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Metal complexes based on guanidinium-containing oligoether and Cu?, Ni#*, Co?* or
U022+ ions have been synthesized. The structure of the initial ligand and obtained com-
plexes, as well as the complexing ability of the oligoether towards the transition metal and
radionuclide ions was investigated by FTIR, NMR and UV-Vis spectroscopy. It is shown
that the synthesized oligomer forms stable complexes with the ions under study. Their
coordination number is 6 and the resulting complexes have the form of a distorted
octahedron. The chemical composition of the complexes in solution and in the solid state
did not change.

Keywords: guanidinium-containing oligoether, complexation, FTIR and UV-Vis spec-
troscopy.

I'yanminunBmicHHI oJiroerep AK KOMIIJIEKCOYTBOPIOBAY iOHIB mepeximHux MeTaJis.
M.A.Bopmman, A.C.Bepexmcnuuvra, OAArcenoscvra, C.M.Kobunincvruil, JI.B.Kobpiua,
B.M.Jlemewro, B.B.Illeguenro

CuHTe30BaHO METAJIOKOMILJIEKC HA OCHOBI ryamigmuiiiBmicHoro ojsiroerepy i coueii mo-
niBamenTHHx Mertaxis Cu?t, Ni?*, Co?" ra U022+. Mertomom 14, AMP Ta eneKTpoHHOI cIeKT-
pockormii mocmigsKeHo CTPYKTYPY BUXiZHOTO JiraHAy Ta OTPUMAHUX KOMIIJIEKCIB Ta KOMIIIEK-
COYTBOPIOBAIBHY 3JATHICTH OINroeTepy CTOCOBHO ioHIB momiBamemTHmx MeramiB Cu?t, Ni2t,
Co®" ta U022+. ITorkasano, 110 cHTE30BaHUII OJIiroMep YTBOPIOE CTiHKi KoMIIJIeKcu 3 ioHamMu
HoJIiBaJIEHTHUX MeTaliB; KOOpAWHAIIIMHEe YMCJIO KOMIIJIEeKCiB mgopiBHIOe 6, oTpuMaHi KOM-
IJIeKcu MaloTh hopMy ZedOpMOBAHOTO OKTaenpa. BeraHoBieHo HedMinHiCThL xiMiuHOrO CKJIa-
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Iy KOMILJIEKCIB y pos3umHi Ta B KOHIeHCOBAHOMY CTaHi.

1. Introduction

One of the main problems that arise during
wastewater treatment of various industries is
the removal of transition metal ions from aque-
ous solutions. The solution to this problem is
possible by using compounds capable of form-
ing stable complexes with metal ions [1-4].
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Guanidine and its derivatives are of in-
terest as ligands in coordination chemistry
due to the presence of the CNjz fragment;
they are also good electron donors due to
the delocalization of six m-electrons in the
Y-shaped part of the CN3 fragment, which
is called Y-aromaticity [5] or resonance sta-
bilization and is the main reason for the

Functional materials, 30, 1, 2023
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high basicity of guanidines. This makes
them versatile and efficient ligands for
transition metal ions such as Mn, Co, Ni,
Zn, Cd, Hg and Ag [5-T7].

The first complexes were described for
1,1,3,3-tetramethylguanidine (TMG) with
Co?* and Cu?* ions. The compositions of
these complexes are as follows
[Co((CH3)oNC:NHN(CH3)5)41(ClO4),,
[Cu((CH3)oNC:NHN(CH3)5)4](ClO,4), that indi-
cates the complexation of four TMG mole-
cules with one metal ion. Bisguanidines are
characterized by the formation of complexes
with the M:L ratio of 1:1 — [M(L)Y,],
where MY, is metal salt, L is ligand —
bisguanidine. The structure of these com-
plexes is basically a distorted tetrahedron.
[8, 9], and they are used in various fields of
bioorganic chemistry, as well as polymeriza-
tion catalysts. Peralkylated and bicyclic
guanidines coordinated with transition met-
als have been also described. Guanidinocar-
bon ligands are widely used in coordination
and organic chemistry as pharmaceuticals,
sweeteners, catalysts [8, 9].

