD)-DFT. In association
with the scope of the current paper, the effcient
predictions of molecular geometries, vibrational frequen-
cies and electronic transition energies of transition metal
systems by DFT methods with exchange correlation
functional are well documented [1–6].

DFT requires low computational demands compared to
other correlated ab initio methods since their accuracy is
more dependent to basis set quality than DFT. Thus, DFT
offers a promising tool that may be applied to large
molecules as transition metal complexes to which applica-
tion of wavefunction-based electron correlation methods
such as moller plesset (MP) or coupled-cluster (CC) is
computationally very expensive [7, 8].

The existence of two or more metallic centers in the
same molecule can lead to synergistic effects influencing
both the chemical and the physical behavior of the
molecule such as magnetic, optical or electronic behavior.
For this purpose, the selection or design of the bridging
ligands is very important because the bridging ligands not
only form the backbones of the oligometallic aggregates
but can also act as transmitters of metal-metal communi-
cation [9]. Based on these considerations, the bridged
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transition metal complexes attract considerable attention
due to their simple structural and diverse magnetic
properties and also ability to mimic the active site in
certain proteins [10].

A great deal of copper(II) dinuclear complexes have
been synthesized and their magnetic properties have been
thoroughly investigated from both the experimental and
theoretical point of view [11–14]. In spite of some
theoretical contradictions, DFT approachs that include
hybrid functionals, most of all B3LYP, have been com-
monly used to study magnetic structures owing to their
efficiency in revealing good estimations of magnetic
couplings and subsequently determining the type of
magnetism as consistent with experimental results [15,
16]. However, electronic structure calculations and TD-
DFT investigations of relevant complexes with B3LYP
have not been studied so widely. In our study, we have
synthesized a centrosymmetric dinuclear copper(II) com-
plex of methacrylic acid (MaaH) and particularly focused
on investigating structural and spectroscopic properties
from a calculative point of view comparing to X-Ray data
and other experimental measurements. Methacrylic acid can
easily be capable of binding metal centers in a bidentate
fashion via carboxylate oxygens, and is a very suitable
ligand for the synthesis of dimeric copper(II) complexes. In
the literature, Wu and co-workers synthesized and investi-
gated the structural and magnetic properties of dinuclear
copper(II) complexes of methacrylic acid [17–19]. In this
work, the homoleptic complex with the formula [Cu2(μ-
maa)4(maaH)2] has been synthesized, characterized and
studied with DFT-B3LYP method and compared with
experimental results.

Computational methodology

All computations reported herein were performed using
Gaussian 03W program package [20] under Ci symmetry
constrain. Experimental geometry obtained from X-ray data
was used for the gas-phase ground state DFT optimization.
Gas-phase TD-DFT excited state calculations for estimating
electronic transition energies were performed based on the
optimized geometry. The ground state geometry of the
complex was calculated at the hybrid functional B3LYP
level of DFT adding LANL2DZ basis set which includes
effective core potential set of Hay and Wadt [21] for heavy
Cu atom and 6-31G(d) basis set for non-metal atoms. TD-
DFT excited state calculations were carried out with the
same method employing LANL2DZ basis set for all atoms.
As a general rule in the computations, gas-phase frequency
analysis was performed at the ground state optimized
geometry with the same level of theory. Two different spin
cases, a high spin triplet and a broken symmetry (BS)

singlet, are extremely possible in the system owing to
expected magnetic interactions between copper(II) centers
via quadruple-bridge methacrylate ligands. In order to
obtain the lowest energy state by DFT/UB3LYP method,
the wavefunction was checked and found to be stable for
both states. Then, the lowest-energy BS singlet state was
achieved by using high spin triplet state optimized
geometry as initial guess for the low spin BS calculation.
Thereafter, the BS singlet ground state was adopted for the
modeling of electronic structure of the title complex. DFT
models the single determinant wavefunction of non-
interactiong electrons but does not properly define the total
square spin operator for antiferromagnetic coupling occur-
ring between triplet and pure singlet states. Therefore, BS
solution is required to describe open shell low spin state
[22]. Although, the most theoretically sound method is the
use of multideterminantal approachs for accurate estima-
tions, computationally high demanding requirement of such
a methodology necessitates reducing the number of atoms
in the calculation [23]. It was reported that alternatively
proposed single determinant BS-DFT approach gave the
energy of antiferromagnetic singlet for certain compounds
with error cancellation and it was fortuitous in theoretical
insight that BS-B3LYP predictions of singlet states of
dinuclear antiferromagnetic complexes gave consistent
results [22]. The absolute determination of this type of
coupling requires the knowledge of the exact exchange-
correlation functional. Consequently, regarding our compu-
tation facilities, BS singlet ground state energy calculated
with B3LYP level was preferred as the lowest energy
ground state. The energy difference between triplet and BS
states was found to be 0.0289 eV in favor of singlet pairing.
In addition, the room temperature magnetic susceptibility
measurement drawn attention to an antiferromagnetic
interaction between two copper(II) centers.

