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Abstract

This study investigates the impact of a novel copper(II)-based flame retardant on the combustibility and fire risk of epoxy composites. 

The flame retardant is a chelate-type coordination compound of copper(II) chloride and diethylenetriamine (deta) – [Cu(deta)2]Cl2 – 

and was synthesized through the direct reaction of CuCl2 and polyethylenepolyamine (pepa). When incorporated into epoxy resin, 

the synthesized coordination compound exhibites bifunctional properties, acting as both a flame retardant and a curing agent. 

Epoxy composites containing [Cu(deta)2]Cl2 are significantly less combustible, as demonstrated by a decrease in the maximum 

temperature of the gaseous combustion products and the mass loss of composite samples due to combustion. The flammability 

of the synthesized composition was evaluated using the vertical burning method in accordance with the UL 94 standard, and the 

composition met the criteria for the V-1 class. Incorporating the synthesized flame retardant-hardener into the epoxy resin reduces 

smoke emission intensity during burning and smoldering. The increased fire resistance of the modified compositions is due to the 

formation of Cu–N coordination bonds in the polymer matrix and the catalytic effect of copper-containing centers on carbonization 

and oxidation processes. This is in addition to the formation of a dense, carbonized protective layer during thermal decomposition. 

These results confirm the potential of using copper(II) chelate coordination compounds as multifunctional components in epoxy 

systems that combine the roles of curing agent and flame retardant. This opens up opportunities for creating a new generation of 

polymer materials with enhanced fire safety for various applications.
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1 Introduction
The development of industrial technologies has sparked 
growing interest in epoxy resins and materials, expanding 
the scope of their practical applications. However, signif-
icant drawbacks of epoxy composite materials limit their 
use in new fields. These drawbacks include relatively low 
heat and thermal resistance, as well as an increased fire 
hazard. Depending on the intended use, the required tech-
nological and physical-mechanical properties of the mate-
rials, and their cost, the fire hazard of polymer materials 
based on epoxy resins can be reduced by applying various 
methods [1, 2]. Currently, the most common approach to 
addressing this issue is to alter the elemental composition 
and chemical structure of epoxy polymers using reactive 
flame retardants. Consequently, the range of flame retar-
dant types is constantly expanding [3–5].

Metal-containing flame retardants deserve special atten-
tion. Among the wide range of compounds in this class, the 
most common are salts, oxides, and hydroxides of s- or p-el-
ements [6–8]. These flame retardants primarily act through 
physical mechanisms, such as heat absorption during 
thermal decomposition, releasing non-flammable gases, 
or forming a protective oxide layer on the  surface of the 
material. However, their effectiveness often depends on the 
degree of dispersion and uniformity of distribution within 
the polymer. However, a significant drawback of these sys-
tems is that flame retardant particles tend to migrate to the 
surface of the material during use, which can lead to a grad-
ual loss of fire resistance. Additionally, a high content of 
mineral additives often negatively affects the physical and 
mechanical properties of composites, particularly reducing 
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strength, elasticity, and adhesive properties. These limita-
tions restrict their use in high-load structural materials and 
drive the search for more effective reactive flame retardants.

In  this context, using metal coordination compounds 
significantly expands the possibilities for producing epoxy 
polymer materials with reduced fire hazards and varying 
other properties. Organometallic compounds are most 
often proposed for this purpose. In this case, the com-
plexing agents are transition metal atoms, such as copper, 
cobalt, nickel, and zinc, while the ligands are phosphorus-, 
nitrogen-, or silicon-containing compounds.

To improve the fire resistance of epoxy resins, the flame 
retardant DOPO-Salen-Ni has been proposed. It  is  based 
on 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide 
(DOPO) and the Salen-Ni ligand. Studies have shown that 
with a flame retardant content of 5 wt.%, the oxygen index 
increases to 32.2%, and the material achieves a UL-94 V-0 
rating [9]. Additionally, significant reductions in heat release 
and smoke generation are observed. This synergistic effect 
in the gas and condensed phases achieves the fire-retardant 
effect, making the proposed approach promising for devel-
oping effective next-generation flame-retardant systems.

Using Zn- and Fe-based organometallic coordination 
compounds that are modified with phosphonitrile groups 
significantly improves the fire resistance, smoke gener-
ation capacity, and thermal stability of epoxy resins  [10]. 
Zn-containing coordination compounds have been shown 
to be more effective than Fe-containing ones, increasing the 
oxygen index by up to 29.8%. The primary fire-retardant 
mechanism occurs in the condensed phase due to the syn-
ergistic action of catalytic carbonization driven by metal 
ions and the flame-retardant effect of phosphonitrile frag-
ments, which promote the formation of a stable, protective, 
graphitized layer. Additionally, gas-phase processes asso-
ciated with the release of phosphorus- and nitrogen-con-
taining radicals during thermal decomposition were found 
to play an important role in flame suppression, particularly 
in systems containing zinc(II) coordination compounds.