Among polymeric complexing agents,
polyethyleneimine is one of the most widely
used ligands due to the presence in its
structure of a large number of amine
groups capable of protonation and com-
plexation [10-16]. However, the most de-
manded in terms of practical use are poly-
meric guanidine derivatives, for example,
polyhexamethylene  guanidine chloride
(PHMGC), which attract attention due to
their biocidal properties [17-19]. The
PHMGC mechanism of binding metal ions
may be as follows: similar to
polyethylenimine, polyhexamethylene
guanidine chloride and phosphate (PHMGF)
form complex compounds with metal ions.
This makes it possible to consider PHMGC
as a promising platform for chelate complex
formation with the target metal ion.

The metal ions in these complexes are
quite strongly bound to polyhexamethylene
guanidine chains and they cannot be re-
placed by other cations. The assessment of
stability constants by the Bjerrum method
[17-19] allows us to arrange them in the

_(CHz)s~NH
HN \ , X
e (CHy)g—NH— P—NH—(CH;)e—
: \ /
N. N
Twy2a”
N N
S
~ems—(CHy),—NH— D NH—(CHj)g e o=~
HN —NH
~(CH2)s

Functional materials, 30, 1, 2023

following order: Cu?* > NiZ* > Zn2* > Co2*
> Pb2* > Hg?* > Mn2*

A characteristic feature of PHMGF com-
plexes is the closeness of all consecutive
constants of the complex formation. It is
due to the high local ligand concentration of
PHMGF macromolecules, which coagulated
into static tangles, as well as with the fact
that all ligands are bound together by the
valence chain of the polymer molecule. The
latter circumstance leads to the fact that
the addition of the first elementary link
immediately forms a complex with four li-
gands.

Polyhexamethylenguanidinium chloride
and phosphate are formed stable complexes
with heavy metal ions in aqueous solutions;
this leads to displacing a proton from the
protonated imine group of the polymer. The
complexing ability of PHMG depends on the
nature of the metal and the concentration
of the polymer in the solution. Binding of
metal ions occurs inside the statistical
macromolecular tangles of the polymer. The
most complete interaction occurs in dilute
solutions at a concentration of PHMG up to
3 %. Due to the polyelectrolyte effect in
this concentration range, macromolecular
tangles are maximally unfolded, which fa-
cilitates complex formation. In the com-
plexes formed, one metal ion accounts for
10-16 elementary links of the polymer.
Binding of metal ions into strong polymeric
complexes with PHMGC is used for their
removal from wastewater of industrial en-
terprises and the body of warm-blooded ani-
mals. The use of polyguanidines paved the
way for their wider application in coordina-
tion chemistry.

It should also be noted that the chemis-
try of oligomeric guanidine derivatives
opens wide possibilities for changing the
structure and physicochemical properties of
oligomers as ligands. In particular, a cer-
tain potential is inherent in providing such
oligomers with amphiphilic properties.

Previously, we have obtained a
guanidine-containing oligoether by the reac-
tion of oligomeric aromatic diepoxide with
guanidine, neutralized by hydrochloric acid
[20], as well as some other organic and in-
organic acids [21]. It should be noted the
availability of raw materials and low energy
consumption in the synthesis of the de-
scribed oligomers. In this regard, it is rea-
sonable to investigate guanidinium oli-
gomeric complexes with transition metal
ions.
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The aim of this research is to synthesize
metal complexes based on guanidinium-con-
taining oligoether and copper (II), nickel
(IT), cobalt (II), uranyl (U022+) ions. Investi-
gation of the obtained complexes by UV-Vis
(liquid and solid states), FTIR, and NMR
methods.