The calculated UV-Vis absorption spectrum in the 200–
800 nm wavelength and IR spectrum of the complex were
simulated using the Swizard program, 4.5 [24] for the
comprasion with experimental spectra.

From full population analysis performed by single point
energy (SPE) calculation at the optimized geometry and
computing one-electron integrals by attaching 3/33=1
overlay option to the input of the calculation, the
percentage molecular orbital contributions (MOCs) from
atoms and groups to the related Molecular orbitals (MOs)
were calculated using GaussSum version 2.1.6 software
package [25].

Molecular electrostatic potential (MEP) is the potential
generated by the charge distribution of a molecule and so
the sum of multipole moments of molecule and indicates
chemical reactivity-nucleophilic and electrophilic sites
indicated by MEP contour maps [26]. The potential V(r)
created by the nuclei and electrons of system at any point r
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in the surrounding space can be calculated from the
expression [27]:

VðrÞ ¼
X

A

ZA
RA � rj j �

Z
r r0ð Þ
r0 � rj jdr

0 ð1Þ

where ZA is the charge on nucleus A at a distance RA and ρ(r)
the electronic density. Vmin (most negative value or values) is
used to analyze sites for electrophilic attack whereas Vmax

(most positive value or values) are essentially related to
nuclear charge and not show the sites for nucleophilic attack.
Also, MEP is applicable for analyzing non-covalent inter-
actions [27]. Calculation of MEP and potential-derived point
charges have been programmed into Gaussian 03W.

Experimental section

Synthesis of the complex

10.0 mmol of copper metal powder (230 mesh) was added
dropwise to the solution of a stoichometric amount of
methacrylic acid in ethanol (60 ml) and left stirring for 8 hours
at room temperature. The red color suspension of copper metal
gradually changed to green solution in a period of time. After
8 hours, 30ml of hexane was added into solution to provide an
appropriate solution media for crystallization and needle
crystals suitable for x-ray diffraction obtained after 7 days.

Physical measurements

All the solvents and reactants were obtained from commer-
cial suppliers and used without further purification.

IR spectrum was recorded on a Mattson 1000 FTIR
spectrometer in the range of 4000–400 cm−1 using KBR
pellets. UV-Vis spectrum was measured with a UNICAM
UV2 spectrometer in the range of 200–900 nm using
DMSO as solvent media.

Single crystal x-ray data were collected using STOE X-
AREA diffractometer at 100 K(2) using Mo Kα radiation
(λ=0,71073Å). The structure was solved by direct method
[28] and refined with full-matrix least squares method [29].
All non-hydrogen atoms were refined anisotropically.
Hydrogens bonded to carbon atoms were positioned
geometrically and refined with a riding model with Uiso

1.2 times that of attached carbon atoms. The positions of O-
H hydrogen was obtained from difference fourier map and
refined isotropically.

Results and discussion

Crystal structure

The crystal consists of neutral monomeric units and
crystallizes in the monoclinic crystal system with the space
group of P21/c. The structure of the complex consists of
isolated units of [Cu2(Maa)4(MaaH)2] as shown in Fig. 1.
In this units, a quadruple-bridged type dimer of copper
atoms seperated by a distance of 2.5959(5) Å and two
equivalent copper(II) ions are coordinated by four bridging
bidentate methacrylate ligands forming pedal type structure.
The axial positions of the metal ions are coordinated by two
methacrylic acid molecules. The angles of the coordination
polyhedron surrounding the copper(II) listed in Table 1
suggest that the coordination geometry around copper(II) is

Fig. 1 Molecular view of
[Cu2(μ-maa)4(maaH)2]
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square-based-pyramide with the structural index parameter,
Tau, τ=(Beta-Alpha)/60=(169.60–169.29)/60=0.01 [30].
In the title compound, the O1-Cu1-O2i and O3-Cu1-O4i

