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Abstract

A novel trinuclear copper(Il) complex [Cu,(u-Cl),Cl,(1-Vim),] with monodentate 1-vinylimidazole (1-Vim) and chloro
ligands has been prepared and experimentally characterized by elemental analysis, thermogravimetry (TGA, DTG,
DTA), X-ray single crystal diffractometry, TOF-MS and FT-IR spectroscopies. The electronic and structural properties
of the complex were further investigated by DFT/TD-DFT methods. Density functional hybrid method (B3LYP) was
applied throughout the calculations. The calculated UV-Vis results based on TD-DFT approach were simulated and
compared with experimental spectrum. Based on the data obtained, DFT calculations have been found in reasonable ac-

DOI: 10.17344/acsi.2016.2475

cordance with experimental data.
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1. Introduction

Molecular behaviours of polynuclear transition me-
tal complexes have been an indispensable subject of nu-
merious researches in coordination chemistry because of
their multifarious electronic, magnetic and optical pro-
perties.'” These prominent features essentially stem
from the existence and the adjacent positions of two or
more metallic centers in the same molecular unit. Among
these, polynuclear copper(I) species*™® are the most intri-
guing and investigated ones due to their plain structural
properties, ability to mimic active sites in certain copper
containing proteins and easy to rationalize and diverse
magnetic properties as the simplest examples of magnetic
exchange interactions.””'* From another standpoint, the
selection or design of the organic ligands are of cruical
importance on self-assembly of metal ions owing to their
requisite functional roles as transmitters of close metal-
metal communications other than they are the backbones
of these polynuclear aggregates.'>~'” Generally, the use of

polydentate ligands that can present different coordina-
tion behaviours according to nature of the metal ions is
straightforward for aforementioned versatilities. In case
of our study reported herein, a novel mono-chloro-brid-
ged trinuclear complex consisting of two discrete me-
tal(I) centers connected through simple bridging chloro
ligands and coordinated with monodentate 1-vinylimi-
dazole ligands and monodentate chloro ligands were pre-
pared and fully characterized. The interesting topology of
the the complex was probed with X-ray single-crystal da-
ta. Qualitative picture of spectroscopic and structural pro-
perties of the complex beyond the experimental data we-
re further investigated in the framework of density func-
tional theory (DFT) and its time-dependent extension
(TD-DFT). It is well known from the literature that DFT
methods, especially the latter introduced hybrid ones that
predict almost all molecular properties from simple orga-
nic molecules to more complex systems such as transi-
tion metal complexes are superior to other wave-function
based electron correlation methods in preference. This is
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first because they present same or near accuracy results
and second, require much more affordable computation
time compared to other multi-determinantal approaches
that are still applicable only to small/moderate molecules
within current computational facilities.'®°

2. Experimental

2. 1. Synthesis of the Complex

0.855 g (5.00 mmol) CuCl, - 2H,0O was dissolved in
40 mL of water:ethanol (3:1) mixture and to this solution
which was heated up to 70 °C, 0.941 g (10.0 mmol) of
1-vinylimidazole was gradually added with constant stir-
ring at the same temperature. The obtained mixture was
stirred for half a hour, filtered off and left undisturbed for
crystallization. After 30 days needle-shaped dark green
crystals of X-ray quality were obtained from the solution.
Yield: 48%. Anal. Cacld.(%): C 37.21, N 17.36, H 3.72.
Found: C 37.12, N 16.82, H 3.25. IR(KBr, cm™):
3143-3117, v(C-H),,,.; 3023, v(C-H),.: 1645,
v(C=C); 1503, v(C=N) (See Figure S1 in supporting in-
formation).

