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Introduction
Inorganic-organic hybrid complexes based on metal centre and 

multifunctional ligands have been perceived as extremely interesting 
and significant referring materials for not only to their intriguing 
architectures, but also to their important properties such as electronic 
[1,2], magnetic [3-6] and optic [3,7]. Inorganic materials, typically 
characterized by covalent and ionic interactions, offer the potential 
for high electrical mobility, a wide range of band gaps (enabling the 
design of insulators, semiconductors, metals, and superconductors), 
interesting magnetic interactions, a big variety of dielectric properties, 
substantial mechanical hardness and thermal stability [2,8]. Organic 
molecules provide the possibility of structural diversity, highly-efficient 
luminescence, a large degree of polarizability and plastic mechanical 
properties [9].

Furthermore, hybrid compounds based on copper have been paid 
special attention to develop a variety of low cost electronic devices. This 
refers basically to their diverse structures and novel thermochromic, 
optical and electronic properties [10-15]. The Cu(II) ion, being d9, 
displays a variety of coordination number and geometry depending on 
the crystal packing and ligand. It has been shown that their structures 
can vary considerably, ranging from systems based on isolated (0-D) 
inorganic polyhedra [11,16] to the ones (1-D) containing extended 
chains as in {(ampyH)2[Cu(mal)2]}n [17], [(TPPB)CuCl2]n [18], 
[Cu(phen)(l-ura)(H2O)]n.H2O and [Cu(phen)(l-ura)(H2O)]n.CH3OH 
[19] to two-dimensional (2-D) networks [20,21] and right up to three
dimensional (3-D) networks as in (C10H26N4)2 Cl CuCl5.3H2O and
(H2mela)2[CuCl5]Cl [22,23].

The supramolecular assembly is framed by suitable combination 
of various types of weak intermolecular interactions like N-H…Cl. 
To explore the intermolecular interactions inside the supramolecular 
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assembly, it is crucial to obtain quantitative measurements of these 
interactions. Hirshfeld surface analysis is becoming a valuable tool 
for elucidating molecular crystal structures quantitatively. In this 
context, we hereby report the crystal structures and Hirshfeld surface 
analysis of {[Cu(en)]Cl2}n. The structure of {Cu(en)Cl2}n was originally 
reported by Kumara et al. [24]. With the aim of a deeper understanding 
the electronic structures of the complex, and related experimental 
observations, density functional theory (DFT) calculations were 
performed. The electrostatic potential (ESP), total electron density 
(ED), molecular electrostatic potential (MEP), Mulliken analysis and 
frontier molecular orbitals (FMOs) were also studied using the DFT 
level by means of the B3LYP functional with the LanL2DZ basis set, to 
obtain adequate information about the electronic characteristics.

Experimental Methods
Synthesis of {[Cu(en)]Cl2}n compound

This compound was synthesized under hydrothermal conditions, 
by mixing CuCl2.2H2O (0.172 g) and ethylenediamine (en) (0.5 ml). 
Both compounds were dissolved in water (5 mL) and stirred at room 
temperature for 2 h to homogeneity. When the pH value of the mixture 
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was adjusted to 7.3 by adding 6 mol-1 NaOH, the cloudy solution was 
transferred and sealed in a 15 ml Teflon-lined stainless steel autoclave 
and kept under an autogenous pressure at 160°C for 72 h. After slow 
cooling to room temperature at a rate of 5°C h-1, blue crystals were 
obtained, which were subsequently filtered, washed with acetone and 
dried in desiccators at room temperature. A single crystal suitable for 
X-ray diffraction analysis was selected and studied.

