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New heterometallic complexes of Nd(I11) and Co(Il) based on ethylenediaminetetraacetic and
ethylenediaminedisuccinic acids have been synthesized. The complexes studied by electron ab-
sorption spectroscopy, IR-spectroscopy, and thermogravimetric analysis. The influence of a
number of factors on the properties and structure of heteronuclear complexes is discussed. The
spectral characteristics of homonuclear and heteronuclear complexes are compared. A theoreti-
cal analysis of the geometry of Co(ll) and Nd(I11) complexes with ethylenediaminesuccinic acid
was carried out by the semi-empirical PM7 method. It has been shown that the f-d-complexes
are of the folded type, in which the ligand-complexone realizes the maximum denticity to
Nd(I11), and the Co(ll) coordination sphere is formed by bridging edta/edds carboxyl groups and
intrasphere water molecules. The Co(ll) coordination polyhedron corresponds to a distorted oc-
tahedron, and the Nd(IIl) coordination polyhedron corresponds to a one-capped square anti-
prism (C4v) with the coordination number Nd(I11)=8. During study fixed that heterometallic
complexes have the same structure in solutions and in the solid state.
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INTRODUCTION. The development of
modern high technologies is based on the use of
new functional materials. This requires the de-
velopment and application of new or signifi-
cantly modified known methods for their syn-
thesis, which use new precursors with high reac-
tivity, the direction of action, and economic
feasibility. In recent years, researchers have
paid attention to finding ways to create new
complex compounds that contain two metals of
different nature (heterometallic complexes) in
one internal coordination sphere. Among studies
on the targeted synthesis of heteropolynuclear
coordination compounds of lanthanides and
transition elements, heterometallic aminopoly-
carboxylate complexes are of great interest due
to their structural diversity and the expansion of
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potential areas of their application. Aminopoly-
carboxylate ligands are multidentate ligands and
their important characteristics are the bridging
nature of carboxylate groups. [1-4].

In most of the works devoted to the study
of heterometallic complexes based on aminopo-
lycarboxylates, the structure of the complexes is
determined by X-ray diffraction. The number of
heteronuclear compounds of s- and d-elements
of M[M"(Hedta)(H,0)],-nH,0 (M'=Ca, Mg, Sr,
Ba; M"=Cr, Co, Cu) is known for the most
common and widely studied complex of ethyle-
nediaminetetraacetate (H4edta)[5 6]. Hetemetal-
lic lanthanide lanthanide-polyaminocarboxylate
of bismuth {{NdBi(edta)(NOs3)2(H20)7.22}nwas
synthesized, which is a 3D coordination poly-
mer [7]. Recently, heterometallic complexes of
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lanthanides with such elements as Ge, Bi with
polyaminocarboxylic acids have been studied as
precursors for the synthesis of ultrafine powders
of metal oxides and metal nanoparticles [8]. In
[9, 10], heteronuclear terbium (neodymium) -
germanium (or bismuth) compounds with
Hsedta were synthesized and studied. Their
spectral and luminescent characteristics have
been studied. It has been shown that 4-f lumi-
nescence of lanthanide ions is observed in all
heteronuclear compounds. Based on the
Na[Ce(edta)] complex, a two-dimensional hete-
rometallic coordination polymer
Ce.Co,(edta),(H.0)..- 12H,0 was synthesized as a
metal- ligand, in which ten Ce(lll) atoms are
coordinated by six carbon- oxygen atoms, three
water molecules and four water molecules form-
ing a curved two-cap antiprism. Each of the Co
atoms bonds to two hydrated Ce atoms through
trident bridged carboxylate groups, and each
Ce(111) atom has three adjacent Co atoms. These
fragments are connected in a three-dimensional
network of water molecules between the layers
through numerous hydrogen bonds [11].

A review article [12] on the stereochemi-
stry of complexonates provides a detailed de-
scription of the spatial features of edta complex-
es with lanthanide (111) ions. All ethylenediami-
netetraacetate complexes of lanthanides are mo-
nonuclear, the ligands in all the described com-
pounds are hexadentate, and the remaining
coordination sites are occupied by water mole-
cules (2, 3 or 4). Among the structurally charac-
terized normal mononuclear complexes of lan-
thanides with edta is the isostructural series of
compounds LnedtaM-8H,0, which includes
potassium salts with Ln®" = Nd, La, Gd, sodium
with Ln** = Nd, Th, Dy, Er and ammonium with
Ln** = Nd, Gd. A full structural study was per-
formed for KLaedta-8H,0, NaTbedta-8H,0 and
NaDyedta-8H,0. For all the above complexes,
the lanthanide ion has a coordination number =
9: Ln*" coordinates 6 donor edta atoms and
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three water molecules. Coordinated edta®
anions form a curved trigonal prism with trian-
gular faces. Increasing the size of the metal
atom and the length of the Ln-N bonds promote
the attachment of three water molecules, which
are located in the symmetry of the prism.

There are very few works in the literature
on the study of heterometallic complexes of d-f
metals with ethylenediaminedisuccinic acid
(H4edds). The neodymium-zinc ethylenediami-
nedisuccinates were described in [13]. It was
shown that in heterometallic complexes the Nd-
ion is bound to two a- and one B-carboxyl
groups and a nitrogen atom of the NH group of
the ligand, and the coordination sphere of the
Zn=ion is formed by oxygen atoms B-carboxyl
group edds, which performs a bridging function,
and water molecules. New f-d-heterometallic
complexes Pr(111), Co(ll), Zn(I1) with aminopo-
lycarboxylic acids (ethylenediaminetetraacetic,
ethylenediaminedisuccinic) were synthesized
and spectroscopically characterized in [14]. It
has been shown that f-d-complexes belong to
complexes of the "folded" type, in which the
ligand-complexon realizes the maximum dentic-
ity to Pr(111), and the coordination sphere of the
3d-cation is formed by the chain carboxyl
groups of the ligands and intrasphere water mo-
lecules.