(i:1-x,-y, 1-z) angles are 169.60(7) and 169.29(6), respec-
tively. Cu(II) ions lies in a centro-symmetric coordination
site and center atoms displaced +0,1806(8) Å from the
plane composed of O1, O2, O3i, and O4i to the axial O5
position. Methyl and vinyl groups of the MaaH in the
structure are positionally disordered over two sites (50:50).
All MaaH and Maa− anions are coplanar within the range of
deviation of 0,02-0,11Å. Carboxyl proton of MaaH formed
an intramolecular hydrogen bond (D—A=2,603(2)Å and
D—H—A=173(4)°) with symmetry related O4 atom and
stabilized the structure. Neither conventional nor non-
conventional intermolecular hydrogen bond found. Three
dimentional structure is formed by wander-waals interac-
tions, Fig. 2.

CCDC 758193 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free

of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

DFT-B3LYP optimization

For the evaluation of the characters of MOs accurately and
the subsequent calculations to be executed meaningfully,
gas-phase full optimization of the complex was performed
starting from X-ray geometry. Tight SCF convergence
applied throughout the calculations implemented in this
study to achieve normal termination. Tight optimization
was also additionally applied in geometry optimization. The
ground state optimized structures and X-ray geometry of
the complex were superimposed for visual comparison and
shown in Fig. 3. Selected bond lengths and angles
compared to the experimental ones are listed in Table 2.
The results obtained from the optimization are in reasonable
agreement with the values basen on X-ray data. The
calculated bond lengths are slightly longer than that of
experimental ones with the largest difference of 0.069Å for
Cu1 � Cu1i distance as seen in Table 2. This is an expected
result for the isolated gas-phase calculation. The calculated
geometry reasonably reproduced the X-ray crystal structure
and one may say that the increment in bond lengths and
angles from solid state to gas phase indirectly reveal the
small crystal packing energy. In order to ascertain MOCs
and energies, full population analysis was performed. The
considered isodensity Frontier occupied and virtual MO
surfaces are represented in Fig. 4.

With the examination of MOCs and surfaces, it was
determined that all the contributions arise largely from
ligand orbitals. Crystal field splitting of center atoms is not
identified well as a result of low contributions from d-
orbitals. HOMO-2 is localized on almost the whole
structure and slightly composed of copper(II) ion with
10% contribution while HOMO (−6.95 eV) is largely
composed of isopropenyl moiety of methacrylate with
antibonding character. The LUMO (−3.26 eV) mostly
originates from metal dx2-y2 orbital with a contribution of
64%. The HOMO and HOMO-1 (−6.96 eV) are mostly
degenerated only with a difference of 0.012 eV and
HOMO-2 (−7.02 eV) is nearly degenerated with the latter
two. Also HOMO-3 and HOMO-4 (−7.20 eV,−7,23 eV),
LUMO+1 and LUMO+2 (−1.24 eV,−1.24 eV) and
LUMO+3 and LUMO+4 (−1.02 eV,−1.03) are well
degenerated with each other. The HOMO-LUMO gap is
calculated to be −3.66 eV. Owing to BS ground state is
considered, both the contributions and surfaces can be
given concerning either alpha or beta orbital as indicated
in Fig. 4. The symmetry equivalent of HOMO-alpha by
the inversion center is HOMO-beta.

Table 1 Crystallographic data for [Cu2(μ-maa)4(maaH)2]

Chemical formula C24H32Cu2O12

Formula weight 639.58

Temperature (K) 100(2)

Wave length (Å) 0.71073

Crystal class monoclinic

Space group P21/c

Unit cell dimensions

a (Å) 8.7866(6)

b (Å) 19.6646(10)

c (Å) 8.7485(6)

V (Å3) 1354.89(15)

β (°) 116.321(5)

Z 2

Density calculated (mg/m3) 1.568

Absorption coefficient (mm−1) 1.631

F(000) 660

Crystal size (mm) 0.42 x 0.26 x 0.14

θ range for data collection 2.07–27.09

Reflections collected 20692

Independent reflections 2973 [R(int)=0.0537]

Reflections measured (>2σ) 2387

Absorption correction Integration

Refinement method Full-matrix least-squares
on F2

GOF 0.972

final R indces [I>2σ(I)] R1=0.0302, wR2=0.0757

R1(all data)=0.0408,
wR2=0.0785

Largest difference peak and hole e (Å−3) 0.295 and −0.695
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Distribution of the electrostatic potential of the ligands
was estimated by SPE calculation carried out at the
optimized geometry. For the optimization of the ligands,
model geometries obtained by Gaussview GUI of
Gaussian 03W [31] was used. If the interaction of Lewis
donor ligand with Lewis acceptor metal center is normally
considered as nucleophilic attack, methacrylate is said to
have more nucleophilic behavior as expected than neutral
form with a value of Vmin=−6.39 eV compared to that of
neutral form according to the MEP calculation as shown in
Fig. 5.

