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Abstract

A copper(Il) chelate complex with diethylenetriamine (deta), [Cu(deta),]Cl,-H,O (1), was synthesized by direct in-
teraction of solid copper(II) chloride dihydrate with deta. Complex 1 was characterized by X-ray structural analysis,
infrared (IR) spectroscopy and differential scanning calorimetry (DSC) and was studied as a flame retardant-hardener
for epoxy resins. The crystals of 1 consist of [Cu(defa),]?* cations, Cl~ anions and uncoordinated water molecules. Each
Cu(II) atom is chelated with two tridentate molecules of deta, which bond to the central Cu(II) atom in a non-equivalent
manner. This results in a distorted tetragonal bipyramidal environment around the Cu(II) atom. The crystal packing of
the structural units in 1 is determined by both the dominant cation-anion interaction and strong hydrogen bonds, such
as N-H---Cl, N-H--O, and O-H--Cl. Density functional theory (DFT) calculations were performed to determine the
electron structure of 1 using the restricted formalism of B3LYP method with a 6-31G* orbital basis set. The d-orbitals of
the Cu?* ion are split due to the interaction of a tetragonal bipyramidal environment and the chelation, resulting in the
visually observed dark blue color of crystals of 1. This color closely corresponds to the calculated value of the visible light
wavelength (1 = 661.37 nm), which is related to the energy of photons absorbed by the complex (A = 1.874 eV).
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1. Introduction

The study of complexation processes of d-metal salts,
particularly inorganic salts of copper(I) and copper(II), with
polydentate ligands such as polyamines, represents a signif-
icant area of research in modern chemistry.! These coordi-
nation compounds have been demonstrated to be highly
effective catalysts and accurate models of active sites of cop-
per-containing enzymes.>~ These are often used as the basis
for new luminescent materials, and can be integrated into
the polymer matrices of epoxy resins, effectively reducing
their combustibility.}-1¢ In addition, copper salts, especially
chlorides, are widely used for the conversion of hydrocarbon

derivatives, and copper(I) and copper(Il) salts have proven
to be highly effective in preventing flame spread during the
combustion of nitrogen-containing hydrocarbons such as
polyamines.!”~2° The formation of Cu(I[)¢N coordination
bonds and chelation of metal atoms by polyamine molecules
make the interaction of copper(Il) salts with polyamines an
area of considerable scientific interest. In addition, the for-
mation of copper(II) complexes plays an important role in
achieving practical non-combustibility of organic ligands.
These complexes inhibit the combustion of nitrogen-con-
taining hydrocarbons due to the strong binding of polyam-
ines by copper(II) salts. Consequently, inorganic copper(II)
salts are highly effective flame retardants, particularly for
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preventing the ignition of various polyamines, including
epoxy resin hardeners. The factors that reduce the combus-
tibility of polyamines were identified.?!*? This opens up new
avenues for the utilization of copper salts in the fabrication
of polymeric materials based on epoxy-amine composites,
which exhibit unparalleled resistance to combustion.?3-26

The literature describes a wide range of polyamine
complexes of copper(II) with a diverse crystal structure,
many of which include Cu-N interaction.?’-3> Concur-
rently, nitrogen-containing polydentate ligands demon-
strate an exceptional capacity to form chelate complexes
in which the resulting heterocyclic fragments stabilize the
structure. It would be of interest to investigate the inter-
action of inorganic copper(Il) salts with polyamines, in
particular polyethylenepolyamine (pepa), in order to study
the stoichiometry and stereochemistry of the formed che-
late complexes, with a special emphasis on the influence of
the electronic structure of inorganic salts and the dentate
nature of organic ligands. In addition, the ability of inor-
ganic copper(II) salts to effectively inhibit the combustion
of epoxy-amine composites should be discussed.

Chelate complexes such as [Cu(deta)H,0]SO,-H,0,
[{CuCO;(deta)(H,0)},]-6H,O, [Cu(eda)(deta)]SiFs, and
[Cu(eda),(H,O)(CD]Cl (where eda stands for ethylenedi-
amine and deta for diethylenetriamine, both components of
pepa) have been previously utilized as flame retardant-hard-
eners for epoxies.3*~* These coordination compounds have
the potential to significantly reduce the combustibility of
epoxy-amine composites and improve their physicochemical
and mechanical properties. Therefore, it would be beneficial
to investigate the interaction of deta with copper(II) chloride
and study the thermal behavior of the resulting coordination
compound. This is because its crystalline phase can also be
used as a flame retardant-hardener of epoxy resins.