2. 2. Physical Measurements

All the reactants and solvents were obtained from
commercial suppliers and used without further purifica-
tion. FT-IR spectrum was recorded on a BRUKER 2000
spectrometer as KBr slice. UV-Vis spectrum was measu-
red with a UNICAM UV2 spectrometer in 200-800 nm
range in methanolic solution. EST mass spectrum was re-
corded with Agilent LC/MS-TOF spectrometer using met-
hanolic solution. Elemental analysis was performed with
a Costech ECS 4010 CHNS Elemental analyzer. Simulta-
neous thermal analyses were conducted by using a SIIO-
Exstar 6000 Thermal analyzer within 35-1000 °C tempe-
rature range, by a heating rate of 10 °C/min. and in static
nitrogen atmosphere.

Intensity data were collected using a STOE IPDS 2
diffractometer with grzolphite monochromated Mo K ra-
diation (A = 0.71073 A) at 293(2) K. The structure was
solved by direct methods®' and refined with full-matrix
least-squares procedure on F? using SHELXL97.% All
non-hydrogen atoms were refined anisotropically. Hydro-
gens bonded to carbon atoms were positioned geometri-
cally and refined with a riding model with U, 1.2 times
that of attached carbon atoms. The positions of water
hydrogens were found by difference fourier map and refi-
ned isotropically.

2. 3. Computational Procedure

All computations reported herein were carried out
using Gaussian 03W suit of program® under C, constrai-
ned symmetry within unrestricted formalism. Spin-doub-

let gas-phase B3LYP optimizations of the complex star-
ting from experimental X-ray geometry was performed
employing triple-zeta 6-311G(d) basis set for Cu atoms,
double-zeta 6-31G(d) basis set for H, C and N atoms and
6-31G+(d) basis set for more diffuse chlorine atoms.
Vibrational frequency analysis was calculated at the opti-
mized structure at the same level of theory to ensure that
the final geometry is a local minimum having no imagi-
nary frequency.

TD-DFT excited state calculation was performed at
the geometry optimized structure using the flexible
LANL2DZ basis set for all atoms considering the large si-
ze of the system.

Investigation of natural charge distributions, popula-
tion analysis of valence core orbitals and non-covalent
energetic stabilizations by second order perturbation theo-
ry analysis of Fock matrix were carried out using natural
bond orbital (NBO) analysis at the UB3LYP optimized
structure by NBO version 3.1 implemented in Gaussian
03W package.

The percentage molecular orbital contributions
(MOCs) from atoms and groups to the related molecular
orbitals (MOs), were extracted from single point energy
(SPE) calculation of the optimized structure using VMO-
des software **

3. Results and Discussion

3. 1. Crystal Structure

A perspective plot with the atom numbering scheme
of the complex is shown in Figure 1 and the crystallograp-
hic data are given in Table 1. The crystal consists of neu-
tral trimeric units and the symmetric unit of the network
consists of two geometrically different copper(Il) centers
one of which (Cu2 and Cu2'i: 1 —x, -y, 1 —7) is distorted
square-pyramidal and the other (Cul) is distorted square-
planar geometry as shown in Figure 2. In the trimer unit,
the central copper(Il) ion located on inversion center pos-
sessing a quasi-octahedral coordination geometry in
which the two singly-bridging chloro ligands (Cl1, CI1%)
together with two N atoms (N1, N1%) of monodentate 1-
vim molecules are located on square plane. The two mo-
nodentate chloro ligands (ClI2, Cl12 weakly coordinated
and reside in the apical positions. Symmetry related cop-
per(Il) terminal has more common penta-coordination
with the two monodentate chloro ligands (CI2, C13), two
N atoms (N3, N5) of 1-vim molecules of basal plane and
one axially coordinated mono-bridging chloro ligand
(Cl11). The coordination number 5 for copper(Il) ions usu-
ally presents either a square pyramidal (SP) or trigonal-
bipyramidal (TBP) geometry (or an intermediate geome-
try). The Addison distortion index, 7 used for the evalua-
tion of the distortion of coordination geometry from TBP
to SP was calculated as 0.187 and clearly suggests a di-
storted SP extreme for terminal copper(Il) ions in the tri-

Yolcu et al.: Synthesis, Characterization and DFT-Based Investigation ...