To investigate significant delocalization effects to the
coordination environments of the metal centers, the
energetic stabilization due to the interactions between donor
and acceptor pairs was estimated by second order pertur-
bation theory analysis of the Fock matrix in natural bond
orbital (NBO) basis carried out by SPE calculation at the
optimized geometry. For each donor NBO (i) and acceptor
NBO (j), the stabilization energy associated with delocal-
ization between donor and acceptor is explicitly estimated
by Eq. 2 [32]:

E ¼ $Eij ¼ qi
F2 i; jð Þ
"j � "i

: ð2Þ

Where qi is the ith donor orbital occupancy, εi ; εj are
diagonal elements (orbital energies) and F(i,j) off diagonal
element respectively associated with Fock matrix. Selected
interactions that give the strongest stabilization energies are

given in Table 3. The interaction energy between Methac-
rylate oxygens and copper(II) center are also associated
with corresponding distance among them. Decrease on the
distances between donor oxygens and acceptor center atom
is accompanied by the increment in the stabilization energy
and concluded by the estimation. For example, the longest
O5-Cu1 distance of 2.2261Å gives the lowest stabilization
energy to the structure. The intramolecular H-bond interac-
tion between donor O4i lone pair and acceptor O6-H6 bond
was also revealed by the calculation and constituted a
stabilization energy of 11.38 kcalmol−1 in the structure as

Fig. 3 Superimposition of gas-phase optimized (blue) and experi-
mental (green) geometry of [Cu2(μ-maa)4(maaH)2]

Fig. 2 Crystal structure of
[Cu2(μ-maa)4(maaH)2]

J Mol Model (2010) 16:1509–1518 1513



seen in the Table 3. Delocalizations of single π bonds
among carboxylate oxygens via carbon lone pair unoccu-
pied NBO gives the strongest stabilization energy to the
system.

Frequency calculation

In order to facilitate the assignment of the observed peaks,
vibrational frequency analysis was performed at the

Fig. 4 Frontier molecular orbitals (FMOs) of Cu2(μ-maa)4(maaH)2]

Bond lengths (Å) Bond angles (°)

Exp. Calc. Exp. Calc.

Cu1-O1 1.9478(16) 1.9884 O2#1-Cu1-O1 169.60(7) 168.332

Cu1-O2#1 1.9432(15) 1.9758 O1-Cu1-O5 92.67(6) 93.491

Cu1-O3 1.9646(15) 1.9976 O2#1-Cu1-O5 97.63(6) 97.989

Cu1-O4#1 2.0050(14) 2.0486 O3-Cu1-O5 99.80(6) 101.800

Cu1-O5 2.1905(15) 2.2261 O4#1-Cu1-O5 90,89(6) 89.89

Cu1-Cu1#1 2.5959(5) 2.6648 O1-C1-O2 125.2(2) 125.706

O1-C1 1.261(3) 1.2719 O3-C5-O4 123.63(19) 124.510

O2-C1 1.266(3) 1.2704 O5-C9-O6 123.4(2) 123.416

O3-C5 1.254(3) 1.2622 O1-C1-C2 117.0(2) 116.094

O4-C5 1.268(3) 1.2802 O3-Cu1-O4#1 169.29(6) 168.236

O5-C9 1.225(3) 1.2318 O1-Cu1-O4#1 89.23(7) 88.351

O6-C9 1.315(3) 1.3302 O2#1-Cu1-O4#1 89.19(7) 89.582

C1-C2 1.498(3) 1.5053 O1-Cu1-O3 89.55(7) 89.618

C2-C3 1.368(4) 1.3388 O2#1-Cu1-O3 90.10(7) 90.074

C2-C4 1.447(4) 1.5066

#1:1-x,-y,1-z

Table 2 Selected Bond lengths
and angles of experimental and
optimized structures of
[Cu2(μ-maa)4(maaH)2]