This work presents the results according
to synthesis, spectral characterization, and
stability of the heterometallic complexes Nd(l1I)
and Co(ll) with ethylenediaminetetraacetic and
ethylenediaminedisuccinic acids in solutions
and in the solid-state.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Neodymium nitrates of
Nd(NOg3)3-6H,0 and cobalt Co(NO3),-6H,0
were used for the synthesis of heterometallic
complexes with aminopolycarboxylic acids.
Ethylenediaminedisuccinic acid was obtained
by the condensation reaction of maleic acid with
ethylenediamine [15].
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Ethylenediaminetetraacetic  acid  was
purchased from Ukrsit LLC (Kyiv) and used
without further purification.

Solutions of salts and
aminopolycarboxylic acids of the required
concentration were prepared according to the
exact sample. The concentration of metals in the
solutions was determined by complexometric
titration (0.01 M) with indicators of murexide
(for Co?* ions) and arsenazo 1 (for Nd** ions).

The synthesis of heterometallic complexes
was carried out by the interaction of protonated
Co(Il) monocomplexes with an inorganic salt of
Nd(IIT) («block» method):

[CoHLY(L?) (H,0)] +Ln(NO3)s+ nH,0 =
[Co(u- LY(L?) Nd(H20)4]NO3 + 2HNO;

The choice of the method for the synthesis
of heterometallic complexes is determined by
the values of the thermodynamic stability
constants of mononuclear complexes (IgKs.).
When the values of IgKset. complexes of M'L
and M"'L differ by several orders of magnitude,
the less stable monometallic complex serves as
a  “building block” for obtaining a
heterobinuclear compound by exocoordination
of additional metal ions. In other words,
mononuclear complexes act as metal chelate
ligands capable of coordinating the second
metal ion. It is worth notingthat heteronuclear
complexes based on complexones were obtained
without isolating the "building block” from the
solution.

The synthesis of heterometallic complexes
was carried out according to the
followingmethod. To 100 ml of an aqueous
solution of cobalt nitrate Co(NOs3),-6H,0 (0.1 g-
mol) was added 200 ml of a solution containing
0.2 g-mol Hedds (Hsedta) and 2 g-mol NaOH.
The resulting mixture (pH ~ 3.5) was stirred
intensively for 20 minutes, after which 100 ml
of neodymium salt solution (0.1 g-mol) was
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added to the reaction mixture. The suspension
was heated in a water bath at 50 - 60°C for 1.5 -
2 hours and left to cool. Abundant precipitates
of the heterometallic ~ NdCoL'?nH,0O
complexes (yield of heterometallic complexes
81-86%) fall out of the solutions. The
precipitate was filtered and washed with a
mixture of ethyl alcohol and acetone (1:1) and
dried to constant weight at room temperature
(20+2°C).The obtained heterometallic
complexes are sparingly soluble in water and
other polar solvents.

Investigation of the processes of
complexation of neodymium and coyulate ions
with aminoplicarboxylates in solutions at their
equimolar ratio and C=1-10 mol/dm® was car-
ried out by the method of electron absorption
spectroscopy. Electronic spectra were recorded
on a Specord M40 spectrophotometer in 1 cm
thick quartz cuvettes in the range of 50,000 -
10,000 cm™.In fig. 1 shows the electronic
absorption spectra of complexes Nd(lIl) and
Co(Il) with edta (a) and edds (b), and in table.1
- position of the main absorption maxima of Nd*
*ions.

In the UV-VIS spectra of aqueous
solutions of neodymium-containing complexes
(both homo- and heterometallic) range there are
narrow bands of characteristic 4f-transitions
from the basic “lgp-state of the Nd(I1) ion
(Table 1.1), but for heterometallic complexes
the structure of spectra increases, increases the
intensity of absorption compared to the spectra
of homo-complexes and occurs by shifting the
maxima of the bands of the corresponding f-f-
transitions in the long-wavelength region
(Avmax=170-190 cm™? for edds and ~78-90 cm™
for edta). This fact indicates the formation of
heterometallic complexes, which contain both
metals in the internal coordination sphere.

In the 4f-absorption spectra of lanthanide
complexes, thebands corresponding
tothehypersensitive transitions are subject to
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Fig.1. UV-VIS spectra of heterometallic complexes Nd(l11) and Co(Il) with edta (a) and edds (b) (pH ~ 7;
C=1-10"mol/dm?).