Crystal data and structure determination

A blue crystal with approximate dimensions 0.51 × 0.32 × 0.2 mm3 
of the Cu-complex was selected after examination with a polarizing 
microscope (Figure S1). X-ray data were collected at 293(2) K with 
a KAPPA APEX II automatic diffractometer using Mo Kα radiation 
(λ=0.71073 Å). In the range of 2.49<θ<26.03°, 3232 integrated reflections 
were collected, reducing to a data set of 694 unique with Rint=0.0214. 
The structure was solved by direct methods with SHELXS-97 program 
[25], and refined by the full-matrix least-squares technique against F2 
in anisotropic (for non-hydrogen atoms) with SHELXL-97 program 
[26]. The hydrogen atoms were refined isotropically. The corrections 
for absorption were based on multi-scan. Details of this refinement 
are given in Table 1. The last cycle of refinement included the atomic 
coordinates for all the atoms, anisotropic thermal parameters and 
isotropic thermal and factors of anisotropic thermal agitation, the 
values of which are listed in Tables S1 and S2. The crystal structure and 
packing diagram were created with Mercury [27] and crystal Maker [28].

Spectroscopic characterization

The FT-IR spectra were recorded in the 400-4000 cm-1 region on a 
Perkin-Elmer Spectrum 100 FT-IR spectrometer with samples as KBr 
disks at room temperature. The FT-Raman spectrum was measured 
with a LABRAMHR 800 triple monochromator in the 4000-50 cm−1 
region.

Thin films of {[Cu(en)]Cl2}n were prepared by spin coating, 
on glass slides, in aqueous solution of 20 mg of the crystallized title 
compound. The film was then annealed at 60°C for 20 min to remove 
residual solvent. The room temperature absorption spectrum of the 
spin coated film was recorded using UV-visible Spectrophotometer 
(Thermoscientific Evolution 60s UV-Visible Spectrophotometer).

Computational details

The molecular geometry optimizations and vibrational frequency 
calculations were performed with the Gaussian 03 package [29]. 
The geometry optimizations for an appropriate cluster model were 
performed at the DFT level by means of the B3LYP functional [30] 
with the LanL2DZ basis set [31,32]. The geometry taken from the 
starting structure was based on the crystallographic data listed in Table 
1. Prior to compare the calculated vibrational wavenumbers with the
experimental counterparts, the former has been scaled by 0.963 scaling 
factor [33] to correct the evaluated wavenumbers for vibrational
anharmonicity and deficiencies inherent to the used computational
level. The Gauss view program [34] was employed to generate visual
presentations and verify the normal mode assignments.

Hirshfeld surface analysis

Hirshfeld surfaces and their associated fingerprint plots were 
calculated using Crystal Explorer (Version 3.0) software, which accepts 
a structure input file in the CIF format [35]. For each point on the 
Hirshfeld isosurface, two distances (de, di) are defined. First, de: the 
distance from the point to the nearest nucleus external to the surface. 
Second, di: the distance to the nearest nucleus internal to the surface. 

The normalized contact distance dnorm based on de and di is given by the 
following Eq 1:

vdwvdw
e ei i

norm vdw vdw
i e

d rd rd
r r

−−
= +   (1)

Where, ri
vdw and re

vdw are the van der Waals radii of the appropriate 
atoms which are internal and external to the surface, respectively. The 
value of dnorm is negative or positive when intermolecular contacts are 
shorter or longer than rvdw, respectively. When dnorm is mapped on the 
Hirshfeld surface, close intermolecular distances are characterized by 
three identically colored regions: red regions stand for closer contacts 
and negative dnorm value, blue regions represent longer contacts and 
positive dnorm value and white regions correspond to the distance of 
contacts which is exactly the vdw separation and with a dnorm value of 
zero. The combination of de and di in the form of a 2D fingerprint plot 
[36,37] afford summary of intermolecular contacts in the crystal [38].