2. Experimental

Materials. DER-831 is a diane epoxy oli-
gomer (MW 365 g/mol) diglycidyl ether of
bisphenol A. The weight part of the epoxy
groups is 23.5 wt.%. The DER-831 was de-
hydrated at temperature 80-90°C in vacuum
(residual pressure of 2 mmHg) for 2—6 hours.

Guanidine hydrochloride (Aldrich) was
used without additional purification.

Inorganic salts of copper(Il) sulfate
(CuSO,45H,0, 99 %) and nickel(II) sulfate
(NiSO46H,0, 99 %), cobalt (II) chloride
(CoCly-6H50, 99 %) and UO5(NO3z),-6H,0
(pure for analysis grade) — all chemicals
were used without additional purification.

Synthesis of guanidinium-containing oli-
goether (GO). The GO sample was synthe-
sized according to the method described in
[20]. Briefly, the synthesis of GO is based
on the reaction of an epoxy oligomer and
guanidine in the base form, obtained immedi-
ately before the reaction at a molar ratio of
components 1:2. The synthesis of oligoether
was carried out at 50 — 60°C for 2 — 3 h,
followed by the treatment of the reaction
mixture with hydrochloric acid to convert
the product into a salt form. The resulting
oligomer was isolated from the reaction
mixture by precipitation in diethyl ether,
and then dried at room temperature in vac-
uum to constant weight. The yield of the
final product is 93 %. The obtained oli-
gomer is a yellow resinous substance, sol-
uble in water, ethanol, methyl ethyl ketone,
dimethylformamide, dimethylsulfoxide, di-
methylacetamide and insoluble in acetone,
ethyl acetate, tetrahydrofuran, hexane.

Synthesis of Cu(ll), Co(ll) and Ni(ll) com-
plexes with guanidinium-containing oli-
goether. Complexes of metal ions (M(II))
with guanidinium-containing oligoether were
obtained in an alcohol solution with a molar
ratio L:M(II) = 2:1 at room temperature.

Complex of GO with Cu(ll). A copper sul-
fate solution of 2.5 g (0.1 mol) in
water/methanol 30/70 (v/v) was slowly
added to 11.1 g (0.2 mol) of guanidinium-
containing oligoether in a water/ethanol
(50/50 (v/v)) solution with constant stir-
ring. The resulting product was kept at
room temperature for an hour and then
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dried at room temperature and reduced
pressure. Precipitation of the complexes
was carried out at pH 5.5 from the aqueous
solution using a phosphate buffer solution
(potassium dihydrophosphate). Then the ob-
tained product was washed with ethanol and
dried in a desiccator at room temperature in
a vacuum to constant weight. The yield of
the resulting product was 12.6 g (93 %).
The obtained Cu(ll) complex is a viscous res-
inous substance of green color. This com-
plex is soluble in water, ethanol, methanol,
dimethylformamide, dimethylacetamide.

The complexes of GO with Ni(ll), Co(ll)
and UO,%* ions were obtained by a similar
procedure with a molar ratio L:M = 2:1.

Characterization methods. The molecular
weight of the ligand was determined using a
Du Pont LC 8800 Size exclusion liquid chro-
matography kit with Zorbax PSM bimodal
columns [20].

FTIR spectra of the ligands and the re-
sulting metal complexes were recorded in
the KBr tablet technique on a TENSOR 87
spectrophotometer in the region of 6000-
400 cm™!. 'H and '3C NMR spectra were
obtained on a Varian VXR-400 MHz device
in CDCls.

The UV-Vis absorption and diffuse re-
flection spectra of the obtained complexes
were obtained using spectrophotometer (UV-
2401, Shimadzu) in the range of 50000-
12000 cm™!.