Table 1
Transition energies (cm-') in UV-VIS spectra of Nd(IIl) and Co(ll) complexes with
aminopolycarboxylic acids.
Transiion | Nd,° | Ndedds/Ndedta | NdCoedds/NdCoedta |  vya-VidcoL
*lofp—>?P1 23064 23470/23221 23358/23300,23912 112/79
*lor;—"Ggy 19560 19688/19447 19537/19537 151/90
o—'Gp 19160 19264/19114 19113/19075 151/39
*lorp—"Gspp 17360 17451/17234 17261/17275 190/45
*lorp—>"Fop 14720 14781/14740 14712/14778 69/38
*lor;—"Fap2 13480 13630/13432 13440/13477 190/45
*lor;—"Fs 12560 12743/12512 12588/12551 155/39
*lorp—>"Fap 11560 11726/11513 11549/11435 177178

the greatest influence of the ligand field, so
special attention was paid to these bands. Thus,

the absorption spectra of neodymium
compounds are characterized by two
hypersensitive ~ transitions:  *lgy  —  2Pap

(V23350 em™) and*le, —  “Gsp 2Gip
(Vmax=.17400 cm™and 19200 cm™ respectively).
It is worth notingthat these bands for
ethylenediaminetetraacetate ~ complexes  of
neodymium are in the lower frequency range
than the corresponding bands for
ethylenediaminedisuccinate complexes. In this
case, the positions of vmax for Ndedta are close
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to vmax IN the spectra of the aquaion Ndaq3+,
which may indicate close symmetry of
aquacomplexes and complexonates with edta.
The Nd complexes with edds have a much
larger hypsochromic shift of the absorption
maxima of f-f transitions compared to Ndaq3+,
which is caused by a decrease in mutual
electron repulsion (nepheloxetic effect) due to
the presence of a chiral CH-carbon atom in the
edds molecule.

For heterometallic complexes, the *Gsy
transition frequency in the spectra of the
NdCoedds complex is shifted by 190 cm™ to the
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low-frequency  region relative to the
corresponding transition to the UV-VIS spectra
Ndedds, while for NdCoedta vmax this transition
is shifted by 45 cm™ in the high frequency
region. In this case, for both heteronuclear
complexes, the band *lo;, — *Gs/», °G, does not
undergo cleavage, which is characteristic of
compounds with low symmetry [16]. In the
heteronuclear complex NdCoedta, splitting of
the “*lop—°P1band is observed, which is a
consequence of the decrease in the symmetry of
the Nd (Ill) coordination polyhedron in the
heteronuclear complex. In the spectrum of the
complex NdCoedds for the 19/,—2Pyptransition
only one band is observed, which indicates the
existence of one type of compound in solution.
The shift of the maximum of this band is 112
cm™, which is typical for complexes with low
coordination numbers.

In the UV-VIS spectra of heterometallic
complexes, not only the change in the vmax
position of the Nd(I1l) ion is observed, but also
the vmax position of the Co(ll) ion changes
significantly. If monometallic cobalt
complexates are characterized by the presence
in the electronic absorption spectra of d-d
transitions maxima of Co?" ion at 19844 cm™
(transition “T14(*F)—*T14(*P)) and 26480 cm™
(transition  “T1(*F)>*Ax(*F)), then in the
electronic spectra of heterometallic complexes
the last transition disappears, and for the term
Tig("F)="T1y(*P) a significant hypsochromic
shift (veoL-vngco® -1190cm™) is  observed
compared to Coedds (edta). In addition, the
specified  maximum  for  heteronuclear
compounds is split into 3 components (20999,
21233, 21657 for CoeddsNd and 20994, 21341,
21570 cm™ for CoedtaNd), which may indicate
a change in the coordination environment of
cobalt ions and the existence of heteronuclear
compounds of several differently coordinated
cations of Co(ll). However, the position of the
d-d transitions for the Co®" ion in heterometallic
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the octahedral
the type of

complexes corresponds to
environment, regardless of
aminopolycarboxylic ligand.

In order to obtain information on the
quantitative composition of metals included in
the internal coordination sphere of complexes
formed in the system Co(ll) - edds - Nd(lIIl), the
dependence of optical density on the
concentration of one of the metals at constant
concentrations of ligand and second metal and
pH ~ const (7) (Fig. 2).
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Fig. 2. Composition of heterometallic complexe
CoeddsNd by the method of additives.

As seen from Fig..2, the value of optical
density relative to the concentrations of both
Co?* (curve 1) and Nd** (curve 2) varies in the
same way:. with increasing concentration of
metals from 0,5-10 10 0,9-10* mol/dm?® there
is a decrease in the values of optical density,
and at Ccoan=Cnaam=1-10° mol/dm* on both
curves there is a well-defined inflection, which
corresponds to the ratio
Co(Il):edds:Nd(IT)=1:1:1.This clearly indicates
that the internal coordination sphere of
heterometallic complexes Co(ll) and Nd(lII)
with edds includes one metal of each type.

Oscillator  forces (Table 2) were
determined for each of the neodymium-cobalt-
containing complexes studied, which were
determined by the method [17].As seen from
table 1.2, the strength of the oscillators of
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Table 2
Experimental and calculated forces of oscillators (P) of transitions “lo,—>>"'L; of Nd(I11) ion in UV-
VIS spectra and standard error of calculation (x10°).
. Nd(NO;); Ndedta Ndedds CoeddsNd CoedtaNd
Multiples
Pexp. | l:)calcul. I:)exp. | l:)calcul. Pexp. | l:)calcul. l:)exp. | l:)calcul. I:)exp. | I:)calcul.
*Fap 3,43 257 319 257 328 229 215 232 124 1,70
*Fent Hop 9,97 984 953 938 950 944 925 89 759 7,19
oSy 1081 00 998 1035 1068 1088 972 1009 799 834
"Gy +°Gy 10,64 1(2)’7 15,23 15,36 13,50 13,55 12,27 12,37 10,90 10,94
*Gypt"Gey 6,72 525 798 548 6,07 506 667 494 458 3,85
4 4 2 4
Port Deztlun®™D 990 119 982 1186 849 12011 954 1049 721 744
1/2
oot mean square 1,43 1,91 1,25 1,18 0,60
error
the CoeddsNd complex exceeds the strength of . Table 3
the oscillators for CoedtaNd in 1.15 to 1.4 Judd-Ofelt parameters @, (x10”° em?).
times.  When  comparing  homonuclear Compound | A=2 | A=4 | r=6
complexes, an increase in P is also observed Nd(NO3)s 1,05 5,29 9,32
during the transition from edds to edta. The
. . Nd(edta 3,18 5,46 8,68
values of the shift of the band maxima and the (edta)
increase in the strength of the transition Nd(edds) 2,86 451 922
oscillators in the Nd(I11) complexes with edds Co(edta)Nd 2,56 3,29 7,07
and edta indicate the different nature of the Co(edds)Nd 2,21 4,77 8,51

