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Abstract: Polymer-based, highly porous nanocomposites with functionalized
ligands attached to the core structure are extremely efficient in the detection,
removal and recovery of metals through the process of sorption. Quantum-
chemical models could be helpful for sorption process analyses. The sorption
of Cu(Il) ions by amino-functionalized chelating macroporous copolymers
poly(GMA-co-EGDMA )-amine and sorption selectivity of the subject copoly-
mers, ethylenediamine (en), diethylenetriamine (dien) and triethylenetetramine
(trien), were successfully modelled by quantum chemical calculations. Consi-
dering the crystal structures from CSD and experimental conditions during the
formation of metal complexes, the most frequent mononuclear complexes are
those with the tetradentate teta ligand, while binuclear complexes are formed
when the metal ion is in large excess. Although the en-copolymer was the most
effective functionalized one, higher maximum sorption capacities (Qp,y) Were
observed for the dien- and trien-copolymers, due to their abilities to form
binuclear complexes. The enthalpy term has the greatest contribution to the
total Gibbs energy change of reaction for the formation of mononuclear Cu(II)
complexes (AG,y), while the solvation energy of the reaction has the greatest
contribution in the formation of binuclear complexes. The results of the study
indicate that small amines with the ability to form binuclear complex are the
best choice for functionalization of the considered copolymer.
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INTRODUCTION

The Earth’s crust naturally contains heavy metal compounds, the concen-
tration of which is increased in places such as bedrocks, or can be found as ores
in rocks. Unfortunately, heavy metals are constantly being released into the
environment from anthropogenic sources: metalliferous mining and smelting (As,
Cd, Pb, Hg), industry (As, Cd, Cr, Co, Cu, Hg, Ni, Zn), atmospheric deposition
(As, Cd, Cr, Cu, Pb, Hg, U), agriculture (As, Cd, Cu, Pb, Si, U, Zn) and waste
disposal (As, Cd, Cr, Cu, Pb, Hg, Zn).!-3 Consequently, the amounts of heavy
metals deposited on the Earth’s surface are considerably higher compared to
natural background concentrations. Heavy metals accumulate over time and since
they are non-decomposable or non-biodegradable, they are the long-term health
and environmental hazards. Very rarely, acute effects appear when considerable
amounts of heavy metals are accidentally released into the environment.* Various
methods of heavy metal removal have been developed and are still being dev-
eloped: physicochemical (membrane filtration, chemical precipitation, ion-
exchange, adsorption), electrochemical (electrocoagulation, electroflotation, elec-
trodeposition) biological® (biosorption, by bacteria and microorganism, activated
sludge process, biofilter, anaerobic digestion, stabilization ponds) and current
(membrane filtration, photo-catalysis, nanotechnology) methods. Process of sorp-
tion is efficient in the detection and removal of heavy metals.® Recently, nano-
composite carbon-7 (activated carbon, carbon nanotubes, fullerenes, graphene),
polymer-8-9 silica-10-20 and natural-based2!-24 nanocomposites, highly porous
materials designed for heavy metal adsorption, are being intensively developed.®
The features of the above-mentioned composites are environmental stability, high
specific surface area and strength of the core (carbon, polymer and silica), and in
synergy with the reactivity of attached ligands to specific metal ions make them
efficient, specific and sensitive metal ions sorbents. This allows fast and cheap
detection, complete removal or recovery of metals from contaminated waters.