The paper presents the synthesis of [Cu(deta),]Cl,-H,O
(1) crystals, along with X-ray crystal structure determi-
nation, infrared (IR) spectroscopy, differential scanning
calorimetry (DSC), and density functional theory (DFT)
calculations of its electronic and molecular structure.
It should be noted that the unit cell dimensions of the
crystals 1 at room temperature have already been deter-
mined,*® but the crystal structure of this compound has
not yet been studied.

2. Experimental

2. 1. Materials

The chemicals CuCl,-2H,0 and diethylenetriamine
(deta) were obtained from commercial sources and used
as received without further purification.

2. 2. Synthesis of [Cu(deta),]Cl,-H,O

The crystals of bis(diethylenetriamine)copper(II)
chloride monohydrate (1) were synthesized by direct in-

teraction of solid copper(II) chloride dihydrate with di-
ethylenetriamine (deta). A homogeneous liquid mixture
of dark blue color was obtained by triturating 1.70 g (10.0
mmol) of crystalline CuCl,-2H,0 in a porcelain mortar
and adding 2.17 g (21.0 mmol) of deta. The contents were
left at room temperature for several days until dark blue
phase 1 crystals appeared as a reaction (1).

CuCl,2H,0 + 2NH,C,H,NHC,H,NH, > M
[Cu(NH2C2H4NHC2H4NH2)2]Clz‘HzO + H20
The product yield was 3.52 g (98%). Anal. calcd. (%)
for CgH,3Cl,CuN4O: C, 26.78; H, 7.87; N, 23.42; found: C,
26.57; H, 7.43; N, 23.54.

2. 3. X-ray Crystal Structure Determination

Crystal 1 was mounted on an Xcalibur diffractometer
equipped with an Oxford Cryosystem cooler and a CCD
detector using Mo K, radiation (0.71073 A) and a graphite
monochromator. The diffraction data collected were pro-
cessed using the CrysAlis PRO program.*! The structure
was solved using the ShelXT program and refined by the
least-squares method in F* using the ShelXL program with
the graphical user interface OLEX2.42* Atomic displace-
ments for non-hydrogen atoms were refined using an an-
isotropic model. The ligand’s amino groups” hydrogen at-
oms were obtained from Fourier difference syntheses and
refined freely using isotropic displacement parameters.
The remaining hydrogen atoms were placed at geometri-
cally calculated positions and refined as riding atoms with
relative isotropic displacement parameters. The crystal
parameters, data collection, and refinement details are
summarized in Table 1. All crystal structure figures were
generated using the DIAMOND program.* Figure 1 dis-
plays the atom numbering system for the asymmetric part
of complex 1.

H(51C)

Figure 1. The atom numbering system for the asymmetric part of
complex 1. Thermal ellipsoids are shown at the 50% probability lev-
el for non-hydrogen atoms.
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Table 1. Crystallographic and refinement data for 1.

Empirical formula CgH,5Cl,CuNsO

M, 358.80

Crystal system, space group Monoclinic, P2,/c

Temperature (K) 100(2)

a, b c(A) 13.5036(2),
8.6387(1),
13.8853(2)

B 102.184(2)

V (A3) 1583.28(4)

VA 4

Radiation type Mo K,

p (mm-t) 1.717

F(000) 756

Measured reflections 1231

Independent reflections 4035

Observed reflections (I > 20(I)) 3591

Ry R, 0.0166, 0.0167

Refined parameters 206

RI, wR2 [F2 > 20(F?)] 0.0189, 0.0539
RI1, wR2 [all data] 0.0225, 0.0550
Goodness of fit on F? 1.039

APrmaso Apmmin (€ - A7) 0.464, —0.362

2. 4. Infrared Spectroscopy

The IR spectra of deta and [Cu(deta),]Cl,-H,O were
recorded using PerkinElmer Spectrum Two FTIR and
Philips PU 9800 FT infrared spectrometers, respective-
ly. Both spectra were recorded in the frequency range of
4000-500 cm™! with a resolution of 2 cm™. The IR meas-
urements were performed using a solid phase sample of 1
compressed into a pellet with spectroscopically pure KBr
or a liquid phase sample of deta using a KBr cuvette. The
recorded IR spectra of deta and [Cu(deta),]Cl,-H,O are
presented in Fig. 2.