3. Results and discussion

The synthesis of guanidinium-containing
oligoether ligand is presented in a follows
schema [20]:

The chemical structure of the obtained
oligomer was confirmed by wvarious instru-
mental methods. In the IR spectrum of the
oligomer (Fig. 1, curve 1) in the region of
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3200-3550 cm™1, there are absorption
bands of valence vibrations of OH and NH
groups. The IR spectrum of the ligand
shows a band at 1655 cm™! corresponding to
the valence vibrations of the C=N bond. In
the range of 1450 — 1650 cm~l there are
absorption bands of C—H bonds of a benzene
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Fig. 1. FTIR absorption spectra of 1-GO and
2—-Cu—GO complex.

ring. The presence of the OH group is also
confirmed by bending vibrations at
1110 ecm™!. Compared to the initial prod-
ucts, the absorption bands of epoxy groups
disappear at 920 cm™!.

In the 'TH NMR (CDCl3) spectrum of the
ligand (Fig. 2a), there are signals of protons
of methylene groups NH-CH, at 2.73 ppm
and the signals of protons of oxirane cycle
disappear. In the '"H NMR spectrum there
are also signals at 1.72 ppm. (s, 3H, -
CHs(a)), 2.73 ppm -CH, (NH-CH, (¢)),
2.58 ppm -CH, (CH,CHOH (b)), 3.58 ppm
—OH (CH-OH (d)), 3.96 ppm -CH (CH-OH

(e)), 6.8 ppm and 7.2 ppm —CH (f) benzene
ring, 7.77 ppm, 8.4 ppm and 8.6 ppm -
NH(NH) groups (f)).

In the '3C NMR spectrum (Fig. 2b) of
the ligand there are signals: 30.9 ppm.
(<CHs (§)), 42.2 ppm, (-C(CHg)p, ~CH(NH-
CH,CHOH) (1)), 68.8 ppm (-CH(CHOH) (h)),
73.5 ppm (—CH,(O-CH,CHOH) (h)),
114.9 ppm and 127.1 ppm (—CH aromatic
ring (f) and (e)), 156 ppm (-CH-O aromatic
ring (c)), 160 ppm (—C=N (b)).

The calculated average molecular weight
of the ligand is 516 g/mol and is close to
the theoretically calculated one (556 g/mol).
The polydispersity coefficient of the synthe-
sized ligand is 1.06, which indicates a nar-
row molecular weight distribution.

The content of copper, nickel and cobalt
in the complex was determined by elemental
analysis. Cu content: theory — 5.03 %,
found 4.85%, Ni content: theory
4.39 %, found — 4.18 %, Co content: the-
ory — 4.37 %,, found — 4.10 %. This
made it possible to establish that the found
value is close to the theoretically predicted
calculated value at a molar ratio of oli-
gomer: metal of 2:1. The formation of a
complex is indicated by a change in color
from blue to turquoise when a guanidinium-
containing oligomer is complexed with cop-
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Fig. 8. UV spectra of copper sulfate (I) and complex Cu—GO, (2); (A) B-initial ligand.

per, from green to blue-violet with nickel
and from pink to red maroon — with cobalt.

Thus, the metal ions in the synthesized
complexes are in coordination with two oli-
gomer molecules and are designated as
M2+-GO,.

The structure of the obtained complexes
was confirmed by IR, '"H NMR and UV spec-
troscopy. The IR spectra of the synthesized
complexes were analyzed by comparing with
the spectrum of the original guanidinium-
containing oligoether. The FTIR spectrum
of the GO-Cu?* complex shows (Fig. 1 curve
2) more intense valence vibrations of the
NH group and OH groups. An increase in
the intensity of the deformation bands of
OH-groups and valence vibrations of the
C=N bond was also observed, which may in-
dicate the participation of amino and hy-
droxyl groups in the formation of donor-ac-
ceptor bonds with copper ions. The band at
632 cm™! in the IR spectrum of the complex
can be attributed to the valence vibrations
of the M—N bond.