ligand field influence, which may be caused by
differences in the coordination environment of
the lanthanide ion in the corresponding
compounds.

Based on the obtained data according to
the Judd — Ofelt theory [18], the intensity
parameters (A = 2, 4, 6) of the neodymium
ion in the complexes were calculated (Table 3).

The parameter Q, and the oscillator power
of the supersensitive transition *lo,—*Gs+2G7p
increase in the series
Nd(NO3)3<Nd(L)Co<Nd,L, which indicates a
lower local symmetry of the Nd (I11) ion in the
monometallic complex , compared with
heterometal. The parameter Qg decreases in the
series Nd(NO3)3> Nd,L > Nd(L)Co, which may
indicate an increase in the covalence of the
neodymium-ligand bond in the transition from
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monometallic to heterometallic complex.

It is known that the parameter Q, is the
most sensitive to the immediate environment of
the lanthanide ion. The increase in the value of
this parameter contributes to both increasing the
degree of covalence of bonds with donor atoms
and reducing the symmetry of the ion
environment. The change in symmetry may be
associated with a change in the geometry of the
coordination polyhedron of lanthanides, as well
as with a change in the structure of ligands
while maintaining the geometry of the
coordination polyhedron. Nd(I11I) ionic solutions
are dominated by nine-coordinated aqua
complexes, the geometry of which corresponds
to a highly symmetric three-cap trigonal prism
(point symmetry group Dsp) [19]. Therefore,
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Nd(NOs3)s is characterized by a low value of Q,
(1,05:10° cm?). In the case of the Ndedta
complex, the Nd(Ill) environment is a one-cap
square antiprism (Cgy,), Which is formed by two
nitrogen atoms and four oxygen atoms of the
ligand, as well as three water molecules
(coordination number = 9) [20]. The value of Q;
for CoedtaNd compared to Ndedta decreases
from 3,18:10° cm® to 2,56:10° cm?, which
indicates an increase in the symmetry of the
Nd(I11) environment due to the curvature of its
polyhedron due to the formation of Co ions with
the Edta molecule and water molecules
simultaneously. Close values of Q, obtained for
the CoeddsNd complex (2,21:10%° cm?) may
indicate a similar geometry of the coordination
polyhedron Nd(IIl) in these compounds.
Probably, the heterometallic  complexs
coordination polyhedron is close to a one-cap
square antiprism (C4,) and is formed by two
nitrogen atoms, three carboxylate oxygen atoms
of the edds molecule (or four O in the case of
edta) and three (two) water molecules
(coordination number Nd(I1) = 8). The shift of
the maximum of the *lo,—?Py, transition band
in the synthesized heterometallic complexes to
the long-wavelength region and the increase in
the intensity  of  the  supersensitive
*lojp—"Gs2+°Gyjp transition also indicates a
decrease of the coordination number in the
central ion from 9 to 8. That is, 6 places in the
inner sphere of the Nd(I1l) ion are occupied by
hexadent anions of complexones, and two
places are occupied by H,O molecules.

The different nature of the coordination of
complexion anions in heteronuclear complexes
is also reflected in the comparison of the degree
of covalence b'?, which is determined by the
nepheloxetic effect (Table 4) [21].

As seen from table4, the covalence of the
bond in heterometallic complexes with both
edta and edds is approximately the same, but
exceeds b” for mononuclear complexes ~ 1.1
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Table 4
Parameter of normalized electrostatic repulsion
of Snes, nepheloxetic ratio p and covalence
parameter b” (relative to Nd* in the gas phase,
for which Syes = 88713 cm™ ™).

Complex Snes, cmt B b”
Nd(NOs)3 86134 0.971 0.121
Ndedta 86485 0.975 0.112
Ndedds 85663 0.966 0.113
Co(edta)Nd 85882 0.968 0.126
Co(edds)Nd 85956 0969  0.125

times, which confirms the conclusion that the
covalent component increases in the formation
of a heteronuclear complex.

The  calculated  values of  the
nepheloxeticparameter B are close to 1, (Table
4), which may indicate high ionicity of the Nd—
O bond in both monometallic and heterometallic
complexes. But a slight increase in 3 values in
NdL? is associated with increasing ionicity of
the bond, and with a decrease in the
coordination number of neodymium in
comparison with hetero-complexes [22].

The general dependence of shifts of the
main maxima of the f-f transitions of the Nd*3
ion in the synthesized heterometallic complexes
in comparison with the monometallic ones looks
as follows (Fig. 3).