A phosphorus-containing organozinc compound 
(Zn-PDH), obtained using zinc and iron as the metal cen-
ter and 4-aminopyridine as the organic ligand, which con-
tains P–N fragments of phosphazene (PDH), has fire-re-
tardant properties and a mechanism of action. The same 
is true of Zn-PDH/tris-(3-DOPO-1-propyl)-triazine tri-
one (TAD) in epoxy resin [11]. The composition demon-
strated the best flame retardancy, smoke suppression, 
and heat release reduction when TAD and Zn-PDH were 
added to the epoxy resin in a 3:1 ratio. Furthermore, the 
gas phase and Zn-PDH contributed primarily to charring, 

providing a barrier and protective effect in the condensed 
phase. TAD, on the other hand, released phosphorus-con-
taining and phenoxy radicals during decomposition, pri-
marily exerting a quenching effect in the gas phase. In the 
condensed phase, Zn-PDH promoted the decomposition of 
the polymer matrix, forming a greater number of aromatic 
structures and rapidly creating a dense, carbonized layer 
rich in cross-linked P−O−C structures at high tempera-
tures. Meanwhile, more nitrogen (N) entered the gas phase 
as an inert gas, diluting the concentration of combustible 
gas and helping to inhibit the combustion reaction.

Additionally, significant attention has been devoted 
to studies aimed at using metal coordination compounds 
as curing agents for epoxy resins. One such coordination 
compound is the epoxy-imidazole adduct of phenylglyc-
idyl ether with 2-ethyl-4-methylimidazole (PGE-EMI) and 
its acetate and chloride salts with transition metals (Mn, 
Co, Ni, Cu, Zn, and Ag). These coordination compounds 
have been proposed as epoxy resin curing agents [12, 13]. 
The  thermal stability of the coordination compounds 
depends on the transition metal and the anion. Notably, 
coordination compounds with acetate anions were found 
to be less thermally stable than their chloride counterparts.

Metal-coordinated epoxy polymers were obtained 
using bisphenol-A diglycidyl ether as a hardener for cop-
per(II) salts of organic acids (acetic acid, salicylic acid, 
and anthranilic acid), as well as copper(II) salicylaldi-
mines with aliphatic amines (e.g., ethylenediamine, dieth-
ylenetriamine, triethylenetetramine, and cyanoethyl-
ated diethylenetriamine) [14, 15]. The effects of different 
ligands and anions on polymer properties were investi-
gated. Copper-containing polymers were found to exhibit 
significant thermal-oxidative stability up to 280 °C.

Due to the behavior of the coordination compounds 
d-metal, there has been growing interest in recent years in 
using them as multifunctional additives that can serve as 
flame retardants, hardeners, plasticizers, foaming agents, 
structure-forming agents, and surfactants. This work par-
ticularly proposes using  Cu(II) and  Co(II) coordination 
compounds modified with ammonium polyphosphates as 
multifunctional additives in epoxy systems [16]. The syn-
thesized coordination compounds have been shown to act 
as co-curing agents, improve compatibility between com-
ponents of the composition, and enhance the material's 
mechanical properties and thermal insulation character-
istics. At  the  same time, the complexes ensure a signifi-
cant reduction in heat release and smoke generation during 
combustion, indicating an effective improvement in the 
fire safety of epoxy coatings.
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It has been proposed to use a phosphorus-containing cop-
per(II) coordination compound obtained from the reaction 
of CuCl2 and a phosphorus-containing imidazole as a mul-
tifunctional latent curing agent for one-component epoxy 
systems  [17]. The  introduction of this coordination com-
pound has been shown to ensure high storage stability, rapid 
curing upon heating, and increased thermal stability of the 
resulting materials. The compositions are particularly char-
acterized by a long shelf life (up to 43 days), a short gela-
tion time, and a high glass transition temperature. At the 
same time, significant increases in fire resistance (Limiting 
Oxygen Index (LOI) up to 37.8% and UL-94 V-0 rating) and 
substantial reductions in smoke generation were achieved.