Results and Discussion
Description of the structure and Hirshfeld surface analysis

Structure description: Analysis of the X-ray data of {[Cu(en)]
Cl2}n, reveals a structural linear chain. An ORTEP diagram of a chain 
fragment is illustrated in Figure 1. The bridging network consists of 
copper (II) ions bridged by chloride ligands to form a ‘ladder type’ 
linear chain (Figure S2) this compound is structurally similar to 
the analogous Cu complex [39,40]. The Cu(II) ion adopted hexa-
coordinated environment in a distorted octahedral geometry where 
the equatorial plan is formed by the first nitrogen atom provided by 
the (en) ligand, N2, with distance of 2.011(4) Å, and by three chlorine 
atoms which are triply bridging, Cl1, Cl1

i and Cl1
ii, with Cu-Cl distances 

are found to be Cu1-Cl1=2.2984(17) Å, Cu1-Cl1
i=2.885(3) and Cu1-

Cl1
ii=2.885(3) Å, (symmetry element, i: 1-x, -1/2+y, 1−z; ii: 1−x, 1/2+y, 

1−z) (Figure S3a). The axial positions of the octahedral geometry are 
occupied by one chlorine atom Cl2 and the second nitrogen atom, 
N1, provided by the (en) ligand with the Cu1-Cl2 is corresponding 
2.2840(l6) Å and the Cu1-N1=2.016 (4) Å. Selected bonds and angles 
are listed in Table S3. The distorted octahedral geometry of Cu(II) is 
confirmed by the Hirshfeld surface mapped over dnorm of Cu(II) (Figure 
2). The Cu-Cu separation within the chain is 3.614 (1) Å which is 

Figure 1: ORTEP diagram of independent [Cu(en)Cl2] monomeric with atom 
numbering. Each structural unit is bridged to form an infinite one dimensional 
structural chain.



Page 3 of 10

Citation: Salah N, Samet A, Hamdi B, Salah BA (2016) A Combined Experimental and Theoretical Investigation on Organic Cation Dichlorocopper 
(II): Structural Characterization, Hirshfeld Surface Analysis, Spectroscopic Properties and DFT Calculation. Chem Sci J 7: 147. doi: 
10.4172/2150-3494.1000147

Volume 7 • Issue 4 • 1000147
Chem Sci J, an open access journal
ISSN: 2150-3494

comparable to the Cu...Cu separation in related Cu complexes [2,41]. 
The dihedral angle between the Cl1…Cu(II)…Cl1

i (red plan) and Cl1
i-

Cu(II)iii-Cl1 (yellow plan) planes is 10.07° (Figure S3b) (symmetry code 
iii: x, -1+y, z). The one-dimensional coordination polymeric chains are 
arranged parallel to one another, side by side in the ab-plan, connected 
between them by hydrogen bonds N-H…Cl, forming sheets parallel 
to the ab-plan (Figure 3). A variety of hydrogen bonds are established: 
inter-chain bonds, between adjacent chains in a sheet, and intra-chain 
bonds (Table 2).

The optimized geometry for the studied compound is presented 
in Figure 4. The values of the selected bond lengths and bond angles 
were compared to their calculated counterparts, and the results are 
summarized in Table S3. After careful comparison, we find that some 
of these geometric parameters are overestimated while the others are 
underestimated, which is not surprising given that the theoretical 
calculation belongs to the isolated molecule in the gaseous phase at 
0K and the experimental result belongs to the molecule in the solid 
state with intermolecular interactions and crystal packing effect. This 
indicates that the calculation precision is satisfactory and the B3LYP/
LanL2DZ level is suitable for the complex system studied here [42].

Hirshfeld surface analysis: The three-dimensional Hirshfeld 
surfaces of the complex {[Cu(en)]Cl2}n were analyzed so as to clarify 
the nature of the intermolecular interactions. 2D fingerprint plots 
reveal the contribution of those interactions in the crystal structure 
quantitatively, presenting the surfaces that have been mapped over a 
dnorm range of -0,246 to 1.515, de range of 0.889 to 2.539 and di range 
of 0.888 to 2.524 (Figure 5). It is clear that the presented information 
in Table 2 is clearly summarized in these spots, with the large circular 
depressions (deep red) visible on the views of the dnorm surfaces indicative 
of hydrogen-bonding contacts: H…Cl and Cl…H. Red regions on the 
de surface for title compound highlight the hydrogen bond acceptor 
Cl…H, where de is short, the de surface is close to the hydrogen nucleus 
outside the surface, but the hydrogen bond donor H…Cl is observed 
by the bright red area of di surface (Figure S4a). The proportion 
of Cl…H/H…Cl interactions comprises 34% and 20% of the total 
Hirshfeld surface of the complex, respectively. The Cl…H interactions 