Table 1 shows the main characteristic
bands of the FTIR spectra of GO complexes
with transition metal and uranyl ions. As
can be seen from these data, the M—N ab-

sorption band appears in all IR spectra of
the complexes.

The '"H NMR spectrum of the Cu?*-GO
complex (Fig. 2¢) shows signals at
1.52 ppm. (—CHj(a)), 2.78 ppm —-NH(NHCH,
(c)), 2.58 ppm ~-CH,(CH,CHOH (b)),
3.58 ppm -OH(CH-OH (d)), 8.96 ppm -
CH(CH-OH (e)), 6.8 ppm and 7.1 ppm -CH
(f) of the benzene ring, 7.6 and 7.95 ppm
—NH(NH,) group (f)). The data presented in
Fig. 2c¢ indicate a change in the intensity of
the signals at 2.73 and 2.8 ppm -NH(NHCH,
(¢); also the signals —-OH(CH-OH (d)),
3.96 ppm —CH (CH-OH (e)) are broadened,
and the signals —NH (NH, groups (g)) 7.6
and 7.95 ppm are shifted. These data indi-
rectly indicate that the amine and hydroxyl
groups of the ligand are involved in the
complex formation.

Since the formation of the M—N coordi-
nation bond can be confirmed by UV spec-
troscopy, electronic spectra are recorded for
the synthesized compounds.

UV spectroscopy is traditionally used as
a convenient method of establishing the
symmetry of the nearest environment for
most 8d metal ions, based on the analysis of
the position and intensity of the absorption
bands of d—d transitions. In the electronic

Table 1. The bands of FTIR spectra of GO and corresponding complexes with transition metals

Sample Vv(NH), em™ | §(NH), em™! | v(C=N), em™! | V(CN), em™! | v(OH), em™! | w(M-N), em™!
GO 3430 1600 1632 1110 3338 —
Cu-GO 3420 1590 1655 1118 3488 632
Co-GO 3415 1590 1634 1049 3407 661
Ni-GO 3515 1580 1656 1028 3437 624
U0,-GO 3450 1540 1650 910 1000 1050
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Fig. 4. UV spectra of NiSO, and Ni2*—GO complex in the various ranges: 30000-12000 cm™! (A) and

28000-20000 cm ! (B).
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Fig. 5. Electronic absorption spectra of CoCl, and Co?*-GO.

absorption spectra of the copper complex,
there is a broad maximum that corresponds
to transitions B;, — E, and B;gz — Aj,. The
maxima of the absorption bands and the
shape of the spectra are characteristic of
pseudo-octahedral copper (II) complexes.
The shift of the maximum in the complex in
the long-wave region compared to copper
sulfate indicates a decrease in the degree of
axial distortion, which, in this case, is
caused by the strengthening of the metal-li-
gand bond (Table 2, Fig. 3a).

For comparison, Figure 3b shows the UV
spectrum of the initial ligand.

Unlike the electronic spectra of the com-
plex and the initial copper salt (Fig. 6), for
which the absorption maximum is in the
visible region of the ultraviolet spectrum,
for the initial ligand, the absorption maxi-
mum in the electronic spectrum is in the

Table 2. Electronic transitions of Cu(ll)

complexes

Compound BlﬁﬁEa BlﬁﬁAla
CuSO, - 12320
Cu-GO 14500 13320

Functional materials, 30, 1, 2023

near ultraviolet region of the spectrum —
at 273 nm or 36600 cm™! (Fig. 3b).