To create epoxy thermosetting materials with enhanced 
fire safety without compromising performance, phospho-
rus-containing transition metal coordination compounds 
were used as multifunctional curing agents [18]. Introducing 
15  wt.% of a  Zn-based coordination compound has been 
shown to achieve a high level of fire resistance (UL-94 V-0, 
LOI 36.5%), as well as a significant reduction in heat release 
rate and smoke generation. Similar results were obtained 
for systems containing cobalt. Furthermore, these composi-
tions have latent curing ability, low viscosity, and improved 
dielectric properties due to the uniform distribution of the 
coordination compounds in the polymer matrix.

Direct interaction between organic amines and inorganic 
copper(II) salts, such as (CuOH)2CO3 [19], CuSiF6 [20–22], 
and CuSO4 [23, 24], resulted in a chelate-type coordination 
compound formation. Incorporating these coordination 
compounds into an epoxy matrix creates metal-coordi-
nated compositions in which the Cu(II)-containing com-
pounds act as flame retardants and curing agents. These 
compositions promote the formation of a dense polymer 
network and reduce combustibility. They also increased 
resistance to thermal-oxidative degradation and raised the 
ignition and self-ignition temperatures. Furthermore, they 
reduced burning intensity and smoke generation, forming 
self-extinguishing materials. 

A review of the pertinent literature and the results 
of previous studies indicates that d-metal coordination 
compounds are promising multifunctional components 
of epoxy systems, capable of acting as curing agents 
and flame retardants simultaneously. Previously, a cop-
per-containing flame retardant-hardener of the composi-
tion [Cu(eda)2(H2O)Cl]Cl (eda–ethylenediamine) [25] was 
used to obtain metal-coordinated epoxy-amine compos-
ites with reduced fire risk. At the same time, the effect of 
new Cu(II) chelate coordination compounds, formed with 

the participation of polyethylenepolyamine (pepa), on the 
structuring processes and fire risk of epoxy-amine compos-
ites remains insufficiently studied. Therefore, the aim of this 
work is to determine the effect of the chelate-type coordi-
nation compound [Cu(deta)2]Cl2 (deta–diethylenetriamine) 
on the combustibility, flame spread, and smoke-forming 
ability of epoxy-amine composites. Particular attention is 
paid to elucidating the role of Cu(II)–N coordination inter-
actions in the formation of a three-dimensional polymer 
network and the mechanisms underlying the increased fire 
resistance of metal-coordinated epoxy materials.

2 Experiments
2.1 Materials 
ED-20 epoxy resin is a colorless, viscous liquid with a 
mass fraction of epoxy groups of 21.6%. Its dynamic vis-
cosity at 25 °C is 18 Pa·s, its average molecular mass M is 
410 g·mol−1, and it is manufactured by TM Technobudresurs 
in Ukraine. The flame retardanthardener is a coordination 
compound of copper(II) chloride, CuCl2·2H2O (non-com-
bustible green-blue crystals, M  =  171.5  g·mol−1, the spe-
cific gravity at 20 °C is 2.51 g·cm−1, the dehydration tem-
perature is 110  °C, manufacturer: TM Klebrig Ukraine) 
and polyethylenepolyamine, pepa – H2N[–C2H4NH–]nH, 
where n  =  2 is deta – H2NC2H4NHC2H4NH2 (colorless 
liquid, M  =  103.17  g·mol−1, the specific gravity at 20  °C 
is  0.955  g·cm−1, the boiling point is 204.1  °C, the igni-
tion temperature is 97 °C, the self-ignition temperature is 
350 °C, manufacturer: TM Tekhnobudresurs, Ukraine).

2.2 Flame retardant-hardener synthesis
The flame-retardant hardener, in the form of crystals of 
the chelate-type coordination compounds [Cu(deta)2]Cl2, 
was prepared by directly reacting copper(II) chloride 
with pepa. The first step in the procedure was to dry the 
CuCl2·2H2O crystals in an oven set at 110 °C. This was done 
to remove all of the water of crystallization. The dehydra-
tion process was accompanied by the transformation of the 
greenish-blue CuCl2·2H2O crystals into a finely dispersed 
yellow-brown powder of anhydrous CuCl2. A  specimen 
of CuCl2 was meticulously placed in a porcelain mortar, 
followed by the judicious addition of an excess of pepa. 
The  reaction mixture was ground until a homogeneous, 
dark blue liquid suspension formed. The mixture was left 
at room temperature for several days until the crystalline 
phase appeared. The product yield was 98%. The  struc-
ture of the resulting coordination compound is studied in 
detail in reference [26]. 
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2.3 Epoxy-amine composites preparation
Metal-coordinated epoxy-amine compositions were 
obtained by incorporating a flame retardant-hardener into 
the binder. The crystals of the [Cu(deta)2]Cl2 coordination 
compound, as described in Section 2.2, were mixed with 
the ED-20 epoxy oligomer at a specific ratio and stirred 
thoroughly until a homogeneous composition formed. 
Meanwhile, an unmodified epoxy-amine composition was 
prepared without the addition of a flame retardant-hard-
ener, by mixing the ED-20 epoxy oligomer with the 
amine hardener pepa. The compositions were then poured 
into aluminium foil moulds and left to cure at room tem-
perature. Complete curing of the compositions occurred 
within 24  h. Notably, the chelate-type coordination com-
pound [Cu(deta)2]Cl2 exhibited bifunctional properties in 
the epoxy compositions, acting as both a flame retardant 
and a curing agent. Consequently, a series of epoxy-amine 
composite samples were obtained with the following molar 
ratios of reagents: ED/pepa (ED-20 : pepa : CuCl2 = 2.5:1:0); 
ED/[Cu(deta)2]Cl2  (I) (ED-20 : pepa : CuCl2 = 2.5:1:1); 
ED/[Cu(deta)2]Cl2 (II) (ED-20 : pepa : CuCl2 = 2.5:1:3).