are represented by the spike di=1.655 Å, de=0.898 Å in the fingerprint 
plot (Figure S4a), and the H…Cl interactions are represented by the 
spike (di=0.898 Å, de=1.655 Å in the fingerprint plot, indicating amine 
H-atoms interacting with Cl atoms of anionic moiety for the formation 
of the supramolecular self-assembly. In addition to this, the H…H 
interactions (which appear where de=di=1) have important weight in 
crystal structure, which is underlined by its high percentages, in the 
range from 35.7% relative to the total molecule area. The dominant 
H…H interactions are characterized by the bright red area of dnorm 
surface, as well as in the de and di surfaces (Figure S4b). The Figure 5a 
shows the Hirshfeld surfaces of the copper atom in the complex which 
have been mapped over dnorm surface. The deep red regions on the dnorm 
surface for Cu highlight the short Cu...Cl contact (the bond distances 
for Cu…Cl vary between 2.288 Å and 2.298 Å). The pale-red region on 
the dnorm surface display the large Cu…Cl contact (the bond distances 
for Cu…Cl equal 2.885 Å). Although the covalent bonding to chlorine 
and nitrogen atoms are dominant (see also the corresponding atomic 
fingerprint plots (Figure 5b), there are low contact patches which may 
be attributed to N-H…Cu interactions (H…Cu distances of the closest 
contacts range from 2.95-3.22 Å). The considered Cu atom exhibits 
up to 17.2% of contacts arising from N–H…Cu interaction on the 
atomic Hirshfeld surface, with 54.6% of the contacts arising from the 
coordinated Cl-Cu bonds and the remaining 28.3% of the contacts 
arising from the coordinated ethylenediamine -N-Cu bonds.

The Hirshfeld surface analysis clarifies the same results as X-ray 
crystal structure analysis and elucidates the intermolecular interactions 
in a new visual manner. The contributions of the variety of contacts 
exhibited by the complex {[Cu(en)]Cl2}n have been depicted in Figure S5.

Crystal voids calculation: The Figure S6 shows the voids in the 
crystal structure of {[Cu(en)Cl2]}n crystal voids are calculated using the 
program Crystal Explorer, which is based on the sum of spherical atomic 
electron densities at the appropriate nuclear positions (procrystal 
electron density). The crystal voids calculation results under 0.002 a.u. 
isovalue (1 a.u. of electron density=6.748 eÅ-3), shows that the void 
volume of our compound in the order of 13.81 Å3 and surface area in 
the order of 44.65 Å2. Constantly with the porosity, the calculated void 

Figure 2: (a) Atomic Hirshfeld surface of Cu in {[Cu(en)]Cl2}n with the descriptor ‘dnorm’ mapped onto the surfaces. (b) Corresponding fingerprint plots for the metal atom.
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D—H···A D—H H···A D···A D—H···A
N1—H1···Cl2i 0.90 2.81 3.680 (4) 163
N1—H2···Cl2ii 0.90 2.81 3.680 (4) 163
N2—H7···Cl2iii 0.90 2.63 3.466 (4) 155
N2—H8···Cl2iv 0.90 2.63 3.466 (4) 155

Symmetry codes: (i) −x+1, y−1/2, −z+1; (ii) −x+1, y+1/2, −z+1; (iii) −x, y+1/2, −z+1; 
(iv) −x, y−1/2, −z+1.

Table 2: Hydrogen bonding distances (Å) and angle (°).