647



648

Acta Chim. Slov. 2016, 63, 646—653

mer unit*?® (7= or— B/ 60, where & and f3 correspond to
two angles showing tendency to linearity). The 7-values of
square-based-pyramidal and trigonal-bipyramidal extre-
mes are 0 and 1, respectively.?’ In one aspect, as the quasi-
octahedral geometry of Cul ion is considered, the long
Cul--CI2 distance (3.189(7) A) indicates Jahn-Teller di-
stortion by elongation through coordination of chlorine
linkers to terminal copper(Il) ions. But in another, bond
valence analysis®®*’ more clearly substantiates the pre-
ponderance of square-planar geometry. In basal plane,
Cu2-CI12 distance (2.339(7) A) is longer than that of
Cu2-ClI3 (2.299(7) A) and approves the weak coordina-
tion of CI2 ligand to the central copper(Il) ion to form a
quasi-octahedron around Cul. The terminal copper(Il)
ions displaces 0.131 A from the basal plane upon coordi-
nation to bridging chloride ions.

The two mono-bridging chloro ligands bond in api-
cal position to the terminal copper(Il) ions and in equato-
rial position to the central copper(Il) ion. Through these
connections, copper(Il) centers are arranged in a zig-zag
fashion in the trimer. The bridging bond lengths Cul-CI1
and Cu2-Cl1 are 2.315(7) A and 2.825(8) A, respectively,
while corresponding bridging angle Cul-Cl1-Cu?2 is
101.92(2)°. The small bridging angle gives rise to a shor-
ter Cul—Cu2 seperation (4.005 A) and probably to the for-
mation of a monomeric structure rather than a polymeric
one as compared to the similiar molecular structure repor-

Table 1. Crystallographic data for [Cu,(u-Cl),Cl,(1-Vim)]

Chemical formula C, H;CIN,Cu,

Formula weight 968.03
Temperature (K) 293(2) K
Wave length (A) 0.71073 A
Crystal class Triclinic
Space group P-1

Unit cell dimensions

a(A) 8.7544(8)
b(A) 11.0084(10)
c(A) 11.8464(10)
a 62.551(6)

B 70.781(7)

Y 70.947(7)
V(A3 935.65(14)
Z 1

Density calculated (mg/m®) 1.718
Absorption coefficient (mm™) 2.16

F(000) 489
Reflections collected 7572

Independent reflections
Reflections measured (>20)
GOF

final R indices [[>20(1)]

Largest difference peak and
hole (e A™)

4571 [R(int) = 0.0375]
3724

1.056

R1=0.0348,wR2 = 0.0858
(all data)

R1=0.0306, wR2 = 0.0806
0.281 and —-0.598

/‘
A C14 a

Figure 1. Molecular structure of [Cu,(u-Cl),Cl,(1-Vim)(] with
atom labeling scheme.

Figure 2. Two different coordination polyhedra around two diffe-
rent copper(II) centers

ted by Ray et al.** This type of copper(Il) complexes in-
corporating only one bridging-chloro ligands are not com-
mon and hence are of special interest.*' 3 None of intra-
molecular H-bonds were detected in the trimer. But the
weak intermolecular non-classical C12-H12---C13(x — 1,
v, —2) interactions together with C4-H4 ---Cgl(x, 1 +y, 2)
3.00 A, C8-H8--Cg2 2.81 A and C11-H11--Cg2(1 — x,
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Figure 3. Crystal packing diagram of [Cu,(u-Cl1),Cl,(1-Vim),] down to c-axis

—y, 1 —2) 2.69 A stacking interaction propagate the mole-
cule along the c-axis as shown in crystal packing diagram
in Figure 3.