The selection of this composition of components was 
based on the stoichiometric ratios between the epoxy groups 
of the resin and the amine groups of the flame retardant-cur-
ing agent. Furthermore, the investigation was driven by 
the necessity to examine the effect of increasing the flame 
retardant-curing agent content on the fire risk properties of 
epoxy composites. This investigation was undertaken while 
maintaining the system's processability and the capacity for 
complete curing. The ratio ED-20 : pepa : CuCl2 = 2.5:1:1 
corresponds to the minimum additive content at which 
changes in the material's properties are observed, whereas 
ED-20 : pepa : CuCl2 = 2.5:1:3 is the maximum concen-
tration that does not cause a noticeable deterioration in the 
composition's processing characteristics.

2.4 Feature and measuring
2.4.1 Combustibility testing
The combustibility of the epoxy-amine composites was 
determined in accordance with DSTU  8829:2019  [27] 
(clause 7.3), using the method detailed in reference  [28]. 
Three samples measuring 150 mm × 60 mm × 5 mm were 
prepared for each composite. Prior to testing, the samples 
were kept in a ventilated drying oven at a temperature 
of (60 ± 5) °C for 20 h. Without removing them from the 
oven, the samples were then cooled to room temperature, 
weighed and placed in glass fibre bags.

A gas burner was inserted into the ceramic chamber 
and the gas flow rate was adjusted to achieve a tempera-
ture of (200 ± 5) °C for the gaseous combustion products. 
The test sample, secured in a holder in a vertical position, 
was placed in the chamber. The sample was then exposed 
to the flame for 300 s or until the maximum temperature 
of the combustion products was reached. The time taken 
for the maximum temperature of the combustion products 
to be reached was recorded. The burner was then turned 
off and the sample was left in the chamber until it had 
cooled completely. Once cooled, the sample was removed 
from the chamber and weighed.

Based on the test results, the maximum temperature 
rise  (Δtmax), the mass loss of the sample  (Δm) and the 
combustibility group of the materials were determined: 
combustible materials – Δtmax > 60 °C and/or Δm > 60%; 
difficult-to-combustible materials – Δtmax  <  60  °C and 
Δm < 60%. Combustible materials were classified by the 
time (τ) taken to reach the maximum temperature as fol-
lows: difficult-to-flammable – τ > 240 s; moderately flam-
mable – 30 s ≤ τ ≤ 240 s; highly flammable – τ < 30 s.

It is important to acknowledge that the method for deter-
mining combustibility, as outlined in DSTU  8829:2019, 
does not have a direct equivalent in the present system 
of international or European standards for evaluating 
the fire hazard of materials. Concurrently, the standard 
EN ISO 1182 [29], entitled "Reaction to fire tests for prod-
ucts – Non-combustibility test," is the closest in terms of the 
general testing principle, though it is not fully equivalent.