Crystal data
Empirical formula C2H8Cl2CuN2

Formula weight 194.55
Crystal system Monoclinic
Space group P21/m

Unit cell dimension
a (Å) 6.761 (5) 
b (Å) 5.743 (5) 
c (Å) 8.209 (5) 
β (°) 93.737 (5)°

V (Å3) 318.1 (4) Å3

Z 2
Dcalc (Mg cm-3) 1.990 

Absorption coefficient (mm-1) 4.07 
F(000) 240

Crystal dimensions (mm3) 0.5 × 0.3 × 0.2 
Crystal form; color Prism; blue

θ range for data collection (°)
θmin= 2.5
θmax=26.0

Summary of Data CCDC 1403872
Data Collection

Reflections collected 3232
Independent reflections 694
Reflections with I>2r(I) 656

Limiting indices (hkl)
h=−8→8
k=−7→7

l=−10→10
Tmin 
Tmax

0.021
0.227

CCD area detector diffractometer sealed tube graphite monochromator 
φ and ω scansradiation source:

Absorption correction Multi-scan
Refinement

R [F2>2σ (F2)] 0.025
wR (F2) 0.068

Goodness-of-fit (GOF) on F2 S=1.14 
Data/restraints/parameters 694/0/43

Extinction coefficient 0.0023
∆ρmin (e Å-3) -1.08 
∆ρmax (e Å-3) 0.56

Table 1: Crystal data and structure refinement for [Cu(en)]Cl2.

volume of our compound is 4.34%. There are no large cavities. We note 
that the electron-density isosurfaces are not completely closed around 
the components, but are open at those locations where interspecies 
approaches are found, e.g., N-H…Cl and N-H…Cu.

Electrostatic potential, total electron density and molecular 
electrostatic potential: The Figures 6a-6c shows the electrostatic 
potential ESP, the contour of electrostatic potential, electron density 
ED, contour of electron density and the molecular electrostatic 
potential MEP map figures for the title complex. The ED isosurface 
indicates that charge density is equally distributed in the plans of title 

molecule. However, it can be seen from the ESP figures, that while 
the negative ESP regions are located around the chlorine atoms and 
reflected as a yellowish blob, the positive ESP is localized on the rest 
of the molecules. This result is expected, because ESP correlates with 
electro-negativity and partial charges.

The MEP provides a visual method to understand the relative 
polarity of the molecule. It is a plot of electrostatic potential mapped 
into the constant electron density surface. In order to understand sites 
for electrophilic attack and nucleophilic reactions as well as hydrogen-
bonding interactions [43], MEP studies were carried out with the same 
method and basis set that were used for geometry optimization (B3LYP 
using LanL2DZ basis set). A visual representation of the chemically 
active sites such as the negative (red) regions of the MEP which are 
related to electrophilic reactivity and the positive (blue) regions which 
are associated with nucleophilic reactivity, as shown in Figure 6c. 
Potential increases in the order red<orange<yellow<green<blue. The 
color code of these maps ranges between -0.06394 a.u. (deepest red) 
and 0.06394 a.u. (deepest blue) in the compound. As can be seen in 
the Figure 6c, the negative regions are mainly localized in the chlorine 
atoms, with a maximum value of -0.06394 a.u. However, the maximum 
positive region is mainly over the amino atoms N, which can be 
considered as a possible site for nucleophilic attack, with a maximum 
value of 0.06394 a.u. This results supply information about the 
region from which the compound can have intra and intermolecular 
interaction.

Vibrational studies

To gain more information on the crystal structure, we have 
undertaken a vibrational study using Infrared spectroscopy and Raman 
scattering. The theoretical and experimental vibrational spectra are 
shown in Figures S7 and S8. The assignments of the observed bands 
were essentially based on comparisons with calculated values for normal 
vibrations and previously reported data for similar compounds [44-46].