3. 2. TOF-MS Spectroscopy

Successive MS measurements of the compound
sample demonstrated almost same fragmentation pro-
ducts. The most abundant signal at m/z = 991.5
[Na+complex] in TOF-MS spectrum of the complex in
Figure 4 is related to sodiated adduct of the trinuclear
structure since the spectrum was taken in positive ion
mode. Designation of other significant peaks is not pos-
sible due to probably different stable adducts and frag-
ments in solution medium. Nevertheless, the expected

sodium adduct of the complex is the most abundant one
among them (Figure 4).

3. 3. Thermogravimetry

The thermogram of the complex comprising simul-
taneous TG and DTA curves is depicted in Figure 5. En-
dothermic DTA signal observed immediate before decom-
position onset denotes to melting phenomenon at c.a 137
°C. After the completion of the melting, the ligands endot-
hermically release between 146-262 °C and 262-932 °C.
The mismatch between the observed (84.20%) and calcu-
lated (75.36% for CuO final product, and 80.33% for Cu
residue) total mass losses is only attributable to additional
carbon remains with either two final products.

x10 3 | tESI Scan (0.040-0.586 min, 34 Scans) Frag=225.0V vmd-z.h..d
2. 991.5340 1037.7502
100.00 98.38
1.5
el 962.6360
1 56.04
1 934.7078
41.92
1009.5398

0.5 23.06

O - i i i i i i v 0

880 900 920 940 960 980 1000 1020 1040 1060 1080

Counts vs. Mass-to-Charge (m/z)

Figure 4. TOF-MS spectrum of [Cu,(u-CI),Cl,(1-Vim)]
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3. 4. Geometry Optimization

The ground state geometry of the complex was opti-
mized on spin unrestricted doublet state applying tight
SCF procedure. The main geometrical parameters related

Figure 5. Simultaneous TG, DTG and DTA curves of [Cu,(u-Cl),Cl,(1-Vim)]

to optimized structure are listed in Table 2 together with
experimental ones. Calculated MOCs from atoms and
group were given in Table 3 and frontier molecular orbi-
tals were depicted in Figure 6. The calculated SOMO
(singly occupied molecular orbital (from unrestricted

Table 2. Selected experimental and calculated bond lengths and angles of [Cu,(u-CI),Cl,(1-Vim)]

Bond lengths (108) Bond angles (°)
Bond Exp. Calc. Angle Exp. Calc.
Cul-Cu2* 4.005 4.078 N1-Cul-Cl1 90.14(5) 90.21
Cul-Cl1 2.315(7) 2.445 N1'-Cul-ClI1 89.86(5) 89.79
Cul-N1 1.978(16) 1.972 N1-Cul-CI2 88.75(5) 85.85
Cul-CI2 3.189(7) 3.193 NI1'-Cul-CI2 91.25(5) 94.15
Cu2-CI2 2.339(7) 2.449 Cl1-Cul-CI2 79.35(3) 81.75
Cu2-CI3 2.299(7) 2.405 Cl1-Cul-CI2! 100.64(2) 98.25
Cu2-N3 1.993(17) 1.979 Cul-Cl1-Cu2 101.92(2) 98.70
Cu2-N5 1.990(17) 1.987 Cul-CI2-Cu2 91.53(2) 91.61
Cu2-Cl1 2.825(8) 2.915 N3-Cu2-N5 166.92(7) 178.43
N3-Cu2-CI2 89.84(5) 89.75
N3—Cu2-Cl13 89.41(5) 88.98
N3—Cu2-Cl1 96.59(5) 90.19
N5-Cu2-CI2 90.40(5) 90.93
N5-Cu2-Cl13 89.95(5 90.03
N5-Cu2-Cl11 96.48(5) 91.25
Cl1-Cu2-CI2 87.19(2) 87.75
Blox,—y,1-2z

*: The Cul---Cu2 seperation being rather than a bond is given together with other important geometrical parameters for uni-
formity of the data.
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Table 3. Calculated MOCs from atoms and groups