2.4.2 Flammability testing
The burning resistance of the tested samples under 
a gas burner flame was determined according to 
DSTU  EN  60695-11-10:2014  [30], which is similar to 
UL 94 [31]. Samples measuring 125 mm × 13 mm × 5 mm 
were prepared for the tests. Prior to testing, the samples 
were conditioned for 48 h at a temperature of 25 °C and a 
relative humidity of 50%. All samples were tested using 
the horizontal burning (HB) method. When the flame 
spread rate could not be determined using the HB method 
(i.e., when the sample extinguished after the burner flame 
was removed), additional testing was performed using 
the vertical burning (VB) method. This enabled a higher 
level of fire resistance to be established and the maximum 
fire resistance category to which the material could be 
assigned to be determined. Each test was conducted on 
five samples of the corresponding composition.
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2.4.3 Smoke-forming capability determination
The smoke-forming capability was evaluated based on 
the smoke generation coefficient, in accordance with 
DSTU 8829:2019 (clause 7.19)  [27]. Ten samples of each 
composition measuring 20 mm × 20 mm × 10 mm were 
prepared for the experiments. Prior to testing, the samples 
were conditioned at a temperature of 20 °C for 48 h and 
weighed. The samples were tested in two modes: smoul-
dering and burning. In burning mode, the tests were con-
ducted at a heat flux density of 35 kW·m−2, and in smoul-
dering mode, at 25 kW·m−2. The power supply to the setup 
was turned on to ensure the required heat flux density, 
and the light source and receiver were activated. The ini-
tial light transmittance value was set to 100%. The sample 
was placed in a stainless steel container and introduced 
into the burning chamber. The test was conducted until 
the minimum light transmittance value was reached. Once 
the test was complete, the container containing the resi-
due was removed from the burning chamber. The appa-
ratus was then ventilated until the initial light transmit-
tance value was reached in the measurement chamber. 
Five samples were tested in each mode. The smoke gen-
eration coefficient  (Dm) was calculated and used to clas-
sify materials by smoke-forming capability: D1  group, 
with low smoke-forming capability – Dm  ≤  50  m2·kg−1; 
D2 group, with moderate smoke-forming capability 
– 50 m2·kg−1  ≤  Dm  <  500  m2·kg−1; D3 group, with high 
smoke-forming capability – Dm > 500 m2·kg−1.

3 Results and discussion
3.1 The role of the flame retardant-hardener in 
reducing the combustibility of epoxy composites
The results evaluating the effect of the flame retar-
dant-hardener [Cu(deta)2]Cl2 on the combustibility of 
epoxy composite materials, as determined by the maxi-
mum temperature rise Δtmax, mass loss Δm during com-
bustion, and time to reach the maximum temperature τ, are 
presented in Table 1. The experimental data showed that 
the maximum temperature rise for all the samples tested 
exceeds 60 °C, the mass loss exceeds 60%, and the time 
taken to reach the maximum temperature ranges from 30 

to 240 s. Therefore, in accordance with DSTU 8829:2019, 
all the composite samples are classified as moderately 
flammable combustible materials.

However, the highest maximum temperature rise 
value (Δtmax  =  667  °C) was recorded for unmodified 
ED/pepa epoxy compositions. Introducing a flame retar-
dant-hardener into the epoxy compositions decreased 
this value by 9  °C for the ED/[Cu(deta)2]Cl2  (I) compo-
sition and by 37 °C for the ED/[Cu(deta)2]Cl2 (II) compo-
sition, compared to the unmodified composition. Using a 
flame-retardant hardener in epoxy compositions reduces 
the mass loss of the samples during combustion: for the 
ED/[Cu(deta)2]Cl2  (I) composition, by 7.3%, and for the 
ED/[Cu(deta)2]Cl2 (II) composition, by 11%. Additionally, 
the flame retardant-hardener increases the time required to 
reach the maximum temperature of the gaseous combus-
tion products of the epoxy compositions. Specifically, this 
parameter increases by 17 s for the ED/[Cu(deta)2]Cl2 (I) 
composition and by 22  s for the ED/[Cu(deta)2]Cl2  (II) 
composition, compared to the ED/pepa composition.

A visual assessment of the samples' behavior under flame 
indices that those based on unmodified ED/pepa compos-
ites ignite rapidly, with active combustion accompanied by 
intense smoke emission and soot formation. In contrast, sam-
ples based on modified ED/[Cu(deta)2]Cl2 compositions are 
characterized by delayed ignition; they burn less intensely 
and virtually no smoke is emitted during combustion. 

The observed combustion characteristics of epoxy 
composite materials can be explained by the following 
considerations. The primary condition for the initiation 
of combustion in epoxy composites is the continuous 
and intense formation of combustible products result-
ing from thermal-oxidative decomposition. This pro-
cess occurs when the concentration of these products 
in the gas-air mixture exceeds the lower limit required 
for flame propagation. As the results of the studies have 
shown, modified epoxy composites are characterised by 
a significant reduction in the rate at which combustible 
products of thermal decomposition are released. At the 
same time, their diffusion into the surrounding environ-
ment slows down and the intensity of oxidation processes 
decreases, indicating an increase in fire resistance. This 
is primarily due to the formation of strong Cu−N bonds 
during the curing of the modified epoxy composite. These 
bonds arise from donor-acceptor interactions between the 
Cu2+ ion in the non-flammable copper(II) chloride and the 
nitrogen atom of the flammable pepa molecule. This con-
tributes to the formation of a more stable spatial structure 