The experimental and calculated vibrational frequencies as well 
as corresponding assignments are presented in Table S4. Correlation 
graphics are presented in Figure S9 in order to compare the calculated 
vibrational frequencies with the experimental counterparts of [Cu(en)]
Cl2 compound. The corresponding fitting factors of those are 0.99831 
(infrared) and 0.99941 (Raman). The experimental values prove to be 
in a good agreement with the calculated vibrational frequencies.

The vibrations of ethylenediamine cations

The observed bands between 400 and 4000 cm-1 are assigned to 
internal modes of organic cation. Numerous functional groups and 
skeletal groups such as: NH2, CH2, C-C, C-N and C-C-N are presented 
in ethylenediamine cation. These groups are manifested in IR and 
Raman spectra in different range with different intensities.

Vibration of NH2 groups: The N-H stretching vibration appears 
strongly and broadly in region 3450-3300 cm-1 [47]. For the title 
compound, a very strong band at 3300 cm-1 and 3228 cm-1 in the FT-IR 
spectrum are assigned as stretching N-H modes. The calculated values 
for this mode are 3490.64 cm-1 and 3353.93 cm-1, respectively. Then, 
only four medium bands located at 2939.93, 2370.40, 2331.28 cm-1 in 
the IR spectrum and 2961.7 cm-1 in the Raman spectrum are observed. 
We have assigned all these bands to N-H stretching mode. As the N-H 
group of the (NH2) is involved in hydrogen bonds, the wavenumbers 
of this mode shifted towards lower values. In fact, the XRD study of the 
title compound reveals that each of the two hydrogen atoms in (NH2) 
moiety is involved in N-H…Cl hydrogen bonds with the lengths of 
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Figure 3: Sheet of compound {[Cu(en)]Cl2}n parallel to the ab plan. Hydrogen bonds indicated by different colors of dashed lines: (red for intra-chain N-H···Cl and violet 
for inter-chain N-H···Cl).

Figure 4: B3LYP/LanL2DZ optimized geometry of [Cu(en)]Cl2.

the order 2.63 to 2.81 Å. Thus, one can expect various stretching N-H 
modes from 3300 to 2300 cm-1 depending on the strength of hydrogen 
bonds. The shoulder IR band observed at 1660.18 cm-1 is assigned to 
the asymmetric δas(NH2) bending mode. The corresponding predicted 
theoretically value is at 1559.42 cm-1. Strong infrared band at 1571.41 
cm-1 with its weak Raman counterpart at 1562.8 cm-1 were attributed 
to the symmetric δs(NH2) bending mode. The DFT calculation gives its 
position at 1593.41 cm-1. The wagging and the torsional modes related 
to (NH2) were observed and assigned.

Vibration of CH2 groups: The asymmetric stretching (υas(CH2)), 
symmetric stretching (υs(CH2)), scissoring (sciss(CH2)), wagging 
(w(CH2)) and twisting (t(CH2)) vibrations of CH2 groups are usually 
observed in the general order: υas(CH2)>υs(CH2)>sciss(CH2)>w(CH2
) t(CH2) [47]. Their frequencies are observed in the following regions 
3050 ± 50, 2965 ± 30, 1455 ± 55, 1350 ± 85, 1290 ± 45 and 890 ± 55 
cm-1, respectively [48-50]. In our case, the CH2 asymmetric stretching 
vibrations are observed in IR spectrum as weak bands at 3100 cm-1 and 

at 3047.18 cm-1 theoretically. The CH2 symmetric stretching mode is 
observed in IR spectrum at 2881.25 cm-1 as weak band and at 2892.42 
cm-1 in Raman spectrum. The theoretically calculated values are 2935.47 
and 2947.99 cm-1. The CH2 scissoring mode is located experimentally at 
1457 cm-1 in Infrared spectrum whereas its theoretical value is found at 
1455.9 cm-1. The CH2 wagging mode appears at 1366.5 cm-1 in Raman 
spectrum and predicted theoretically at 1368.76 cm-1. The observed 
wavenumber in the FT-IR spectrum at 1270.47 cm-1 and 1123 cm-1 and 
in Raman spectrum at 1109.82 cm-1 are assigned to CH2 twisting mode 
while the theoretically computed values are observed at 1284.55 cm-1 
and 1225.06 cm-1. It is significant to note that the vibrational mode CH2 
groups do not deviate much from their expected values, suggesting that 
the interaction of these groups with the environment is not strong.