H H-1 H-2 L L+1 L+2
MO S@ g B « B o B B o B a B
E (eV) —6.03 6.070 6.038 -6.147 6.83 6.164 6.108 2.786 2.898 2.785 1.350 1.351
Cul 0.7 0.0 3.0 2.6 0.0 0.0 6.6 0.0 549 0.0 0.1 0.1
Cu2 8.5 9.6 3.0 2.5 3.2 2.6 1.9 25.9 0.0 26.6 0.0 0.0
Cl1 3.8 0.6 7.2 3.8 7.8 15.7 21.5 0.2 11.0 0.1 0.1 0.1
Cl12 15.2 11.8 2.8 6.5 2.8 7.7 15.2 4.7 0.1 5.2 0.1 0.1
Cl13 11.3 12.3 31.3 31.1 32.1 19.0 3.1 5.8 0.1 6.3 0.0 0.0
1-Vim(1) 0.2 0.1 1.1 0.3 0.5 0.7 3.0 0.0 9.0 04 13.4 13.5
1-Vim(2) 5.0 6.3 0.9 1.5 1.2 1.7 0.4 4.6 0.3 4.7 3.2 3.1
1-Vim(3) 4.7 5.8 1.0 1.6 1.0 1.6 0.7 4.4 0.2 4.6 3.1 3.0

S, SOMO; H, HOMO; H-1, HOMO-1, etc. L, LUMO; L+1, LUMO+1, etc. the numbering of 1-Vim molecules was made by concerning preceding

number of atoms involved o spin LUMO is considered as SOMO and so not given in the table again

doublet calculation))-LUMO gap is 3.132 eV. Of the dis-
tributions of MOs, B-spin LUMO and LUMO+1 are main-
ly localized on copper(Il) ions (%51.8 for B-LUMO and
%353.2 for B-LUMO+1) while a-spin LUMO is composed
mainly of central copper(Il) ion (%54.9). The very low
contributions from metal ions to occupied MOs indirectly
drawn attention to a predominant coulombic interaction
between metal centers and coordinated atoms. Superimpo-
sition of experimental and gas-phase optimized structures
was presented in Figure 7. In general, there is a pleasant
consistence between optimized and X-ray geometries ac-
cording to the results and as expected, the general ten-
dency of gas-phase optimizations in favour of somewhat
extending the bond distances was introduced.

»
¢ a-LUMO

Figure 6. Frontier Molecular orbitals of [Cu,(u-CI),Cl,(1-Vim),]

-
A
Sy

~ r 4 -
¢

W,

Figure 7. Superimposition of the X-ray (red) and Optimized (blue)
geometries of [Cu,(u-C1),Cl,(1-Vim)]

3. 5. NBO Analysis and TD-DFT
Calculation

Valence core electron populations of the molecule
are presented in Table 4. The calculated charges of central
metal ions are 0.66 and 0.70 respectively and lower than
the oxidation state +2 and indicates the total charge dona-
tions from ligands to Cul and Cu2 ions equals. The nea-
rest C13 atom to metal ion hold the least negative charges
(-0.74) as expected. The bridging Cl1 and so-called mo-
nodentate CI2 have almost even charges due to their simi-
liar positions between two metals. Consequently, the natu-
ral charges of the ligands and metals are comparatively
expedient to their corresponding distances among each ot-
her.
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Table 4. Valence core electron populations from NBO analysis

Atom Cul Cu2 (011 C12 CI3 N1 N3 N5
Charge 1.34 1.30 -0.75 -0.74 -0.77 -0.63 -0.63 -0.62
2s - - - - - 1.37 1.38 1.37
3s - - 1.97 1.98 1.97 - - -
g 2 - - 6.00 6.00 6.00 4.20 423 422
S 3p(total) 6.00 6.00 5.78 5.76 5.79 - - -
E 3dxy 1.88 1.86 - - - - -
£ ddxz 1.98 1.98 - - - - -
3dyz 1.69 1.72 - - - - -
3dx2y2 1.99 1.99 - - - - -
3dz2 1.74 1.73 - - - - -
3d(total) 9.28 9.29 - - - - -
4s 0.37 0.39 - - - - -