Table 1 Results of experimental determination of the combustibility 
group indices

Compositions Δtmax (°С) Δm (%) τ (s)

ЕD/рера 667 89.0 150

ЕD/[Cu(deta)2]Cl2 (I) 658 81.7 167

ЕD/[Cu(deta)2]Cl2 (II) 630 78.0 172
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of the material. The formation of these bonds contributes 
to the formation of a more stable spatial structure, while 
the molecules of the flammable organic amine pepa are 
firmly held within the ion-molecular complex. Breaking 
these chemical bonds requires an additional supply of 
thermal energy, which slows down the thermal decompo-
sition process of the epoxy composition [32, 33].

When analyzing the effect of flame retardant-hardener 
on the flammability of epoxy composites, it is important 
to note that not all of the copper(II) chloride participates 
in the formation of complexes. Some of it may remain in 
the matrix in an unbound state. This component can influ-
ence the course of chemical transformations in the sys-
tem by promoting oxidative dehydrogenation reactions, 
which form conjugated double bonds, and intermolec-
ular cross-linking. These reactions are characteristic of 
the curing process in the presence of inorganic additives. 
Additionally, it can act as a catalyst in esterification, dehy-
dration, and other reactions.

Furthermore, copper(II) chloride can intensify the car-
bonization process of the epoxy composition by blocking 
the active sites of the polymer surface responsible for ther-
mal degradation processes. However, this mechanism only 
occurs when thermally stable structural fragments with 
higher bond energies form in place of highly reactive func-
tional groups under the influence of temperature. In some 
cases, copper(II) chloride may also catalyze thermal degra-
dation, promoting the formation of a protective carbonized 
layer on the surface of the material. The reduction in the com-
bustibility of epoxy composites in the presence of copper(II) 
chloride can be explained by reactions that incorporate cop-
per atoms into the carbonized residue's structure [18, 34].

3.2 Fire behavior
One of the key criteria for evaluating the fire risk of poly-
meric materials is how they behave when exposed to an 
open flame. Table 2 presents the results of experimental 
studies of polymeric samples based on epoxy-amine com-
posites using the Horizontal Burning Test.

As the results show, the sample based on an unmodified 
ED/pepa composition ignited easily when placed horizon-
tally under the action of the flame. The flame front rapidly 
spread across the sample, passing the 25 mm and 100 mm 
marks. The burning time between the 25 mm and 100 mm 
marks was 179 s, and the calculated linear burning rate was 
25.1 mm∙min−1. It should be emphasized that a significant 
amount of smoke and soot was emitted during the burn-
ing of this composition, and burning particles fell from the 
sample. This led to the ignition of the cotton wool beneath 
the sample. Under real fire conditions, these processes 
can contribute to faster flame spread and cause new igni-
tion sources, increasing danger to people. Thus, the stud-
ies indicate that the material sample based on the ED/pepa 
composition is classified as HB according to UL 94 since 
its burning rate over a 75  mm length does not exceed 
40 mm·min−1. The sequence of frames obtained during the 
video recording of the experiment is presented in Fig. 1.

Modifying epoxy composites with the [Cu(deta)2]Cl2 
coordination compound increases their resistance to flame 
spread. Horizontally positioned samples based on the 
ED/[Cu(deta)2]Cl2  (I) composition, in particular, ignited 
under the action of a burner flame. The flame front crossed 
the 25  mm mark, but did not cross the 100  mm mark. 
The  flame spread over a 9  mm section and then extin-
guished itself. The burning time was 75 s.

Table 2 Results of experimental studies of polymer samples based on 
epoxy-amine composites using the Horizontal Burning Test

Compositions Result

ЕD/рера

Flame front passed the 25 mm and 100 mm 
marks;

time elapsed between the 25 mm and 100 
mm marks τ = 179 s;

calculated linear burning rate 
rburn = 25.1 mm·min−1

ЕD/[Cu(deta)2]Cl2 (I)

Flame front passed the 25 mm mark;
flame front did not pass the 100 mm mark;

damaged length L = 9 mm;
elapsed time τ = 75 s

ЕD/[Cu(deta)2]Cl2 (II) Flame front did not pass the 25 mm mark

Fig. 1 A sequence of images illustrating flame spread across samples of the unmodified ED/pepa composition placed horizontally
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Samples based on the ED/[Cu(deta)2]Cl2 (II) composi-
tion also ignited when placed horizontally under a burner 
flame. However, the flame front did not cross the 25 mm 
mark (Fig.  2). Importantly, significantly less smoke was 
visually emitted during the combustion of samples based 
on modified epoxy compositions than during the com-
bustion of samples based on unmodified compositions. 
The underlying cotton wool did not ignite.