Although essential, Cu oligoelement is important, above all, for the activity
of enzymes in living organisms,25-26 it becomes very toxic2’ when present in
excessive levels. This metal is classified as highly hazardous to human health and
the environment with various long-term detrimental effects. There is a great int-
erest in Cu(Il) remediation in terms of phase transfer or its transformation into
harmless chemical forms. In order to protect the quality of soil and water pol-
lution, many countries instituted rigorous environmental regulations.28 Meso-
porous silica with attached 3-{[3-(methoxycarbonyl)benzylidene]hydrazinyl}-
benzoic acid,?® 3-{[(4-ethoxy-2-mercaptophenyl)imino]methyl}salicylic acid,30
3-{[2-(2-hydroxy-1-naphthoyl)hydrazono]methyl} benzoic acid,3! 4-tert-butyl-2-
-hydroxybenzaldehyde thiosemicarbazone,32 3-[[[4-[[(3-carboxyphenyl)methyl-
ene]amino]-2,5-dihydro-5-oxo-1H-pyrayol-3-yl]iminomethyl]benzoic  acid,33
2,2°-[(4,5-dimethyl-1,2-phenylene)bis(nitrilomethylidene)bis[phenol],34
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2,2’-[(1,2-ethanediylbis(thio-2, 1-phenylenenitrilomethylidene) Jbis[phenol],3>  2,3-
-dihydro-5,6-bis[[(2-hydroxyphenyl)methylene]amino]-2-thioxo-4(1 H)-pyrimid-
inone,30 E,E.E,E-3,3",3”,3”-[2,3,6,7-naphthalenetetrayltetrakis(nitrilomethyl-
idyne)tetrakis[2-hydroxybenzoic  acid],37  2,2’-(1,8-octanediylidenedinitrilo)-
bis[4,6-dimethylphenol]38 are used as optical nanosensors for selective adsorp-
tion, detection and removal of Cu(Il) ions.3¢ The mentioned materials are very
sensitive, changing their colour when Cu(lIl) ions are present even in traces. Any
additional procedure or equipment besides the silica complexes is not necessary
for the detection of Cu(Il) ions.

The physicochemical method of remediation through precipitation of Cu(Il)
ions using chelating agents has proved to be very efficient in fulfilling environ-
mental regulation guidelines.3® Chelating homopolymers and copolymers are
highly selective sorbents of heavy metal ions from aqueous solutions.40 Efficient
and selective polymers consist of cross-linked polymer structures (core) and
functional groups (ligands) that have the ability to form adequate interactions
with heavy metals. These functional groups are the key for the selective chelation
of heavy metals. Within functional groups, coordination bonding with metal ions
is achieved through N, O, P and S atoms.41-42

Macroporous copolymers based on glycidyl methacrylate (GMA) are espe-
cially interesting, since they contain an epoxide ring in their structures. Option-
ally, the ease of opening the epoxide ring offers the possibility for the intro-
duction of a ligand with an iminodiacetate, thiol, pyrazole or amino group.43 The
GMA molecule is a convenient basis for the relatively simple formation of dif-
ferent metal ions and organic compound sorbents. Therefore, the structure of a
GMA-based copolymer suggests promising possibilities of numerous applic-
ations referring to environmental issues.*#1:42.44-49

An incredible number of possible structures that could be synthesized,
demands a theoretical evaluation of the most appropriate ligand for the sorption
of a particular compound. Recently, through the process of polymerization of
GMA monomer together with ethylene glycol dimethacrylate (EGDMA), a mac-
roporous copolymer poly(glycidyl methacrylate-co-ethylene glycol dimethacry-
late) (poly(GMA-co-EGDMA)) has been synthesised. The final products were
obtained through functionalization of the copolymer poly(GMA-co-EGDMA)
with three different amines (Scheme 1): ethylenediamine in poly(GMA-co-
-EGDMA)-en, diethylenetriamine in poly(GMA-co-EGDMA)-dien and triethyl-
enetetramine in poly(GMA-co-EGDMA )-trien. These three amino-functionalized
copolymer samples showed differences in the efficacy of Cu(Il) sorption from
aqueous solutions, which is expressed as the polymer capacity of sorption in
mmol of adsorbed ions per gram of the polymer, Q (mmol g-1). The process of
sorption itself is a rapid one, while the capacity of sorption depends on the
ligand. The sorption capacity rises from -en to -dien (around 1.75 times larger),