2. 5. Differential Scanning Calorimetry

Differential Scanning Calorimetry data were ob-
tained using a DSC1 Mettler Toledo instrument. The solid
phase 1 (5.67 mg) was heated from room temperature to
350 °C at a rate of 10 °C per minute in a nitrogen environ-
ment in alumina crucible.

2. 6. Flammability Tests

The flammability of the deta and [Cu(deta),]Cl,-H,O
samples was evaluated by determining their ignition ()
and self-ignition (ft.ig,) temperatures using a TF appara-
tus according to ASTM D1929-16.% The solid phase sam-
ple was prepared by compressing 3 g of crystalline 1 into
a cylindrical tablet. The liquid phase sample of deta (3 g)
was placed in an alumina crucible. Three measurements
were taken for each type of sample and the resulting values
were averaged.

2. 7. Computational Details
2.7. 1. DFT Studies

The DFT method was used to perform quan-
tum-chemical modeling of chelating processes in the deta
- CuCly-H,0 system. The HyperChem program version
8.0.6 was used with a 6-31G* orbital basis set and the
restricted formalism of the B3LYP method.*” Discrete
clusters [Cu(deta),]Cl,-H,O and [Cu(H,0),Cl,] were
constructed using crystallographic data from 1 and Cu-
Cl,-2H,0.*8 A free molecule of deta was also included. The
charge density distribution was calculated for the discrete
clusters without optimizing the geometry of structural
fragments, while the geometry of the deta molecule was
optimized. The calculations were performed assuming
that the clusters and deta molecules were isolated and in
a vacuum.

2.7. 2. Hirshfeld Surface Analysis and Fingerprint
Plots

To visualize the intermolecular interactions in the
crystals of 1, Hirshfeld surface analysis was performed.
The three-dimensional Hirshfeld surfaces (HSs) and
two-dimensional fingerprint plots for 1 were generated
using the Crystal Explorer program.*

3. Results and Discussion
3. 1. Crystal Structure of [Cu(deta),]Cl,-H,O

It is well known that nitrogen-containing tridentate
ligands, such as deta, can form chelate complexes with
copper(Il) salts, including copper(II) halides. In these
complexes, all three amino groups of the organic mol-
ecule coordinate with the central Cu(II) atom to form
organometallic rings. The structure of these complexes,
which have a general composition of CuX,-2deta (X = Cl,
Br), is determined by the mode of coordination. Com-
plex 1 is isostructural with previously studied complex-
es based on Co(II), Ni(II) and Zn(II) chlorides and with
[Cu(deta),]Br,-H,0O complex.>0-5® In its crystal structure
six N atoms from three amino groups of two deta mol-
ecules are coordinated to one copper(Il) ion (Fig. 1 and
Fig. 3) and the structure is composed of [Cu(deta),]**
cations as the primary units and hydrated halide anions
[Hal---HOH---Hal]?" as counterions.

The interaction of polyamines with copper(Il)
salts to form chelate complexes is reflected in the IR
spectra in the form of a shift in the absorption bands
for N-H bonds. Accordingly, our attention will be di-
rected towards the absorption bands resulting from the
stretching and bending of the -NH, and -NH- groups
of the coordinated and free deta molecules. In the case
of free deta (Fig. 2, a), the high-frequency region of
3366 and 3252 cm™ is associated with the stretching of
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Figure 2. IR spectra of deta (a) and 1 (b).