Vibrations of C-N, C-C and C-C-N groups: The Raman band 
observed at 1063.63 cm-1 and calculated at 1077.42 cm-1 can be 
attributed to C-N stretching mode. The weak intensity band observed 
at 977 cm-1 in IR spectrum and calculated at 1008.57 cm-1 is assigned to 
C-C stretching mode. The C-C-N in plan bending modes is observed 
at 471 cm-1 in IR spectrum and at 475 cm-1 in Raman spectrum and 
proved by DFT calculation at 471.34 cm-1.

In the case of the external vibrations of Cu-N, Cu-Cl and Cl-Cu-Cl 
groups: the asymmetric and symmetric stretching of Cu-Cl appeared 
at 303, 254.4 and 213.6 cm-1 in Raman spectrum. The DFT calculations 
yielded those modes at 287.93, 255.75 and 220.19 cm-1, respectively. The 
corresponding Cu-N stretching vibration has been nearly identified 377 
cm-1 for Raman while the theoretically computed values are observed 
at 342.48 cm-1. The Cl-Cu-Cl scissoring and bending vibrations are 
identified at 161 and 92.77 cm-1 for Raman. The theoretically calculated 
values are 181.04 and 93.5 cm-1, respectively.

Mulliken population analysis

The Mulliken populations indicated the charge distributions over 
the atoms. The Mulliken atomic charge quantifies how the electronic 
structure changes under atomic displacement, it therefore affects dipole 
moment, molecular polarizability, electron structure, acidity-basicity 
behaviour and a lot of other properties of molecular systems [51].

Mulliken atomic charges of [Cu(en)]Cl2 molecule have been 
calculated using B3LYP method at LanL2DZ basis and shown in 
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Figure 5: (a) Hirshfeld surfaces of the complex [Cu(en)]Cl2,the Hirshfeld surface is shown mapped with dnorm (left), de (center) and di (right). The balland-stick representation 
of this molecule is given to the left of the surfaces. (b) Fingerprint plots: Full into different intermolecular interactions within the compound.

 

 

 

(a) (b) 

(c) 
Figure 6: Molecular surfaces of optimized geometry of [Cu(en)]Cl2, (a) Electrostatic potential (ESP), (b) Total Electron Density (ED) and (c) Molecular Electrostatic 
Potential (MEP).
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Figures S10 and S11. The charge distribution of [Cu(en)]Cl2 shows that 
the carbon atoms are negative. This is due to the presence of hydrogen 
atoms [52]. All hydrogen atoms are positively charged. Moreover, 
Mulliken atomic charges also show that the H atoms attached to N 
have bigger positive atomic charges (0.385e and 0.376e) than the other 
hydrogen atoms. This is due to the presence of electronegative nitrogen 
atoms which withdrew electrons from H atoms. The nitrogen atoms 
have the higher negative charges (-0.600e). This may refer to the fact 
that the nitrogen atoms have withdrawn electrons from C, H and Cu 
atoms. Cl7/Cl8 chlorine atoms have the high negative charges (-0.315e) 
while the other chlorine atoms have less negative charges (-0.075e). 
This result reveals that there is charge transfer through the hydrogen 
bonds (N-H…Cl). The high negatively charges are noticed for chloride 
Cl7 and Cl8, which are involved, as acceptor, in hydrogen bonds.