1394 SURUCIC et al.

but there is no difference for -dien and -trien copolymer, i.e., the values are prac-
tically identical.40
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The aim of this study was to explain experimentally the obtained trend for
Cu(Il) by applying theoretical techniques to predict the selectivity of the ligands.
The complex molecular system of each of the three copolymers is comprised of a
recurring structural unit. Therefore, it is possible to discuss Cu(Il) ion and
copolymer reactions within the macromolecule at the unit segment level. The unit
segment would be the Cu(Il) ion with coordinated amino ligands. A large number
of such segments (up to several thousands) that can be found in the solution
where the sorption occurs include a sorbent/metal ion system. The unit segment,
crucial for metal-ligand bonding is, in itself, a complex of metal ions and amino
ligands, the geometry and stability of which can be predicted by statistical ana-
lysis of data taken from the crystal structures and quantum chemical calculations.

METHODOLOGY

Possible coordination modes of triethylenetetramine (trien) ligand in crystal structures,
extracted from Cambridge Structural Database (CSD, version 5.38, November 2016),5! were
investigated by applying statistical analysis of the obtained data.

The quantum chemical calculations were performed in the Gaussian09 program>2 apply-
ing the B3LYP functional. The 6-311++g** basis set was used for non-metal elements and the
lanl2dz basis set for Cu?*. The initial complex geometries of possible isomers were optimized
at the same level of theory, and the parameters obtained by optimization were used to evaluate
Gibbs free energies for the reactions of complex formation. In these reactions (Eq. (1)), the
hydroxyamine obtained in the ring opening reaction (marked as L), reacts with the hexaaqua
complex, forming the corresponding complex with the coordinated amine:

a[Cu(H,0)6l** + L — [Cuy(Hy0)64.,(L)1** + nH,0 (M

In Eq. (1), L represents enOH, dienOH or trienOH ligand (Scheme 1), n represents the
hapticity of ligands, while a equals 1 for mononuclear and 2 for binuclear complexes. The
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SMD method and the aforementioned level of theory were applied for the solvation energy
(AE) calculations (Eq. (2)):
AEs(r) = ZEs(product) - ZEs(reactants) (2)
The Gibbs energy change of reaction (1) in aqueous solution (AG,,) was estimated
according to the following equation:

AGyq = AGy + AEy 3)

AG,, the Gibbs energy change of the reaction (1) in vacuum (Eq. (4)), includes the
enthalpy change (AH) and entropy change (AS), connected through the following equation:

AGy=AH - TAS )
The enthalpy change of the reaction is determined by Eq. (5):
AH= AE, + AE, + pAV (5)

in which AE, stands for the electronic energy change, AE; is the thermal energy change, and
pAV is the work performed in a reaction.

RESULTS AND DISCUSSION
Crystallographic analysis of the structures from CSD

Crystal structure analysis is a very useful tool used in conformational ana-
lysis and in supramolecular chemistry. In this particular case, the primary interest
was to gather information from the crystal structure analysis about coordination
geometries of complexes with Cu(Il) ion and the trien ligand, as well as the
abundance of each geometry observed. Considering the complexes of Cu(Il) and
the substituted trien ligand from CSD, the most frequent ones are mononuclear
complexes of the Cu(Il) ion with tetradentate trien ligand geometries, while the
second most abundant are binuclear complexes in which two N atoms of the trien
ligand are coordinated to each metal ion. Taking into consideration the expe-
rimental conditions during trien complex formation, it was observed that binuc-
lear binding occurs when the metal ion is in excess compared to the trien ligand
(more than two times). The abundance of mononuclear complexes of Cu(Il) and
the tetradentate trien ligand are distributed as follows: by far the most frequent
are those with square pyramidal (71 %), followed by octahedral (26 %) and
square planar (3 %) complex geometry.