N-H bonds in -NH, groups. Furthermore, the band ob-
served at 3194 cm™ is associated with the stretching of
N-H bonds in -NH- groups. The vibration frequency at
1596 cm™ corresponds to the bending of N-H bonds. Fol-
lowing the bonding of the deta to CuCl, (as illustrated in
Fig. 2, b), two N-H absorption bands exhibited a shift in
to a higher frequency, observed at 3424 and 3266 cm™,
while another band exhibited a shift in the opposite direc-

(o =]
Q9Q

ozo

ecoMce

Figure 3. Crystal packing of 1 with presented tetragonal bipyrami-

dal coordination of Cu(II). Hydrogen bonds are shown as dotted
lines.

tion, observed at 3167 cm™!. In addition, the wavenumber
at 1596 cm™!, which is characteristic of free deta, shifts to
a higher frequency (1604 cm™!) after bonding to Cu(II).

Table 2 lists the bond lengths and bond angles for
1. The Cu?* ion is hexacoordinated by N atoms. The co-
ordination sphere around the central atom is a distort-
ed tetragonal bipyramid. The base of the polyhedron is
formed by N(1), N(2), and N(3) atoms from the first deta
molecule and N(5) atom from the second deta molecule.
The apical positions are occupied by N(4) and N(6) atoms
from the second deta molecule. The Cu-N bond lengths
in the bipyramid equatorial plane range from 2.019(1) to
2.084(1) A, while the axial Cu(1)-N(4) and Cu(1)-N(6)
bonds are longer with the distances of 2.372(1) and
2.485(1) A, respectively. The observed loosening of the
Cu(1)-N(4) and Cu(1)-N(6) bonds is mainly caused by
the electrostatic repulsion of the electron lone pair of ni-
trogen atoms from the electron pair located on the d,2
d,2 atomic orbital (AO) of the Cu?* ion, known as the
Jahn-Teller effect.>*

In 1, chloride anions are hydrated by water mol-
ecules and also form hydrogen bonds with coordinat-
ed deta molecules. Therefore, the complex [Cu(deta),]*
cations are linked to external chloride anions through
a bridging water molecule. As a result, a branched sys-
tem of fairly strong hydrogen bonds N-H--H,0--Cl
is formed in 1 (distances N(3)-H(31N)--O(1) and
O(1)-H(Q2W)--CI(1) are 2.39(2) and 2.37 A, respective-
ly) (Table 3). These hydrogen bonds provide a directional
character to the ionic interaction between cation and an-
ion. The investigated hydrogen bonds are a vivid example
of the particular influence of directed ionic interaction on
the formation of the crystal structure.>>’

Fig. 5 displays a two-dimensional plot of the con-
tacts fingerprints separated into H--H, H--Cl, and
H---O, along with their corresponding contributions to
the Hirshfeld surface. The most significant interaction is
H--H, which accounts for 76.8% of the HS. This is due

Figure 4. Hirshfeld surface for 1 mapped with d,,,,,, over the range
-0.382 to 1.306 a.u. Neighboring [Cu(deta),]*" cations associated
with hydrogen bonds are also shown.
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Table 2. The bond lengths and bond angles in 1