Selected non-covalent interactions and correspon-
ding second order energies are listed in Table 5. The pre-
sence of natural bond orbitals between metal centers and
coordinated atoms according to NBO results indicate also
the covalency of corresponding bonds in addition to cou-
lomp type interactions except for the longest and the wea-
kest two Cu2—Cl1 and Cu2-CI2 bonds incorporating none
of natural bond orbitals. Therefore, no remarkable contri-
bution to the second order energy lowering comes from
these weak covalent bonds as understood from Table 5.

Table 5. Selected second orders energies from NBO analysis

Donor Acceptor E® (kcal/mol)
Cul-CI1(BD) Cul-N6(BD*) 0.70
CII(LP) Cul-NTi(BD*) 2.40
CI1(LP) Cu2(LP¥*) 5.66
Cu2-CI3(BD) Cu2-N3(BD¥*) 0.94
Cu2-N3(BD) N4-C8(BD¥*) 3.10
C6(LP) N4-C7(BD¥*) 180.48
CI2(LP) Cu2-Cl13(BD¥*) 23.38
Cu2-CI3(BD) Cu2-N3(BD) 0.94
CI3(LP) Cu2-CI12(BD¥*) 3.52
Cul-NI1(BD) Cl1-H1(BD%*) 0.54

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

The first 100 vertical excitations were analyzed by
TD-DFT approach with B3ALYP/LANL2DZ level of theo-
ry. Due to the large size of the system, the intra-ligand
transitions under 298 nm were not calculated and not as-
signed. Only a single low intensity transition at 777 nm
(A: 0.174) in the experimental spectrum (see Figure S2 in
supporting information) is already assumed as an orbi-
tally-forbidden d-d transition in view of electrostatic theo-
ry. From TD-DFT results, this transition can be assigned
to the calculated one at 774 nm (f = 0.0010) or the other at
716 nm (f = 0.0032) both of which is qualitatively assig-

ned as n—n/d (-HOMO—B-LUMO) transition by full
population analysis of ground state MOs. Since none of
transitions with non-zero oscillator strength in 600-800
nm region was found in TD-DFT aside from the afore-
mentioned transitions (excitations under 298 nm not parti-
cipate within 100 calculated ones and were not be able to
involve because of scratch file size limitation of the pro-
gram on 32 bit operating system).

4. Conclusions

Succesfully prepared a novel singly-chloro-bridged
trinuclear monomeric [Cu,(u-Cl),Cl,(1-Vim)(] complex
has been structurally characterized by X-ray crystallo-
grapy. The revealed X-ray structure clearly shows that the
molecule consists of two different copper(Il) coordination
sites, a distorted square-pyramidal terminal copper(Il)
ions and either distorted (Jahn-Teller elongated) octahe-
dral or square-planar central copper(Il) ion. Since cop-
per(Il) ion within significant amount of its complex com-
pounds is mostly prone to give these coordination geome-
tries. Interestingly, single chlorine atom in the trimer con-
nects two copper(Il) centers in the complex otherwise two
chlorine atoms participate in bridging coordination in
most of the other reported chlorine-bridged polynuclear
species.**3% The comprehensive computational studies
were executed by the most efficient Hiybrid-density func-
tional method (DFT-B3LYP) in a tolerable computation
time despite the large size of the molecule. The data obtai-
ned from DFT, TD-DFT and NBO analysis succesfully
represented the experimental trends.
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Pripravili smo nov trijedrni bakrov(II) kompleks [Cu,(u-Cl),Cl,(1-Vim),] z enoveznimi 1-vinilimidazolnimi (1-Vim) in
klorido ligandi in ga okarakterizirali z elementno analizo, termogravimetrijo (TGA, DTG, DTA), monokristalno rent-
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