300
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Fig. 3. Diagram of shifts in UV-VIS spectra of
heterometallic complexes  Nd(I1)-Co(ll)  with
aminopolycarboxylic acids (cm™), L'=edta, L*=
edds.
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For the synthesized homo- and
heteronuclear lanthanide complexes with L™
anions of complexons, their stability constants
were calculated using the mathematical
programCLINP [23] (Table 5).

Table 5
Values of stability constants of complexes of
Nd(I1l) and Co(ll) with aminopolycarboxylic
acids.

Complex | lgK:
[NdL'T 16,47+ 0,06
[NdL?] 14,4+0,05
[CoL'J? 18,98+ 0,06 [24]
[CoL%* 17,19+ 0,05 [25]

[NdCoL'7* 20,1+ 0,03
[NdCoL?* 19,01+ 0,04

Heterometallic complexes are several
orders of magnitude more stable than the
corresponding monometallic complexes due to
the formation of additional bonds, and,
accordingly, metal cycles, with donor ligand
atoms. The higher stability of heterometallic
complexes compared to binary compounds
containing the same proton forms of the ligand
is associated with the formation of bonds of 2
cations with donor atoms edta/edds, that is, the
increase in the stability of the complexonate
occurs due to its «crosslinking». Comparison of
lgKs.  complexes  NdL'? ~ CoL'? and
NdCoL"%shows that the difference in the
stability of heterometallic and monometallic
neodymium-containing complexes (AlgKngcor1-
NdL1:3,63; AngNdCoLZ-NdL2:4;61) is several or-
ders of magnitude lower than the corresponding
difference between heterometallic and cobalt
complexes (AlgKndcoL1-coL1=1,12; AlgKndcoLo-
co2=1,82). This is probably due to the fact, that
in the heterometallic complex the cobalt ion
forms much fewer bonds (or cycles) with the
donor atoms of complexones than the neody-
mium ion. That is, NdCoL** complexes are
«folded» type complexes, in which Co(II)
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complexes will play the role of exo-coordinated
ligands in the formation of heterobinuclear
complexes, and the Co®* coordination sphere in
the heteronuclear compounds will be formed
only by oxygen atoms of capacious carboxyl
groups of ligands and water molecules.The sta-
bility of complexes with edds is less than that of
the corresponding complexes with edta, which
is probably due to different sizes and numbers
of chelate metallocycles, as well as to deforma-
tion of six-membered B-alanine rings in ethyle-
nediamine disuccinate complexes [14].

Solid samples of synthesized
heterometallic complexes were studied by IR-
spectroscopy. IR-spectra were recorded on a
spectrophotometer Specord M-80 in the range
of 4000-400 cm™ in tablets with KBr. The

hydrate composition of the synthesized
complexes was determined by
thermogravimetric method. The

thermogravigrams  were recorded on a
derivatograph Q - 1500°D F. Paulik, J. Paulik,
L. Erdey in the temperature range 20-500°C
with a heating rate of 5%min in a platinum
crucible in the presence of the carrier Al,Os

(anhydrous).
The thermolysis of the studied
heterometallic complexes NdCoLY? occurs in

the same way and has a stepwise character.
(Table 6).

At the first stage of thermolysis in a wide
range of temperatures (80-160°C) is their
dehydration, which is accompanied by
endothermic effects. In the region of 80-100°C,
a decrease in the mass of complexes is observed
due to the detachment of two outer-water
molecules, which is accompanied by
insignificant endothermic effects.With a further
increase of the temperature (120-180°C), the
removal of H,O molecules, which are part of the
internal coordination sphere of the complexes,
takes place.

Different

dehydration  temperatures
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Table 6

Thermal stability of heterometallic complexes Nd(111) and Co(l1) with aminopolycarboxylic acids.

The process of dehydration

t destruction, °C

o Loss of mass, % nH,
Complex t,"C/thermal effect == 10 | Experiment. | O beginning | close
105/ (endo) 4,48 4,59 2
[NdCoL'7* 114/ (endo) 7,51 7,59 3 213 485
153/ (endo) 7,51 7,54 2
92/ (endo) 7,00 7,12 2
[NdCoL?T* 117/(endo) 3 220 475
155/ (endo) 7,00 7,46 3
Table 7

Basic oscillation frequencies in the IR spectra of homo- and heteronuclear complexes of Nd(I11) and
Co(11) with aminopolycarboxylic acids and their assignment (cm™).

band Compounds
assignment NdL® [ NdCoL” | CoL? | NdL' [ NdCoL' | cCoL'
v(COOH) 1719 - - 1731 - 1730
1650 1690
1636 -1620 1650,
va5(COO) 1592 1548 1583 1593 1675
1560
1405, 1410 .
vs(CO0) 1331, 1329 149123;119390 iigg igég 1470-1358
1310 1312 '
2943, 2864 2990
v(CH) 2878 2867 2912 2975 2975-2900
510
566, 598, 576, A2
v(M-0) 666 620 537;603;626 700 -520
687
v (M-N) 458 456 449 458 457
N(H20)ina 3262 3242 3224 3220
N(H20)inter 3445 3454 3460 3420
indicate different structural role of water are bound to the lanthanide ion, complementing

molecules in coordination compounds, due to
the formation of a branched system of intra- and
intermolecular hydrogen bonds characteristic of
metal complexonates [26].