1514 J Mol Model (2010) 16:1509–1518



optimized geometry with the same level of theory. The
calculated and experimental spectral data for the complex
are listed in summary in Table 4. Also, Fig. 6 comparatively
shows calculated and experimental spectra of the complex.
Vibrational band assignments have been made by using
Gaussview. In general, vibrational modes obtained from
frequency analysis are quite useful to distinguish the
observed absorption bands that are difficult to identify due
to the overlapping in complicated spectra. Vibrations in
Table 4 are scaled by 0.9613 [33] and the values satisfacto-
rily agree with the experimental ones and it is known that
small differences arise from gas-phase calculation. Although,
the most intense band in the calculated spectra is O-H
stretching with an intensity of 2705 km mol−1. The
coresponding frequency was underestimated with 5.15%
error as a known exception in the DFT/B3LYP level. The

second intense band as expected is C=O strecthing with an
intensity of 1393 km mol−1. Carboxylate C=O strecthing
value at 1587 cm−1 is consistent with bond character
between C=O double and C-O single bonds [34] and also
was reproduced by the calculation. The calculated spectrum
is not scaled because it is given for qualitative comparison.

TD-DFT calculations

Starting from DFT/B3LYP optimized geometry, based on
BS ground state, TD-DFT excited state calculations were

Fig. 5 MEP for the methacrylic
acid (a) and methacrylate anion
(b)

Table 3 Second order perturbation theory analysis of the Fock matrix
in NBO basis

Donor Acceptor E2 (kcal/mol)

Cu1(LP) Cu1′(LP*) 0.55

O1(LP) Cu1(LP*) 17.42

O3(LP) Cu1(LP*) 12.13

O5(LP) Cu1(LP*) 9.36

O2′(LP) Cu1(LP*) 20.30

O4′(LP) Cu1(LP*) 14.20

O1-O2(BD) C1(LP) 223.18

O3-O4(BD) C5(LP) 214.70

O5-O6(BD) C9(LP) 213.25

O4′(LP) O6-H6(BD*) 11.38

LP: a lone pair valence orbital, BD: 2-center bond orbital, BD*: 2-
center antibond orbital and LP*: empty valence orbital NBOs

Table 4 Selected calculated and observed vibrations of [Cu2(μ-
maa)4(maaH)2]

Assignment Exp. Calc. Intensity

ν(OH) 3430b 3253 2705

νvin(CH) 3019w 3047 57

ν(CH) 2960w 2989 53

ν(C=C) 1647 m 1641 179

νas(COO) 1587vs 1602 1393

αvin(CH2)+δ(CH3)+ν(C=C) 1413 s 1405 110

δ(CH3)+ν(C-C) 1374 m 1382 302

β(OH)+ν(C-O)+γ(CH) 1300 m 1283 390

γvin(CH)+ω(CH)+νs(C=O) 1223 m 1220 158

γvin(CH)+γ(CH)+ν(C-O) 1203 m 1205 289

ωvin(CH) 946 m 947 58

ω(OH) 826 m 872 200

ν, stretching; γ, rocking; ω, wagging; a, scissoring

δ, twisting; β, bending

vin, vinyl; s, symmetric; as, asymmetric

b=broad; w=weak; m=medium; s=strong vs=very strong;

J Mol Model (2010) 16:1509–1518 1515



performed to investigate excitations and for more definite
and qualitative description of experimental UV-Vis spec-
trum. Although a number of methods are available with
density functional theory to calculate transition energies,
TD-DFT is of particular interest because of giving more
reliable results in many transition metal complexes recently
studied [35–39] and still a few TD-DFT investigation of
spectroscopic properties of dinuclear copper(II) systems
have been reported [39, 40]. An effective double-ζ
LANL2DZ basis set applied for all atoms in the calculation
due to the size of the molecule and large computational
demand. Literature survey reveals that LANL2DZ basis set
gives consistent results with the experiment for the
calculation of vertical excitation energies and can be
succesfully applied to tansition metal complexes [40–42].
For the detailed examination of the observed transitions, a
series of sucessive TD-DFT calculations were performed. In
order to include higher energy ligand-based transitions to
the calculation, the first 70 singlet excitations were
analyzed. Utilizing data obtained by DFT and TD-DFT
calculations, the character of each transition was assigned
according to the composition of the occupied and virtual
MOs that involves the excitations considered. The estab-
lishment of the observed transitions by the calculation were
made by utilizing from corresponding oscillator strengths.
The percentage contributions to the formation of the bands
and oscillator strengths were extracted from output by using
Swizard Program. The characters, compositions, and
energies of the investigated transitions together with