When only the Cu(II) complexes with unsubstituted trien ligand (17 crystal
structures) are taken into account, a similar trend was observed. Mononuclear
complexes with the tetradentate trien ligand are the most frequent (10 structures),
while binuclear (2 structures) and polynuclear complexes (5 structures) with the
tetradentate trien ligand are less abundant (Fig. 1). Structures with a bridging
trien ligand were not found. Complexes with a square-pyramidal geometry (15
structures) are much more numerous than complexes with a square-planar
geometry (2 structures). The values of the torsion angle 7' (N1-N2—N3—N4 angle)
are in the range from 0 to 20°, indicating a planar or trans conformation of the
trien ligand.
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PAJSEY trien ©
T=0°

trien
Fig. 1. The fragments of crystal structures with the square-pyramidal Cu(II) complex (refcode
ARATAO), the square-planar Cu(Il) complex (refcode PAJSEY), and the mixed binuclear
complex (with Cu(IT) and Zn(II) metal ion) with a tetradentate trien ligand (refcode
ZACKAP).

Experimental conditions during the sorption of Cu(ll) ions for functionalized
copolymers

As previously concluded, the quantity ratio of metal ions and ligands influ-
ences the mode in which the ligand is coordinated to the metal. For that purpose,
both the quantity of Cu(Il) ions and the corresponding copolymer amino-func-
tionalized groups were determined (Table I), in sorption studies of the Cu(Il)
ion.#2 Poly(GMA-co-EGDMA)-en contains 1.12 mmol, poly(GMA-co-EGDMA)-
-dien 0.81 mmol and poly(GMA-co-EGDMA)-trien) 0.65 mmol amino-function-
alized groups.*? Considering the number of amino-functionalized groups (f2) in
the copolymer, the quantity of the metal ion is significantly higher in all three
cases (Table I). The Cu(Il) ion is in an excess, so the complete quantity of the
Cu(II) ion would not be sorbed. If the Cu(Il) ions formed the mononuclear enOH,
dienOH or trienOH complexes, the maximum sorption (Qmax =f(¢)) would be
different. According to the number of amino-functionalized groups, en-function-
alized copolymer should have the highest and the trien-functionalized one should
have the lowest Q¢ value. However, dien- and trien-functionalized copolymers
have greater Opax values. One of the reasons could be the ability of these ligands
to form binuclear complexes. The en-functionalized copolymer is the most effec-
tively functionalized one (53 %), followed by the dien- (38 %) and trien-func-
tionalized copolymer (31 %), which is inverse to their molecular lengths. Similar
Omax values of dien- and trien-ligands are quite unlikely given the number of
functionalized groups. However, the shortest amine (en) more easily penetrates
inside the initial poly(GMA-co-EGDMA) copolymer, thus functionalizing a
larger number of epoxide rings.

In aqueous solutions Cu(Il) ion exists as a hexaaqua complex. The sorption
of this metal strongly depends on the ability of its hexaaqua complex to penetrate
near the amino-functionalized groups of the corresponding copolymer. This
complex is more voluminous and less flexible than the considered amines (en,
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dien and trien), resulting in its lower penetrability than the amines. Indicators are
the theoretical QOp,x values (Table I), which are in cases of en-functionalized and
dien-functionalized copolymers significantly higher than the experimentally
determined Qpax values.

TABLE 1. The quantities of Cu(Il) ions and amino-functionalized groups (in mmol) in the
corresponding copolymer, obtained in the process of the experimentally conducted sorption of
Cu(Il) ions. Theoretically Omay(iheory and experimentally Opay(expy determined values of the
maximum sorption of Cu(II) ion, expressed in mmol g!

Qmax(lheor)b Qmax(theor)C Qmax

N
Copolymer n(Cu") n(fe)* mononuclear binuclear (exp)
poly(GMA-co-EGDMA )-en 25 2.24 2.24 4.48 1.40
poly(GMA-co-EGDMA)-dien 2.5 1.62 1.62 3.24 2.45
poly(GMA-co-EGDMA)-trien 2.5 1.30 1.30 2.60 2.40

3The quantities of functionalized groups (fg) are calculated per g of the copolymer sample used in the experi-
ments; Ptheoretical Omax Vvalues calculated per g of the copolymer, considering that mononuclear Cu(II)
complexes are formed; °the theoretical Q3¢ values calculated per g of the copolymer, considering that
binuclear Cu(Il) complexes are formed