To determine the maximum fire resistance rating, 
samples based on modified compositions were tested in 
a vertical position. It was found that, for samples based 
on ED/[Cu(deta)2]Cl2  (I) and ED/[Cu(deta)2]Cl2  (II), the 
afterflame time for each specimen did not exceed 30  s. 
The total afterflame time for all specimens in each condi-
tion was less than 250 s, and the afterflame and afterglow 
time for each specimen after the second flame application 
was less than 60 s.

None of the specimens burned or smoldered past the 
holding clamp during the afterflame or afterglow. During 
combustion, no falling burning polymer particles were 
observed; thus, the cotton placed under the specimen 
did not ignite (Fig. 3). Based on these results, samples of 
epoxy-amine composites modified with [Cu(deta)2]Cl2 are 
classified as V-1 according to UL 94.

3.3 Smoke-forming capacity during burning and 
smoldering
The smoke-forming capacity during epoxy composite 
burning and smoldering, as well as the impact of the novel 
flame retardant on these factors, were assessed using the 
smoke generation coefficient (Fig. 4). Analysis of the results 
shows that the effect of the chelate coordination compound 

Fig. 2 A sequence of images illustrating flame spread across samples of the modified composition ED/[Cu(deta)2]Cl2 (II) placed horizontally

Fig. 3 A sequence of images illustrating flame spread across samples of the modified composition ED/[Cu(deta)2]Cl2 (II) placed vertically

Fig. 4 Results of experimental determination of the smoke generation 
coefficient during burning (a) and smoldering (b) of materials based on 

epoxy composites: 1 – ED/pepa; 2 – ED/[Cu(deta)2]Cl2 (I);
 3 – ED/[Cu(deta)2]Cl2 (II)
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[Cu(deta)2]Cl2 on the smoke generation of epoxy-amine 
composites is nonlinear and significantly dependent on 
its content in the system. For the ED/[Cu(deta)2]Cl2  (I) 
composition with a low flame retardant content, a notice-
able decrease in the smoke generation coefficient was 
observed: 9.2% in burning mode and 32.9% in smolder-
ing mode. This decrease can be explained by the fact that, 
at low concentrations, the copper-containing coordination 
compound primarily acts as a catalyst. Cu2⁺ ions acceler-
ate the carbonization of the polymer matrix and the forma-
tion of a denser, more stable carbonized layer. This layer 
acts as a barrier that limits mass and heat transfer and 
reduces the yield of volatile organic products that lead to 
smoke formation. At the same time, there is partial inhi-
bition of aromatic fragment formation in the gas phase, 
which reduces smoke generation further [35, 36].

However, as the flame retardant content in the epoxy 
composition ED/[Cu(deta)2]Cl2  (II) increases, the smoke 
generation coefficient increases in both burning and smol-
dering modes. This change in the flame retardant's effect 
is associated with the system's transition from a predomi-
nantly catalytic regime to one characterized by intensified 
thermo-oxidative degradation processes and an increased 
yield of volatile smoke-generating products. At  elevated 
concentrations of the coordination compound, the propor-
tion of free or weakly bound copper(II) chloride increases. 
This allows the copper(II) chloride to more actively 
influence the polymer's thermal degradation processes. 
The reactions of dehydrochlorination and oxidative decom-
position of the epoxy matrix accelerate in this case, leading 
to the formation of a significant amount of unsaturated and 
aromatic intermediate products. These compounds subse-
quently participate in soot and smoke formation processes, 
resulting in an increased smoke generation coefficient. 
Additionally, an excess of chlorine-containing fragments 
may contribute to the incomplete oxidation of volatile 
products, further intensifying smoke emission [37].

For all studied compositions, the smoke generation 
coefficient exceeds 500 m2·kg−1 in both burning and smol-
dering modes, which, according to DSTU 8829:2019, cor-
responds to D3 group – materials with high smoke-form-
ing capability.