The five intraspherical H,O molecules,
which play different structural roles, removed at
higher temperatures (=120°C and 150-190°C).
Probably, 3 molecules of water, which are
cleaved at lower temperatures, are bound to the
cation of 3d metal, and two molecules of H,O
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its coordination sphere to the coordination
number 8. In the area t ~225-300°C destruction
occurs organic ligands with removal of carboxyl
and amino groups in the form of CO; and NO»,
respectively. These processes are accompanied
by a number of endo- and exo-effects. Complete
decomposition of compounds ends at t = 480°C.

To determine the nature of the binding of
metal ions to the functional groups of aminopo-
lycarboxylic acids, their IR spectra were record-
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ed. In fig. 4 as an example, the IR spectra of the
Coedds(1) and NdeddsCo (2) complexes are
given, and Table 7 shows the main oscillation
frequencies in the IR spectra of homo- and hete-
ronuclear complexes of Nd(I11) and Co(Il) with
aminopolycarboxylates.

Coedds (1)
NdeddsCo (2

Transmittance, %
ES
T

20

0d v,(CO0)

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers, cm'

Fig. 4. IR spectra of complexes Coedds(1),
NdeddsCo (2).

In the comparative analysis of the IR-
spectra of the synthesized heteronuclear
complexes and their corresponding metal
complexonates, the main attention was paid to
the absorption bands corresponding to the
oscillations of the functional groups whose
donor centers are involved in the binding to
cations. In all IR-spectra of complexes with
aminopolycarboxylic acids for both
monometallic and heterometallic complexes
there is a wide band in the range of 3200- 3500
cm®, which corresponds to the valence
vibrations of water molecules and indicates the
presence of intra- and intermolecular hydrogen
bonds. Manifestation of v(OH) in the spectra in
the form of a doublet indicates that the studied
heterometallic complexes contain both external-
spherical water molecules and H,O molecules
occupying the intraspherical position. This
conclusion correlates well with
thermogravimetry data.

In the IR spectra of heterometallic com-
plexes the band of valence vibrations of the free
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carboxyl group of aminopolycarboxylites (1731
cm™ for Ndedta and 1719 cm™ for Ndedds) dis-
appears and two split bands of strong intensity
vas(COO") appear in the range 1560 - 1670 cm™
and v5(CO0)1350 - 1470 cm™. Compared with
the IR-spectra of monometallic complexonates,
a shift of these bands to the long-wavelength
region is observed. Moreover, the bands v of
oscillations of carboxyl groups in the spectra of
heterometallic complexes appear in the form of
doublet or triplet bands, which indicates a dif-
ferent coordination environment of complexing
metals in hetero- and homometallic compounds.
The difference in the position of the oscillation
frequencies vs and vy of COO™-groups
(Av=vascoo) - Vs(cooy) for heterometallic amino-
polycarboxylates is ~ 200 cm™ and ~ 170 cm™,
which indicates the presence of NdCoL*? com-
plexes both monodentatically coordinated de-
protonated carboxyl groups and the bidentate-
bridging nature of their binding [27]. The
presence in the low-frequency region of the IR
spectra of the multiplet bands in the region 510—
700 cm*, which belong to the M — O bond
oscillations, also indicates a different
coordination of the two cations of the carboxyl
groups of the ligands[28].

In the spectra of aminocarboxylate
complexes, there are absorption bands in the
region of 4440-460 cm™ *, which correspond to
v oscillations of the M — N bond. The v(M-N)
oscillation band for the NdL*Coand
NdL'?complexes is singlet in nature and has
almost the same frequency, which indicates that
the Co?* ion is not involved in the formation of
this heterobinuclear compound. The presence of
metals in the amino groups of ligands is
indicated by the presence in the IR spectra of
the valence band of the CH groups in the region
of 292950-2800 cm™ . This band is one of the
criteria for the formation of the coordination
link M-N in complexates [29]. In the IR spectra
of heterometallic complexes, the position of the
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v(C—H) band does not undergo significant
changes with respect to lanthanum-containing
homometallic neodymium complexes, which
indicates the same coordination of nitrogen
atoms in heterocomplexes and NdL? In
addition, the multiplicity of v(C-H) may
indicate the presence in the complexes of an
extensive network of intra- and intermolecular
hydrogen bonds.

Quantum-chemical calculation of dimeric
complexes of Co (1) and Nd (I11) from edds of
the composition [Coy(edds),]* and
[Nd,(edds),(H.0)s]> was performed by the
semi-empirical method PM7 (Sparkle / PM7 for
lanthanides) (Fig. 5). For all complexes, the
optimized geometries correspond to the
minimum on the surface of the potential energy,
as evidenced by the absence of negative
eigenvalues in their Hessians.

The dimeric complex [Co,(edds),]*has
the symmetry of the point group C, (Fig. 5, a).
The immediate coordination environment of
each of the Co(ll) ions includes 2 nitrogen
atoms of the ethylenediamine bridge edds, 2
oxygen atoms of a-carboxyl groups and an oxy-
gen atom of B-carboxyl group. The coordination
number of the central ion is supplemented to 6
(curved octahedron) due to the axial oxygen
atom of the -COO- group of the second ligand
molecule. There are 3 five-membered chelate
cycles in the equatorial plane of the cobalt octa-
hedron: 1 ethylenediamine (Co—-N-C-C-N)and
2 glycine (Co—O-C-C-N).The plane of the six-
membered B-alanine cycle ((Co—O-C—C—C—-N)
is in the axial position. The bond lengths in the
octahedron [CoO4N;] are shown in Table 8.
According to the results of the calculation, the
internuclear distance Co—Co is 6.035 A. The
calculated structure of the [Coy(edds),]*
complex almost completely coincides with the
structure of the cobalt compound with edds
C10H20CoN;NaO;, described in [30, 31].