Optical properties
The Figure 7 shows the optical absorption spectrum of [Cu(en)]

Cl2 film measured at room temperature. As it can be seen, two 
kinds of optical absorption bands are observed. The first is a strong 
absorption band at 340 nm, the second is a large band located at 650 
nm. We performed theoretical TD-DFT calculations to understand 
the electronic structure and assign the observed absorption bands. The 
B3LYP Hamiltonian was selected because it was proven to provide 
accurate structures and reasonable UV-vis. spectra for a variety of 
chromophores [53] including organometallic complexes [54-56]. As 

seen in Figure 7 the calculated and experimental optical spectra display 
an acceptable agreement for the title compound. The assignment of 
the excitation energies to the experimental bands was performed on 
the basis of energy values and oscillator strength in Table 3. We listed 
the singlet excited states with oscillator strength higher than 0.09 along 
with assignments of the major contributing electronic transitions. 
The normalized contribution percentage of the major contributing 
electronic transitions contributing to the Singlet excited states were 
given in parentheses. The spatial distributions of the molecular orbital 
participating in these transitions and the energy level diagrams are 
shown in Figure 8. The performed calculations indicated an intense 
electronic transition at 388 nm. They agree with the optical absorption 
band observed at 340 nm. This band corresponds to electronic 
transition from the highest occupied molecular orbital (βHOMO-8) to 
the lowest unoccupied molecular orbital (βLUMO) and (βHOMO-9/
βHOMO-12) to (βLUMO). The HOMO-8, HOMO-9 and LUMO are 
localized in the inorganic part. This absorption band must be assigned 
to Ligand to Metal Charge Transfer (LMCT) and/or to Metal to Ligand 
Charge Transfer (MLCT) transition [57,58].

The electronic transition at 682 nm is in good agreement with 
the second observed absorption band existing at 650 nm. This band 
corresponds to electronic transitions from the βHOMO3/βHOMO to 
βLUMO. This band must be assigned to the d-d transitions composed 
from orbits of Cu(II) [59,60].

Figure 7: Experimental (black) calculated (red) UV-Visible spectra of [Cu(en)]Cl2 and oscillator strengths are shown as green vertical lines.

λ (nm)
f Assignment (Major 

contributions) Character
λexp λcalc

340 (3.64 eV) 388 0.14
H-12(β)→L+1(β) (10% )
H-9(β)→L+1(β) (44%)
H-8(β)→L (β) (17%)

LMCT and/or MLCT

650 (1.90 eV) 682 0.10 H-3(β)→L (β) (63%)
H(β)→L (β) (16%)  d-d

λ: Wavelength, H: HOMO, L: LUMO
Table 3: Calculated wavelengths (λmax), oscillator strengths (f>0.09), main orbital transition contributions of absorption spectra of [Cu(C2H8N2)]Cl2 complex using TDDFT as 
well as their character and related experimental values.
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Figure 8: TDDFT-calculated electronic transitions in complex [Cu(en)]Cl2.

Conclusions
Dichlorocuprate based complex having general formula [Cu(en)]

Cl2 that exhibits a one dimensional structure has been synthesized 
under hydrothermal conditions. The X-ray diffraction analysis revealed 
the molecular arrangements and the formation of hydrogen bonds 
in the crystal. The Hirshfeld surface computational method allows 
us to examine the intermolecular interaction of the title compound. 
The optimized molecular structure, electronic properties, vibrational 
frequencies and intensity of vibrations of the title compound are 
calculated by DFT method using B3LYP method at LanL2DZ basis 
levels. The optimized geometric parameters (bond lengths and bond 
angles) are theoretically determined by DFT theory and compared 

with the experimental data. The vibrational wavenumber, FT-IR and 
FT-Raman intensities were calculated and were found in very good 
agreement with experimental vibrations. The MEP map of [Cu(en)]Cl2 
shows that the negative potential sites are on chlorine atoms and the 
positive potential sites are around the hydrogen atoms. The Mulliken 
populations indicated the charge distributions over the atoms. The 
calculated HOMO and LUMO energies help to exemplify the chemical 
reactivity and kinetic stability of the molecule.
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