3.4 Influence of chelation in ED–рера–CuCl2 system 
on crosslinking, and fire behavior of epoxy-amine 
composite materials
A critical element in the development of epoxy-amine 
composite materials with diminished fire hazard is the 

incorporation of a metal-coordinated curing agent into 
the crosslinking process of the epoxy-amine composition. 
In  the preceding research [38], the rheological properties 
of the ED–pepa–copper(II) salt system were examined. 
The results indicated that the samples of epoxy composites, 
which were prepared and subsequently cured with pepa 
and a copper(II) chelate coordination compound, exhibited 
comparable rates of viscosity increase. This finding sug-
gests, albeit not explicitly, that the polymerization mecha-
nisms of modified and unmodified epoxy-amine composites 
are analogous. To better understand this mechanism, it  is 
necessary to incorporate the results of a quantum-chem-
ical analysis of the complexation processes occurring in 
ED–pepa–copper(II) salt systems during the formation of 
metal-coordinated epoxy-amine composites with reduced 
combustibility. The calculations demonstrated that the 
electron density of the N atoms in the pepa molecules 
within the coordination sphere is effectively shifted toward 
the central Cu2+ ion due to the chelation effect.

Consequently, the electron density on the N atoms of the 
copper(II)-coordinated amino groups experiences a sub-
stantial decrease, while it undergoes a significant increase 
on the central Cu2+ ion. This redistribution of electron den-
sity in the coordination center of the flame retardant-hard-
ener results in an increase in the positive charge on the 
H atoms of the coordinated amino groups (compared to the 
uncoordinated ones). Consequently, the Cu(II)–pepa chela-
tion effect induces a polarization of the N−H bonds, thereby 
enhancing the electrophilic character of the H atoms within 
the coordinated amino groups. This process facilitates the 
electrophilic addition of an H  atom to an O atom of the 
oxirane ring and, concurrently, enables the nucleophilic 
attack of an N atom on one of the two C atoms of the epoxy 
group that contains fewer alkyl substituents (Fig. 5).

The curing mechanism for epoxy-amine composites 
modified with inorganic copper(II) salts is consistent with 
the mechanism of oxirane ring opening under conditions 
of electrophilic attack on the oxygen atom, which leads to 
the polymerization of the epoxy resin [39–41]. Therefore, 

Fig. 5 Cross-linking mechanism of metal-coordinated epoxy-amine 
composites in the ED–pepa–CuCl2 system
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an analysis of the charge distribution on atoms in chelate 
coordination compounds clearly demonstrates that pepa, 
when coordinated to a Cu(II) atom, functions as a more 
effective curing agent for epoxy resins than in its free state.

4 Conclusion
This study investigated the effect of the chelate-type 
coordination compound [Cu(deta)2]Cl2 as a flame retar-
dant-hardener on the combustibility, smoke-generating 
capacity, and fire behavior of ED-20-based epoxy compo-
sitions. The study found that modifying the epoxy com-
position with a copper(II)-amine coordination compound 
reduces its combustibility, as evidenced by a lower max-
imum temperature rise and mass loss and a longer time 
to reach the maximum temperature during combustion. 
UL-94 testing revealed that the modified composites 
exhibit higher fire resistance than the unmodified samples. 
The unmodified epoxy composites were classified as HB, 
whereas the flame retardant-hardener modified compos-
ites corresponded to the higher fire resistance rating of V-1. 
This is due to the formation of Cu−N coordination bonds 
between the Cu2+ ions of the inorganic salt, copper(II) chlo-
ride, and the amine fragments of the organic amine, pepa. 
This leads to an increase in the degree of cross-linking and 
the thermodynamic stability of the epoxy network. This 
increases the energy barrier for thermal-oxidative degra-
dation and reduces the rate of formation of combustible 

volatile products. Additionally, copper-containing centers 
have been shown to exhibit catalytic activity in the carbon-
ization processes of the polymer matrix, promoting the for-
mation of a dense, structurally ordered carbonized layer. 
This layer effectively limits mass and heat transfer, as well 
as oxygen access to the combustion reaction zone.

The effect of the flame retardant on smoke formation has 
been shown to be nonlinear and dependent on its concen-
tration. At low concentrations of [Cu(deta)2]Cl2, a predom-
inantly catalytic mechanism is realized. This mechanism 
contributes to the stabilization of the condensed phase, a 
reduction in the yield of volatile products, and a decrease 
in the smoke generation coefficient. Conversely, higher 
concentrations of the coordination compound are asso-
ciated with increased smoke formation due to intensified 
thermo-oxidative degradation and an increased propor-
tion of low-molecular-weight, unsaturated, and aromatic 
decomposition products that contribute to the formation of 
the dispersed phase of smoke and soot. 

These results confirm that the chelate coordination com-
pound [Cu(deta)2]Cl2 plays a multifunctional role in epoxy 
systems by combining the functions of a flame retardant 
and a curing agent. It also provides controlled influence 
over the processes of thermal degradation, carbonization, 
combustion, and smoke formation. These findings suggest 
the potential for developing a new generation of epoxy 
materials with adjustable fire-hazard characteristics.
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