Neodymium-containing complexes
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[Nd(edds),(H-0)4]*> have a similar structure to
ethylenediamine disuccinate (Fig. 8, b). Since
low coordination numbers for lanthanides are
uncharacteristic, the coordination number of
Nd(111) ions is supplemented by 8 oxygen atoms
of two water molecules. The coordination
polyhedron [NdOgNj3] iIs a curved
dodecahedron. The Nd—Nd internuclear distance
is 7.522 A.

@
. & Bl P
oo 9-6 57 e}# e
\‘:\ Co ‘ Co " J ‘
¥ 1 2
., % 5
o a
& | WO "
‘N’ N’J.\ \‘J ‘.N;/ @
e O -
i F3_ 5 ;’U )
® b

Fig. 5.Optimized structure of complex anions
[Coz(edds)]* (a) and [Nd(edds)z(H20)4](b).

Taking into account the data of IR
spectroscopic  studies  of  heterometallic
ethylenediamine disinfectants of neodymium
and quantum chemical calculations of dimeric
complexes [Nd.(edds)»(H20)4]* ,we can
assumethat in the NdCoL? complex in the
equatorial positions relative to the Ln* ion are
two nitrogen atoms and two carboxyl oxygen
atoms of the edds molecule. Thus two glycine
and one ethylenediamine cycles are formed. The
six-membered B-alanine ring is located in the
axial plane of the neodymium polyhedron.The
Co? ion is bound to the complex ion [Lnedds]
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Table 8
Calculated bond lengths in polyhedra [CoO4N;]
and [NdOgN,] (A)

Bond length | Co(ll) | Nd(lll)
1099 2610

M-N 1990  2.609
1065 2377

M-O.coo 1052 2350
M-0.coo 1051 2387
M-O co0* 1971 2420
2436

Nd-OH, _ S

* p-carboxyl group of an adjacent edds molecule.

through oxygen atoms of the B-carboxyl group,
which performs a bridging function. The
octahedral configuration of the 3-d metal is
supplemented by 3 water molecules.

In heterometallic
ethylenediaminetetraacetates NdCoL', the edta-
ligand is coordinated to the Nd** ion
hexadentate with the involvement of two
nitrogen atoms and four carboxylate oxygen
atoms. The nitrogen atoms of the
ethylenediamine ring and the oxygen atoms of
the two 5-membered glycine rings occupy the
equatorial plane. The coordination environment
of neodymium ions is supplemented by two
water molecules. The octahedral coordination
polyhedron of cobalt in heteronuclear
ethylenediaminetetraacetate is formed by
bridged carbon oxygen atoms of bidentate
coordinated carboxyl groups of edta anions and
three water molecules.

CONCLUSIONS. The f-d-heteronuclear
complexes of Nd(Ill) and Co(ll) with
aminopolycarboxylic acids were obtained by the
method of «block synthesis». The complexes
were investigated in solutions and solid - state
by methods of electron absorption spectroscopy
and IR-spectroscopy. It was found that the pH
range 5.5 - 7 is the most susceptible to the
formation of heterometallic complexes with
deprotonated L'? anions. In this region, the
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absorption spectra of heterometallic complexes
in comparison with the spectra of monometallic
compounds are characterized by shifting and
splitting of the bands of the corresponding f-f
transitions of Nd** ion and d-d transitions of
Co?* ion into the long-wavelength region with a
significant increase in absorption intensity. The
absorption bands of the Co®" ion partially
overlap with the absorption bands of the
Co?*ion, which is proof of the formation of
heterometallic complexes.

For the NdL'?, CoL'"? and NdCoL'?
complexes, stability constants were calculated
and it was shown that heteronuclear complexes
are several orders of magnitude more stable than
mononuclear ones due to the formation of
additional bonds or metal cycles with donor
ligand atoms. The stability of
ethylenediaminedisuccinates is lower than that
of the corresponding
ethylenediaminetetraacetates due to the different
sizes and number of chelated metal cycles.

The spectrophotometric  characteristics
(oscillator power, nepheloxetic effect, Judd —
Ofelt parameters) of heteronuclear complexes
are compared. It was found that the oscillator
forces in edds-based complexes are greater than
in edta-based complexes, which is explained by
differences in the structure of the coordination
environment of the lanthanide ion in the
corresponding compounds.

It is proved that f-d-complexes belong to
complexes of «folded» type, in which the
ligand-complexon realizes maximum dentance
to Nd(II), and the coordination sphere of 3-d
cation is formed by carboxyl groups edta/edds
and intraspherical water molecules. In this case,
the Co?" cation is in a curved octahedral
environment, and the coordination polyhedron
of the neodymium ion corresponds to a one-cap
square antiprism (C4,) with a coordination
number Ln(lll) 8. In solutions and solid -
complexants have the same structure.
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32/34, Kuis