A characteristic feature of coordination
compounds of nickel (II) (Fig. 4) is the re-
alization of equilibrium between different
coordination forms, the most common of
which are octahedral complexes of nickel
(IT). The main transition of nickel (II) ions
in octahedral coordination is 3A,,. It is
known from the diagram of energy levels
that three transitions should be observed in
the electronic  spectra: 345, — 3T,
3A2g - 3T1g(3F), 3A2g - 3T1g(3P), but in
the frequency range under study we can ob-
serve only the last two. The first band is in
the long-wave region at a frequency below
10000 cm™1. At 13000 cm™!, the shoulder
of the low-intensity forbidden transition
345, > 1E, is observed. The shape of the
electronic spectra indicates a tetragonally
distorted octahedral configuration of the
nickel ion in the synthesized complexes. The
absorption bands of all transitions are
slightly shifted to the long-wave region com-
pared to nickel sulfate. This can be caused by
both the enhancement of the acceptor proper-
ties of the oligomeric ligand compared to
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Fig. 6. Electronic absorption spectra of uranyl nitrate and the U022+—GO complex.

nickel sulfate and a decrease in the degree
of axial distortion (Table 3, Fig. 4).

In the electronic spectra of cobalt com-
pounds, three d—d transitions allowed for spin
should be observed: T, (*F)— 4T,, (*F),
4Tlg(‘lF) - 4A2g (*F), 4Tlg(‘lF) - 4Tlg(‘lP).
The first of them has a frequency of
10000 cm™!, that is, it is located in the
near-infrared region. The other two transi-
tions are close in energy and can be observed
in the visible region of the spectrum. Usu-
ally the transitions 4Tlg(‘lF) - 4ng(‘lF)),
4Tlg(‘lF) - 4Azg(‘lF), 4Tlg(‘lF) - 4Tlg(‘lP)
appear as a single undivided band, or only
the last one is observed. However, in our
case, the splitting of the absorption maxi-
mum is noticeable in the electronic spectra,
which may indicate the presence of both
transitions (Fig. 5).

The maximum of the absorption band,
which corresponds to the
AT 4(*F) — 4T 1 ,(*P) transition, is observed
in the region of 19000-20000 cm~!. Com-
pared to the spectrum of CoCl,, the spectra
of Co—GO, show a shift of the maxima to
the short-wavelength region at 320 cm™!l.
Based on the intensity of the absorption
bands and maxima in the spectra, it can be
concluded that the synthesized complexes
have the shape of a distorted octahedron.

Based on the analysis of the bands pre-
sent in the spectrum of the UO,2* complex
(Fig. 6), it can be argued that the coordina-
tion number of uranium is VI. In compari-
son with the spectrum of UO,(NOj), salt,

D 7

k/

0 T T
25000 20000

30000

15000 cm’

Fig. 7. Diffuse reflection spectra of obtained
complexes: Co—-GO (1), Cu-GO (2, 3) and
UO,—GO (4).

the shift of the absorption bands to the
long-wavelength region is observed.

Taking into account that the composition
of the complexes in the solution can change
due to interaction with the solvent or disso-
ciation of the complexes, we have recorded
the electronic diffuse reflectance spectra of
the synthesized complexes (Fig. 7). It is
worth noting that in most cases, the shape
of the spectra of the solutions and polycrys-
talline samples did not differ, although a
slight shift of the absorption band was ob-
served by an average of 250-400 cm™!,
which indicates the invariance of the chemi-
cal composition of the complexes in solu-
tions and the condensed state (Fig. 7).

Based on the data obtained and the
analysis of literature [5-8, 22, 23], it can

Table 8. Electronic transitions of nickel complexes (II)

Compound 84, — 3T, (P) 84, — 3T, (F) 84, — E,
NiSO, 25360 15200 18840
NiZ*-GO, 25520 15240 18960
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be concluded that the complexation of GO
with transition metals occurs by guanidine
fragments and hydroxyl groups.

Thus, a method for the synthesis of com-
plexes of guanidinium-containing oligoether
with transition metals has been developed
and their complexation ability towards
Cu?*, Ni*, Co?* and UO,?* ions has been
investigated. It is shown that the synthesized
oligomer forms stable complexes with polyva-
lent metal ions, the coordination number of
the latter is 6. The obtained complexes have
the form of a deformed octahedron.
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