Quantum chemical calculations for trienOH complexes

To confirm the above-proposed assumption, quantum chemical calculations
were performed to evaluate the Gibbs energy change (AG,q) that accompanies
the formation of mononuclear and binuclear Cu(Il) complexes with the trienOH
ligand in aqueous solution. For this purpose, the complex geometries obtained
through optimization of four possible isomers of mononuclear complexes and
one binuclear Cu(II) complex were used. Depending on the mutual positions of
coordinated oxygen atoms from aqua and trienOH ligands, initial isomers of
octahedral complexes with pentadentate trienOH ligand (N1,N2,N3,N4,0-
trienOH) could be a cis or trans isomer. Upon the optimization, dissociation of a
water molecule (Wd) from an octahedral mononuclear complex occurs. The
newly formed complexes take square pyramidal geometry (Fig. 2).

e

Fig. 2. Optimization of possible isomers of mononuclear Cu(Il) complexes with the
trienOH ligand.
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The apical position is occupied by an OH group ([Cu(N1,N2,N3,N4,0-
-trienOH)]2" complex), or by the NH group of the trienOH ligand
([Cu(N1,N3,N4,0,N>-trienOH) ]2+ complex):

a) cis-[Cu(Hp0)2(N1,N2,N3,Ny-trienOH) ]2+ —

[Cu(H0)(N1,N2,N3,Ns-trienOH) |2 + H,O
b) trans-[Cu(H,0)2(N1,N2,N3,Ny-trienOH) ]2+ —

[Cu(H0)(N1,N2,N3,Ns-trienOH) |2 + HyO
¢) cis-[Cu(HyO)(Ny,N»,N3,N4,0-trienOH) 2™ —

[Cu(N1,N3,N4,0,N,-trienOH) 2t + H,O
d) trans-[Cu(HyO)(N1,N2,N3,N4,0-trienOH) |2+ —

[Cu(Ny, Na,N3,N4,0-trienOH) ]2+ + HyO

The tetradentate N1,Np,N3,N4-trienOH ligand in octahedral mononuclear
complexes leaves a space for two aqua ligands in the cis or frans positions.
Optimized complexes take square pyramidal geometry, likewise in complexes
with pentadentate trienOH ligand (Fig. 2). One of the aqua ligands is released,
while the other one remains in the apical position of the square pyramidal
([Cu(HyO)(N1,N2,N3,Ns-trienOH)]2*) complex. As far as the coordinated N
atoms are concerned, they are in equatorial position (frans geometry of a tet-
radentate ligand).

The structures obtained by the optimization were used to calculate the Gibbs
free energy change in the formation reaction of these complexes out of the Cu(Il)
hexaaqua complex (Eq. (1)).

Interestingly, the results of the optimization are in agreement with the results
of the crystallographic analysis, which is strong confirmation that the square
pyramidal geometry of the Cu(Il) complexes is the most frequent one in crystal
structures.

The enthalpy of the formation reaction of Cu(Il) complexes with the trienOH
ligand, corresponding to the sum of electronic energy change (AE.), thermal
energy change (AE;), and work (pAV), has the greatest contribution to the total
Gibbs energy change in aqueous solution (AGy,g).

An exothermal process is indicated by the negative sign of enthalpy. On the
other hand, contributions from the entropy (7AS term) and solvation energy
(AGaq—AGy) are significantly lower than those from the enthalpy term. The
formation of a complex without coordinated OH-group is energetically more
favourable, by only about 5 % (Table II).

The structure the geometry of which is based on crystallographic data was
used as a model system for quantum chemical calculations for binuclear Cu(Il)
complexes with the trienOH ligand. The first two N atoms (N; and N,) are
coordinated to one Cu(lIl) ion in the square pyramidal complex, while the other
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two N atoms (N3 and Nj4) along with the OH group are coordinated to the second
Cu(Il) ion (Fig. 3). Upon the optimization, one aqua ligand was dissociated from
the Cu(Il) ion to which the N; and N, atoms of the trienOH ligand are coor-
dinated, leading to a change towards the square planar geometry of that Cu(Il)
ion. The other Cu(Il) ion remains in the square pyramidal geometry. The
enthalpy change of this reaction has positive sign (endothermal reaction), which
is compensated by the entropic term (7TAS). However, the greatest contribution to
the spontaneous nature of the reaction originates from the solvation energy of the
reaction.