CHHTE30BaHO Ta OXapaKTEPHU30BAHO Me-
tonamu ECII, IY-cmektpockomii, JITA HOBI
rerepomeraniudi kommiekcu NdA(IIT) ta Co(Il) 3
aMiHOMOTIKapOOHOBUMH KUCIOTaMH (€THIICH/I-
aMIHTETPaoIITOBA, eTHJICHA1aMIHAUSHTapHa
kucnotu). [lokazaHo, 1110 CUHTE3 TreTepoMeTati-
YHUX KOMIUIEKCIB JIOLJIBHO TPOBOJUTH Ha OC-
HOBI MOHOS/IEpHUX mojikapOokcunaris  3d-
MeTaJliB, Kl BUCTYNAIOTh «Oy/iBeIbHUM OJI0-
KOM» JUJIsl OTPUMaHHS TeTepo0isepHO] CIIOTYKH
3 eK30KOOpJWHAIl€I0 10HIB JaHTaHiAiB. Kowm-
TUICKCU JIOCII/DKEHO Y PO3YMHAX Ta TBEPAOMY
crafi. BcTtaHoBieHo, 1110 He3aJaeXKHO BiI aMiHO-
MOJIIKapOOHOBOT KUCIIOTH, MJIsi 000X rerepome-
TaJIYHUX CHUCTEM CIIOCTEPIra€ThCsi 0ATOXPOM-
HUN 3CYB MAaKCUMYMIB MOTJIMHAHHS B1JHOCHO
MaKCHUMYyMIB TOTTUHAHHS TOMOSAEPHUX KOM-
miekciB. Jus xomruekcis NdL'? CoL'? ta
NdCoL? PO3paxoBaHO KOHCTAHTH CTIMKOCTI Ta
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MOKa3aHo, L0 TeTeposaepHi KOMIUJIEKCH Ha Ki-
JIbKA MOPSIKIB CTIMKIII MOHOSIEPHUX 32 paxy-
HOK YTBOPEHHS JOJATKOBUX 3B'S3KiB a00 MeTa-
JIOIUKJIIB 13 JIOHOPHMMH aTOMaMH JITaHJiB.
CrilikicTh €TWICHAMAaMiHANCYKIIMHATIB MEHIIA,
HDK Yy BIAMOBIIHMX €TWJIECHIWAMIHTETpaarera-
TiB, 110 TIOB’S3aHO 3 PI3HUMHU PO3MiIpaMH i Ki-
JBKICTIO XENaTHUX MeTalouukiiB. Jlis Han-
gyruBux mnepexonis Nd(III) (4|9/2—>2P1/2 Ta
4|9/2—>4Gs/2+zG7/2) pPO3paxoOBaHO CIIEKTPaJIbHI
napaMeTpu: CHJIa OCHUJISTOPIB, He(EeIOKCeTHY-
Hull napametp, napamerpu xagna — Odenbra i
KOBAJICHTHOCTI Ta MOKAa3aHO, IO MPH MEePEeXoIi
BiJl MOHO- JI0 TE€TEPOMETATIYHOIO KOMILJIEKCY B
psany akBa-ion Ln(II) > romomeramiyHuii KOM-
IJIEKC > TeTePOMETATIUHUNA KOMIUIEKC 3pPOCTa€e
KOBJICHTHOCTh 3B’SI3KY JIAHTaHIJ — JirasHm, a
3HIDKEHHSIM JIOKAIIbHOT CUMETpii 10Ha JJaHTaHi Ly
B1/10yBaeThes B psay akBa-ioH Ln (III) < rere-
pOMETaTIYHUNA KOMILJIEKC < TOMOMETalidyHUI
KOMILIEKC.

I'eteposinepHi KOMIUIEKCH Ha KilbKa IO-
PAOKIB CTAOLIBHINI 332 OAHOSICPHI 332 PaXyHOK
YTBOPEHHS JOAATKOBUX 3B’sI3KiB a00 MeTaialu-
KJIIB 3 aTOMaMH JTOHOPHOTrO Jirasay. BinzHaue-
HO, IO CTIMKICTh KOMIUIEKCIB 3 edds Hmkua,
HDK Yy BIANOBIZHUX KOMIUJIEKCIB 3 edta uepes
pi3HUI PO3MIp 1 KIIBKICTh XEJTaTHUX MeTalalu-
kiiB. IIpoBeneHo TeopeTuuHuil aHami3 reoMer-
pii kommuiekciB Co(Il) Ta Nd(III) 3 erunenmia-
MIHJISSHTAPHOIO KHUCJIOTOI0 HaIiBEMITIPUYHUM
meronoMm PM7.

IToka3zano, mo f-d-KOMILIEKCH HAJIEXKATh
70 KOMIJIEKCIB 3TOPHYTOIO THUIY, B SAKHX Ji-
raHJ-KOMIUIEKCOH peajli3ye MaKCHUMajbHY JI€H-
tatHicTh 10 NA(IIl), a xoopauHamiitHa cdepa
Co(Il) dopmyeTbcss MICTKOBUMHU KapOOKCHIIb-
Humu rpynamu edta/edds Ta BHyTpimHBOChEp-
HUMH MoJlekynamu Boau. KoopauHauiiiHui
nosienp Co(Il) BiamoBizae BUKPUBICHOMY OK-
Taeapy, a koopauHamiauii momienp Nd (III)
BI/IMOBI/Ia€ OJHOIIANIKOBIM KBaJpaTHINA aHTHII-
pusmi (Cay) 3 KU Nd(III) =8. ¥ po3umnax Ta
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TBEPJIOMY CTaHi TETepOMETANIYHI KOMIUIEKCH
MaroTh OJJHOTHUITHY OyJOBY.

KirodoBi ciioBa: rerepometaniiuHi KOMIUICKCH,
KOOQJIbT, HEOJMM, aMiHOMOJIIKapOOHOBI KHUCIIO-
TH, CTIEKTPaJIbHI BIACTUBOCTI.
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