Bond d A Angle w,°
Cu(1)-N(1) 2.084(1) N(1)-Cu(1)-N(2) 83.73(4)
Cu(1)-N(2) 2.019(1) N(1)-Cu(1)-N(3) 165.41(4)
Cu(1)-N(3) 2.058(1) N(1)Cu(1)-N(4) 90.20(4)
Cu(1)-N(4) 2.372(1) N(1)-Cu(1)-N(5) 97.42(4)
Cu(1)-N(5) 2.041(1) N(1)-Cu(1)-N(6) 86.20(4)
Cu(1)-N(6) 2.485(1) N(2)-Cu(1)-N(3) 83.83(4)
N(2)-Cu(1)-N(4) 99.94(4)
N(1)-C(1) 1.482(1) N(2)-Cu(1)-N(5) 178.84(4)
N(2)-C(2) 1.468(1) N(2)-Cu(1)-N(6) 101.69(4)
N(2)-C(3) 1.479(1) N(3)-Cu(1)-N(4) 99.43(4)
N(3)-C(4) 1.480(1) N(3)-Cu(1)-N(5) 95.03(4)
N(4)-C(5) 1.473(2) N(3)-Cu(1)-N(6) 88.89(4)
N(5)-C(6) 1.480(1) N(4)-Cu(1)-N(5) 80.06(4)
N(5)-C(7) 1.479(1) N(4)-Cu(1)-N(6) 78.45(4)
N(6)-C(8) 1.471(2) N(5)-Cu(1)-N(6) 157.57(4)
C(1)-C(2) 1.520(2)
C(3)-C(4) 1.516(2) N(1)-C(1)-C(2) 109.1(1)
C(5)-C(6) 1.516(2) C(1)-C(2)-N(2) 107.0(1)
C(7)-C(8) 1.521(2) C(2)-N(2)-C(3) 115.8(1)
N(2)-C(3)-C(4) 107.3(1)
N-H 0.80(2)-0.89(2) C(3)-C(4)-N(3) 108.3(1)
C-H 0.99 N(4)-C(5)-C(6) 109.8(1)
O-H 0.85 C(5)-C(6)-N(5) 109.6(1)
C(6)-N(5)-C(7) 114.3(1)
N(5)-C(7)-C(8) 109.8(1)
C(7)-C(8)-N(6) 110.0(1)
Table 3. Geometry of selected hydrogen bonds in 1
D-H---A Symmetry code Distances, A Angle, °
N(1)-H(11N)--CI(1) 0.87(2)  2.51(2) 3.362(1) 169(1)
N(1)-H(12N)---CI(1) -x+2,-y+1,-z+1 0.83(2)  2.57(2) 3.396(1) 174(1)
N(2)-H(21N)---CI(1) X -y+1%,z+% 0.88(2)  2.43(2) 3.304(1) 169(1)
N(3)-H(31N)--O(1) 0.82(2)  2.39(2) 3.131(2) 150(1)
N(3)-H(32N)---Cl(2) -x+1,-y+1,-z+1 0.84(2)  2.61(2) 3.375(1) 153(1)
N(5)-H(51N)---Cl(2) 0.80(2)  2.52(2) 3.308(1) 169(1)
N(6)-H(61N)---CI(1) 0.89(2)  2.58(2) 3.402(1) 155(1)
N(6)-H(62N)---Cl(2) -x+1,-y+1,-z+1 0.83(2)  2.64(2) 3.385(1) 151(1)
O(1)-H(1W)---CI(2) 0.85 2.41 3.195 153
O(1)-H(2W)---Cl(2) -x+Ly+%,-z+1%  0.85 2.37 3.196 166

to the large number of H atoms in the discrete cation
[Cu(deta),]**, resulting in widely scattered points of high
density. The spike with a tip at d. + d; ~ 2.04 A (Fig. 5a)
is due to short interatomic contacts between methylene
groups. The next significant interaction is H--Cl, which
contributes 19.1% to the HS (Fig. 5b). The distribution of
points in this interaction is asymmetric and is caused by the
N-H:--Cl hydrogen bonds (Table 3). It is considered a
sharp spike with a tip at d, + d; ~ 2.24 A. The interaction
H---O contributes 4.1% to the HS in the form of a compact
distribution of points (Fig. 5¢). It arises from the N-H---O

hydrogen bonds (Table 3) and is considered a spike with a
tip at d, + d; =~ 2.25 A.

3. 2. Electronic Structure of
[Cu(deta)z] Clz'HzO

The interaction between Cu(II) and deta alters the
electronic characteristics of the coordinated deta molecule
compared to the uncoordinated molecule. DFT calcula-
tions indicate that the electronic density of the ligand mol-
ecule’s nitrogen atoms in the coordination core of 1 shift

Mykhalichko et al.:
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Figure 5. Fingerprint plots resolved into H--H (a), H---Cl (b) and H---O (c) contacts.
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towards the Cu(II) atom. So, the value of charge density
(d) on nitrogen atoms of uncoordinated deta molecule
are -0.333 ¢ (for -NH, groups) and -0.252 ¢ (for -NH-
group), and the d value on Cu atom in [Cu(H,0),CL,] unit
fragment of the copper(II) chloride equals to +0.239 é (Fig.
6, a and b). However, chelation reduces the electron densi-
ty on the nitrogen atoms of the coordinated deta molecule
in the coordination core [Cu(deta),]|Cl,-H,O. The d values
for axially bonded N atoms range from +0.101 to +0.201¢,
while for N atoms bonded at the equatorial plane of the
bipyramid, the d values range from +0.480 to +0.611 é. In
contrast, the chelated Cu(II) atom accumulates an electron
density of -0.492 e (Fig. 6, c).