oscillator strengths that are considerably larger than zero
were given in Table 5. When the excitations within 200–
900 nm range were examined, a transition band at 678 nm
with oscillator strength of 0.0206 was estimated in low-
energy spectral region. This partially spin-allowed transi-
tion is referred to the transition which occured at 728 nm in
the experimental spectrum as indicated in Fig. 7, and
assigned as d-d transition. A shift by 50 nm mostly may be
referred to gas-phase calculation and to strucural differ-
ences between optimized and experimental geometries.
Optimized geometry was used as the initial guess for the
calculation rather than X-ray geometry. Nevertheless, the

Fig. 6 Experimental (top) and calculated (bottom) IR spectra of
[Cu2(μ-maa)4(maaH)2]

Table 5 List of selected transition wavelengths and the major
contributions of [Cu2(μ-maa)4(maaH)2] calculated by TD-DFT method

λmax

(Calc.)
λmax

(Exp.)
Oscillator
strength (f)

Major
contribution

eV

678 728 0.0206 H-7→L(32%) 1.83
H-28→L(20%)

H-24→L(13%)

H-32→L(7%)

312 – 0.2298 H-12→L(51%) 3.97
H-28→L(8%)

H-17→L(7%)

H-7→L(6%)

301 – 0.0563 H-16→L(43%) 4.12
H-18→L(22%)

H-17→L(11%)

286 272 0.1823 H-18→L(56%) 4.33
H-16→L(12%)

H-26→L(9%)

H-13→L(6%)

Fig. 7 The observed and calculated UV-Vis spectra of [Cu2(μ-
maa)4(maaH)2]

1516 J Mol Model (2010) 16:1509–1518



experimental spectrum was reproduced well by the calcu-
lated one. In the composition of the band at 678 nm, there
is some controversy as to d→d assignement constructed by
experimental insight. The main percentages of 32% H-7→
L, %20 H-28→L, 13% H-24→L and 7% H-32→L to the
composition of the band indicates contributions of ligands
to the transition are dominant to that of metal because of the
fact that H-7 (7.35 eV) and H-28 (−9.98 eV) are essentially
made up of methacrylic acid π orbitals. The corresponding
band was determined as π/d→π/d transition by considering
largest contributions of %32 and %37 to H-24 (−9.71 eV)
and H-32 (−10.18 eV) respectively are from metal d
orbitals. The two most intense bands located at 312 nm
and 286 nm are made up largely of H-12(−7.90 eV)→L
and H-18(−8.45 eV)→L components, respectively. These
two bands were also assigned as π→π/d transition and they
are probably overlapped with each other in the experimen-
tal spectrum. Because approximately half of the most
intense vertical excitation coincides with the experimentally
observed absorption region as seen in Fig. 7. Owing to
relative higher energy of the orbitals above LUMO,
contributions from these orbitals to corrsponding transitions
are very small related to LUMO and no remarkable
transition observed in the region above 250 nm.

Conclusions

A dinuclear [Cu2(μ-maa)4(maaH)2] complex synthesized
and experimentally characterized by X-ray crystallography,
IR, and UV-Vis spectroscopy techniques. Density function-
al B3LYP calculations adopting BS singlet ground state
with unrestricted formalism have been carried out to
investigate structural and spectroscopic properties as the
main scope of this work. Although TD-DFT approach is
widely used and successfully applied for transition metal
systems, it is not commonly used for dinuclear transition
metal systems. So it was applied starting from optimized
geometry to determine the assignements of observed
electronic excitations in title complex. NBO analysis which
is mainly used to gain insight into inter or intramolecular
interaction stabilities has been utilized to investigate
bonding interactions within the structure. With the excep-
tion of OH strecthing vibration of %5.05 error in frequency
calculation and the composition of the absorbtion band at
678 nm in TD-DFT calculations, the obtained results have
presented reasonable consistency with the experiment.
Other than gas-phase calculation, one can say that the
noticable differences between calculated and experimental
data arise from small structural differences between
optimized and X-ray geometries as well as from the level
of theory used. The general trends observed in experimental
data have been reproduced by the calculations.
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