TABLE 1. The calculated results of the thermodynamic functions (kcal* mol') for the
thermo-chemical analysis in the process of the formation of Cu(Il) complexes with the
trienOH ligand

Optimized metal complex AE,  AE. pAV TAS AG, AG,
Mononuclear trienOH complexes
trans-[Cu(H,0)(N},Np,N3,Ny-trienOH) >+ —411.5 213 -1.2 233 -414.7-4109
trans-[Cu(H,O)(N},Ny,N3,N,-trienOH) |2+ -411.5 213 -1.2 233 -414.7-4109
[Cu(N,,N3,N4,0,N»-trienOH) |** -3899 41 0.6 134 -399.8-3959
[Cu(V,,N,,N3,N,4,0-trienOH) |** -3964 4.1 0.6 132 —406.2-402.2

Binuclear trienOH complex
[Cu(H,0)5(N},No:N3,Ny, O-trienOH)(H,0),Cu]*t 1354 88 3.0 130.5 —1.0 -344.8

4

Fig. 3. The optimization of the binuclear Cu(II) complex with the trienOH ligand.
[Cu(H,0)3(Ny,No:N3,Ny,O-trienOH)(H,0),Cu]* —
[Cu(Hzo)z(Nl ,Nz:N3,N4,O-trienOH)(HZO)zCu]‘” + HzO

Quantum chemical calculations for enOH and dienOH complexes

As in the trienOH complexes, the initial structures of all possible isomers of
mononuclear enOH and dienOH complexes of Cu(Il) ion were optimized, with
the geometries of all possible coordination isomers (Table III). The optimized
structures of the complexes with the highest values of the Gibbs energy changes
for reactions of the complex formation in an aqueous solution (AG,q) are shown
in Fig. 4.

Unlike the most stable dienOH complex, the most stable structure of an
enOH complex does not contain a coordinated OH group. Both enOH and
dienOH complexes have higher AG,q values than those of trienOH complexes,
while dienOH complex displayed the highest AG,q value. This trend could be

*1kcal=4184 ]
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explained by a larger number of chelate rings in the dienOH complex, compared
to the enOH complex. Although the most stable trienOH complex has the
greatest number of chelate rings, it is the least stable complex, since chelate rings
are condensate and, as such, under a higher ring strain than the rings of the most
stable dienOH complex.

Fig. 4. Optimized Cu(II) complexes

with the enOH ([CU(H20)3(N1 ,Nz-

-enOH)J*") and dienOH (trans-

- [Cu(HZO)(Nl ,Nz,N3,0-diCHOH)]2+)

ligands having the highest values of the
% Gibbs energy change (AG,,) for the

reaction of metal complex formation in

enOH dienOH aqueous solutions.

TABLE III. The calculated results of the thermodynamic functions (kcal mol™!) for the thermo-
chemical analysis in the process of formation the mononuclear Cu(Il) complexes with enOH
or dienOH ligand

Optimization of the metal complexes AE, AE.  pAV TAS AG, AGy
Mononuclear enOH complexes

mer-[Cu(H,0)3(N|,N,,0-enOH) 1> — -372.8 36.8 0.6 -29.0 -365.6 -361.7
mer-[Cu(HzO)z(Nl,NZ,O-enOPD]2++H20

fac-[Cu(H,0)3(N},N,,ii-enOH) > — -372.8 368 0.6 -29.0 -365.6 -361.7
mer-[Cu(H,0),(N;,N>,0-enOH) > +H,0

[Cu(H,0)4(N,,N,-enOH) 1> — —404.3 712 0 —48.1 -381.2 3754
[Cu(H,0)4(N}.Ny-enOH) **