CI(-0.968)

()

CI(-0.967)

‘.

(0.240)H

(-0.425)0 I8 H{0.002)

H(0.175) (0-007)H‘ H(-0.018)

Figure 6. Charge density (+9, é) distribution on the atoms in the
deta (a), [Cu(H,0),Cl,] (b), and [Cu(deta),]Cl,xH,0 (c).

Due to chelation, the lone electron pairs of N-atoms
of the deta overlap more efficiently with four of the six un-
occupied d,2_,2 d2-hybridized AOs of the central Cu** ion
directed to the vertices of the square base. The other two hy-
bridized atomic orbitals of the Cu?" ion are also overlapped
with the apical N atoms, but less effectively. Thus, the ini-
tially octahedral environment of the metal atom is strongly
deformed and takes on the shape of an elongated tetragonal
bipyramid. The square-bipyramidal field of ligands, along
with the chelating effect, eliminates the degeneration of the
3d-AO of the Cu?* jon in 1. Fig. 7 shows the MO diagram
for [Cu(deta),]Cl,-H,O and the 3d-AO splitting of the Cu?*
ion in spherical and square-bipyramidal crystal fields.
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Figure 7. MO diagram for [Cu(deta),]Cl,xH,0 (left) and 3d-AO splitting of Cu?* ion in spherical and square-bipyramidal crystal fields (right).

Based on the crystal field theory, the degenerate 3d
atomic orbitals (AO) of the complexing agent in the octa-
hedral ligand environment split into two sets of AOs with
different energies. The set consisting of d,, d..-, and d,,-
AOs has the lowest energy, while the d.>- and d,2_,2 -AOs
have the highest energy. The coordination environment
of the Cu?* ion is deformed to a square-bipyramidal one
due to the Jahn-Teller effect and the chelating effect. The
arrangement of the split d-AOs in the square-bipyrami-
dal crystal field of ligands results in a slightly different se-
quence of the complexing agent’s splitting parameters. The
energy levels follow this order (in ascending order of AO
energy): d,, <d,, <d,, and d2 <d,_p (refer to Fig. 7). The
energy difference between the d,.-AO, which has the low-
est energy, and the d,2_2-AO, which has the highest ener-
gy, is 2.306 eV. Between these energy levels is a portion of
the molecular orbitals (MO) of the complex, resulting in
the emergence of a distinct gap (D = 1.874 eV) between

the energy levels of the corresponding MO (-4.659 eV)
occupied by a pair of electrons and d,2_2-AO (-2.785 eV)
with an unpaired electron. The energy gap corresponds
precisely to the wavelength of visible light (\ = 661.37
nm). This energy is adequate to transfer one electron from
alower energy level to a higher one, resulting in an excited
state. The energy difference between the ground and ex-
cited states equals the energy of the absorbed photon with
the wavelength of 661.37 nm. This is why crystal 1 appears
dark blue.

3. 3. Flame Retardant Properties of
[Cu(deta),]Cl,-H,O

The thermal behavior of chelate complex 1, used as a
flame retardant-hardener for epoxy resins, largely depends
on the efficiency of bonding of combustible deta to non-
combustible copper(II) chloride. The thermal properties
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Figure 8. DSC curve of 1

of 1 were analyzed through differential scanning calorime-
try, and the DSC results are presented in Fig. 8.

The DSC curve shows that the thermal behavior of
1 can be divided into three temperature regions. The first
region, spanning from 104.23 to 137.65 °C, absorbs 64.9
kJ-mol~! of heat. At 120.37 °C, an endothermic minimum
appears, indicating the release of crystallization water
from the crystals of 1.

The second stage of thermal decomposition of 1
occurs between 194.14 and 214.18 °C, with a slight exo-
thermic peak at 201.52 °C, releasing 4.6 k] mol™! of heat.
In this temperature range, crystals 1 melt and decompose
simultaneously. At the same time, it is the amine compo-
nent that undergoes partial thermal degradation, includ-
ing dehydrogenation of the metal-coordinated deta with
simultaneous hydrogen release.