[Cu(H,0)3(N,,N,-enOH)1>*— —388.6 93 0 -394 -418.6 —414.8
[Cu(H,0)3(N;,N,-enOH)]**

Mononuclear dienOH complexes
trans-[Cu(Hy0),(N1,Ny,N3,0-dienOH) | — 3883 206 0.6 63.4 —-431.6 —429.0
trans-[Cu(H,0)(V; ,Nz,N:;,O-diCIlOH)]ZJr‘FHzO
cis-a-[Cu(H,0),(N;,N2,N3,0-dienOH)** —  -385.1 20.6 —0.6 358 —400.9 -398.1
cis-f-[Cu(H,0)(N;,N,N3,0-dienOH) > *+H,0
cis-f-[Cu(H,0),(N,N2,N3,0-dienOH)|*" —  -385.1 20.6 —0.6 35.8 —400.9 -398.1
cis-f-[Cu(H,O)(N1,N,,N3 ,O-dienOH)]2++H20

mer-[Cu(H,0)3(N Ny, Ny-dienOH)2F —  —3642 202 —12 204 3655 —362.9
[Cu(H,0)(NV; ,N2,N3-dienOH)]2++2H20
fac-[Cu(Hy0)3(N}, Ny, N3-dienOH) 2 — 3642 202 12 204 3655 —362.9

[Cu(HZO)(Nl ,Nz,N3 -dlel’lOH)] 2++2H20

CONCLUSIONS

By comparing the Gibbs energy change (AG,q) for mononuclear and binuc-
lear trienOH complex, it could be concluded that the formation of mononuclear
complexes is a slightly more favourable (spontaneous) process. These results are
in agreement with the combined potentiometric—spectrophotometric study of a
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Cu(trien) complex,32 which showed that the mononuclear complex with a tetra-
dentate trien ligand is dominant. This type of complex already occurs at pH 2.5,
reaching its maximum at pH 5. In that study, a binuclear complex was not expe-
rimentally detected, which could be explained by the fact that the synthesis is
conducted in a solution in which the quantity of ligands is four times that of
Cu(Il) ions. However, it is possible to calculate the equilibrium constant of the
reaction in the process of complex formation from the Gibbs energy change
(AG = —RTIn K). The functional dependence of this equilibrium constant versus
the [Cu(H,0)g]?>" complex concentration is linear in the reaction where a mono-
nuclear complex is formed, or square for binuclear complex formation. In
accordance with the Le Chatelier principle, an increase in metal ion concentration
shifts the equilibrium towards trienOH complex formation. As a surplus in con-
centration of Cu(Il)aqua complex versus trienOH ligand is more pronounced, the
proportion of binuclear complex in the product increases. Therefore, it is reason-
able to assume that, in case of a trien-functionalized complex, the adsorption of
Cu(Il) ion occurs as a result of the formation of binuclear complexes, since the
concentration of Cu(Il) ions is about four times higher than the quantity of
ligands (functionalized groups of copolymers). For the same reasons, the
formation of binuclear complexes with a dien-functionalized copolymer could be
expected, but in this case, the concentration of Cu(Il) ions is three times that of
ligands.

Finally, the results of this study clearly indicate that amines with three nit-
rogen ligator atoms are preferable (due to the possibility of binuclear complex
formation). However, the more ligator atoms it contains, the more difficult it is
for the amine to diffuse inside the polymer. On the other hand, a higher number
of ligator atoms increases the strain of chelate rings and reduces the stability of
amino-functionalized complex with the sorbed ion.
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U3BOJ
IOU3AJH AMUHO®YHKIHWOHAIM30BAHUX XEJJATHUX MAKPOITOPO3HHUX
KOIIOJIMMEPA nonu(I'MA-x0-ETIJMA) 3A COPIILIMIY Cu(Il) JOHA

JBAJbAHA T. CYPYUUR', AJIEKCAHIPA b. HACTACOBUR?, AHTOHHUJE E. ObUA®, TOPAH B. JABUR®
v AJIEKCAHJIPA A. PAKUR'

’Ynusepsuuiew y Bawoj JIyuu, Mequyuncku paxynimei, Cage Mpkama 14, Bawa Jlyka, Petiydnuxa Cpiicka,
Bocna u Xepueiosuna, 1YHueep3uuiem y Beoipagy, Hnctuuitiy i 3a xeMujy, TexXHONO0Iujy u Metlanypiujy,
Fbetowesa 12, Beoipag, 3YHueep3umeu7. y Beoipagy, Texnonowxo—meinianypwxu paxyniven, Kapreiujesa 4,
Beoipag u 4YHuscp3uu76w y Beoipagy, ®axynitieli 3a puzuuky xemujy, Ciiygenwticku wipi 12—16, Beoipag

KBaHTHOXEMHjCKO MOJIENIOBalke Ce IO0Ka3aJ0 Kao KOPHCHA aylaTka 3a pasjalliibaBambe
npoleca COpNuMje, kao U 3a npeasuhame CTPyKType HacTaauX NPOU3BOZA Te COpHuuje. Y3
noMoh KBaHTHOXEMMjCKHMX IPOpayyHa YCIIEMHO Cy MojenaoBaHy mpouecu copnuuje Cu(Il)
jOHa M CENeKTUBHOCT THUX COpIIMja HA aMHHO-(YHKIHMOHAIHW30BaHUM XeJIaTHUM KOIOJIH-
MepUMa TMONU(IMULUUAWI-METaKpUIaT-K0-eTUIEHIINKON-TuMeTakpunar)  (monu(GMA-xo-
-EGDMA)) ca pasnuyuTHM OpojeM aMHHO Ipyna y CBOM CacTaBy (eTWIEH (-en), AUETHIIEH-
TpuamuH (-dien) ¥ TpUeTHIeHTeTpaaMuH (-trien) xomonumepH). Y3aumajyhu y od3up kpuc-
TanHe cTpykrype u3 CSD u ekcrepuMeHTaIHe YC/IOBe MPHINKOM (popMHUpama KOMILIeKca ca
Cu(II) joHoM, mouwutd CMO IO 3aK/bydaka Jla Cy Hajuelrhe CTPyKType MOHOHYKIEAaPHHUX KOM-
IUIEKCa Ca TeTPafleHTaTHO BE3aHUM JINTaHOUMA, ajli a Ce OMHYKIeapHU KOMIUIEKCH jaBibajy
Kaja je joH MeTasia y BULIKY Y OIHOCY Ha konoiaumep. bes 0d3upa Ha To WITO je komoaumep ca
en-JMraHguMa HajerKacHUje QYHKIIMOHANIN30BaH, Hajooska copnuuja Cu(ll) jona (Qmpmay) Ce,
unak opurpasa Ha dien- u trien-kononumepuma. OBakaB pesyniTar je mocjienuna Hosme CIo-
cobHoctu dien u trien nuraHaga 3a rpaheme OuHykneapHux kommuiekca ca Cu(Il) joHuma.
Hajsehu nonpuHOC yKynHOj npoMeHH ['MbcoBe eHepryje peaxuyje rpahema MOHOHYKI€apHOT
Cu(ll) xommekca (AG,q) MOTHYE OF EHTAINHMjCKOr WiaHa. Mehyrtum, npecynHy yiory Ha
(opmupame dMHYKIEADHUX KOMIUIEKCA MMa COJIBATALIMOHA €Hepruja. PesynraTu Hame CTy-
nvje mokxasyjy ma cy kpahu amuHu ca moryhHomwhy dopmupama SMHYKIeapHUX KOMIUIEKCA
Hajbossu u3bop npunukoMm GyHKLHOHAMK3alLMje pa3MaTpaHUX KOToIMMepa 3a norpebe copm-
uuje Cu(ll) jona.

(ITpummeHo 21. janyapa, pesuaupano 12. anpuna, npuxsaheso 15. ampuia 2019)
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