The third and final stage of thermal decomposition
absorbs the largest amount of thermal energy, specifically
154.5 kJ mol~!. This endothermic process occurs within
a temperature range of 313.67 to 336.92 °C, with an en-
dothermic minimum at 328.31 °C. During this process,
Cu-N coordination bonds are broken, resulting in the
complete destruction of the complex.

Finally, it is important to consider the effect of the
interaction between deta and CuCl, on the combustibility
of deta. For instance, while the ignition temperature of free
deta is 97 °C, deta bound in the complex does not ignite at
all, even if the temperature reaches 450 °C. In other words,
the combustible deta (epoxy hardener) becomes a virtual-
ly non-combustible substance after bonding to copper(II)
chloride (flame retardant). This phenomenon is attribut-
ed to the coordination bonds between deta and CuCl,,
known as Cu(II) « N bonds. Breaking these bonds requires

18 20 22 24 26 28 30  min

338.34 kJ-mol™! of thermal energy, which firmly holds the
deta molecules in the complex and makes them extremely
resistant to thermo-oxidative degradation. The flame re-
tardant effect of inorganic copper(II) salts on the combus-
tion of nitrogen-containing hydrocarbons is due to compl-
exation processes.

4. Conclusions

The chelated complex [Cu(deta),]Cl,-H,O (1) was
synthesized by reacting CuCl,-2H,0 with deta. Complex 1
is composed of discrete complex cations — [Cu(deta),]*",
where deta molecules act as chelating agents, and hydrat-
ed anions [Cl---H,O--Cl]?>. The Cu?* ion in [Cu(deta),]**
is hexacoordinated by the N-atoms of two deta molecules,
determining the geometry of the coordination polyhe-
dron of Cu(II), which has the shape of a distorted tetrag-
onal bipyramid. The crystal framework of the complex
is stabilized by hydrogen bonds N-H--O, N-H--Cl and
O-H--Cl. An analysis of the electronic structure of 1 us-
ing quantum chemistry calculations revealed that the
square-bipyramidal crystal field of ligands and the chelat-
ing effect work together to split the degenerate 3d-AOs of
the Cu?* ion into two sets of energy levels. One set has lower
energy (d,. <d,. <d,), and the other has higher energy (d.2
< d,2_,2). The chelating effect has an impact on the thermal
behavior of solid complex 1. Therefore, DSC studies and
flammability tests have demonstrated that the decomposi-
tion of crystalline complex 1 is completed at a temperature
of 328 °C, while the ignition of deta bonded in the complex
does not occur at all. This indicates that crystals 1 can be
utilized as a flame retardant-hardener for epoxy resins.
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Kelatni kompleks bakrovega(Il) klorida z dietilenetriaminom (deta), [Cu(deta),]Cl,-H,O (1), smo sintetizirani z ne-
posredno interakcijo trdnega bakrovega(Il) klorida dihidrata z deta. S pomocjo rentgenske strukturne analize, infra-
rdece (IR) spektroskopije in diferen¢ne dinami¢ne kalorimetrije (DSC) smo okarakterizirali kelatni kompleks 1 ter ga
proucevali kot zaviralca gorenja epoksidnih smol. Kristali 1 so sestavljeni iz kationov [Cu(deta),]?*, anionov CI- in ne-
koordiniranih molekul vode. Vsak atom Cu(II) je kelatiran z dvema tridentatnima molekulama deta, ki se neekviva-
lentno veZeta na osrednji atom Cu(II). Posledica tega je popacena tetragonalno bipiramidna razporeditev okoli Cu(II).
Kristalno pakiranje strukturnih enot v 1 dolo¢ajo prevladujoca interakcija med kationom in anionom ter mo¢ne vodik-
ove vezi, kot so N-H--Cl, N-H---O, and O-H---Cl. S teorijo gostotnostnega funkcionala (DFT) smo dolo¢ili elektronsko
strukturo 1 ob uporabi metode B3LYP in baznega seta 6-31G*. Opazen je razcep d-orbital Cu** zaradi tetragonalne bip-
iramidalne razporeditve ligandov in kelacije, kar povzro¢i temno modro barvo kristalov 1. Barva se ujema z izra¢unano
vrednostjo valovne dolzine vidne svetlobe (A = 661,37 nm), ki je povezana z energijo fotonov, ki jih kompleks absorbira

(A=1,874eV).
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