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Abstract. The compositions of polymer-metal complexes based on copper (Il) chloride and
polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) have been determined by the potentiometric
method. Based on the experimental data, obtained to determine the composition of the complex, the
titration curves have been plotted, and the optimal molar ratios of the reacting components have been
found. The Bjerrum’s formation functions have been calculated. The obtained data indicate the formation
of the polymer copper complexes, in which there are two PEG mono-links per two copper ions-
complexing agent (1:2 in the Cu?*-PEG), and in the case of PVP, there are three ones (1:3 in the Cu?*-
PVP). On the basis of thermodynamic constants of stability, using isotherm equations and isobars of Vant Hoff
and Gibbs, Gibbs’ energy (A:GP), enthalpy (AH®) and entropy (ArS°) changes have been calculated. The
complexation process in the Cu?*-PEG and Cu?*PEG systems is characterized by negative Gibbs’
energies, which indicates a spontaneous occurrence of the polymer-metal complex (PMC) formation
process in these systems. In contrast, the complexation of copper ions with PEG is accompanied by the
large positive enthalpy values, which indicate that the interaction of Cu?* with the functional groups of the
polymer is energetically unfavorable. The entropy values are positive, which can be explained by the
dehydration of ions and functional groups, acting as ligands and a chelating effect during complexation,
when one ion binds to several functional groups. The structure of the synthesized complexes has been
investigated by IR spectroscopy.
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1. Introduction

The study of the interactions of metal ions with polymers in solutions is an
actual task, the solution of which will allow one not only to deepen the knowledge
of the reactions in the solutions, but also to find new solutions to some technical
problems, such as, for example, increasing the efficiency of water purification
from metal ions, creating new sensors or biomedical diagnostic labels and active
catalysts. The properties of such systems are largely determined by the interaction
between the ions and polymer in the aqueous solutions, which includes the
hydration of ions and polymer macromolecules, complexation, and electrostatic
interaction [1].

The main characteristic of the interaction of metal ions-complexing agent
with the polymer ligands is the constant of complexation, which, according to the
main provisions of physical chemistry [2], is associated with the standard change
in the Gibbs’ energy during the reaction. This value is integral and depends on the
change in both the enthalpy and entropy during binding. The enthalpy and entropy
contributions to the Gibbs’ energy of complexation are usually not specially
estimated. Even for low molecular weight complexes, such data are rare in the
literature [3].

Meanwhile, for the polymer-salt systems, the values of enthalpy and entropy
of complexation are of particular interest, since they make it possible to clarify
the complex mechanism of the interaction of ions with macromolecules. The
copper (I1) complexes are characterized by high activity and selectivity in various
processes due to the metal-ligand interaction [4-6]. The ligands PEG and PVP are
also widely used as ligands [7-9]. In turn, the mixtures of copper with PEG and
PVP are widely used today as catalysts for the C-N bond formation, cross-coupling
reactions, azide-alkyne cycloaddition, synthesis of substituted imidazoles and indole
[10-14]. Earlier, the polymer-metal complexes based on palladium (1), iron (111)
chloride and polyvinylpyrrolidone were synthesized and their structure was
studied [15,16]. A palladium-polyvinylpyrrolidone complex PdCl,-PVP
demonstrated catalytic activity in the oxidation of octene-1 [17]. There are
practically no data on the thermodynamic data on the complexation of PEG and
PVP with the copper (1) ions in the aqueous solutions.

The aim of this work is to present the results of studying the complexation
process, using the potentiometric method, comparing the thermodynamic
characteristics (Gibbs’energy, enthalpy, entropy) of the complexation process of
the copper (I1) ions with the water-soluble non-ionic polymers PEG and PVP, and
the investigation of the morphology of the copper polymeric complexes. A
comparative analysis of the thermodynamic parameters of the formation of the
polymer complexes of copper (I1) has been carried out and their stability has been
assessed.

2. Experimental part

Copper chloride CuCl,-2H,0, polyethylene glycol (molecular weight 10,000,
Aldrich), polyvinylpyrrolidone (molecular weight 40,000, AppliChem, Germany),
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hydrochloric acid, nitric acid, sodium chloride, sodium nitrate were used without
a preliminary purification.

The processes of complexation of the copper (Il) ions with PEG and PVP
were studied by the potentiometric method [18]. Potentiometric studies were
carried out under the thermostated conditions on a pX-150MI ion meter, using
silver chloride and glass electrodes. The pH measurement accuracy was 0.02 pH
units. The IR spectra of the PEG, PVP ligands and Cu (I1I)-PEG and Cu (I1)-PVP
complexes were recorded on a JASCO FT IR-4100 type A instrument in the range
4000-450 cm'™. The stability constants of the PMC were calculated on the basis of
the modified Bjerrum’s method [19, 20]. The SEM images were obtained with a
JSM-6490LA Jeol instrument. The IR spectra and SEM images were obtained in
the analytical laboratories at the Technical University of Kaiserslautern
(Germany).

The complexes CuCl,-PEG and CuCl,-PVP were prepared by mixing the
aqueous solutions of CuCl»-2H,0 and PEG and PVP at the optimal molar ratios of
1:2 and 1:3, respectively. The resulting mixtures were stirred on a magnetic stirrer
for 1 hour at the room temperature. The resulting complexes were dried and
stored in air at the room temperature. The yield was 97%.

3. Results and discussion

Figures 1 and 2 show curves of potentiometric titration of PEG with nitric
acid (Fig. 1), and PVP with hydrochloric acid in the absence and in the presence
of Cu?*ions at T = 298 K, 1 = 0.10 mol/L (potentiometric titration curves for other
values of temperature and ionic strength have a similar form).

As can be seen from Figures 1 and 2, the titration curves in the presence of
metal ions, the complexing agent, are in a more acidic region than in their
absence. This fact indicates the presence of a complexation process between the
polymer ligand and the metal ion.

pH S

3.2+

s0d  PVP-Cu*

Figure 1 — The curve of pH-potentiometric titration Figure 2 — The curve of pH-potentiometric titration
of the PEG-Cu?* complex with nitric acid of the PVP-Cu?* complex with hydrochloric acid

(C(HNO3) = 1102 mol/L) (C(HCI) = 1-102 mol/L)
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To interpret the displacement of the titration curves, a modified Bjerrum’s
method has been used, the data of which are presented in Table 1. The calculated
data confirm the formation of a polymer-metal complex (PMC) in a ratio of 1:2 in
the Cu?*-PEG system, 1:3 in the Cu?*-PVP system [21, 22]. It is known that the
transition metal ions, interacting with polymers may not realize their maximum
coordination number, since the copper ions can be saturated with the coordination
due to anions or solvent molecules [19].

Also, the steric repulsion between large ligands and electrostatic mutual
repulsion of ligands — anions, when they are replaced by the water molecules at a
positively charged metal ion, can prevent the coordination of additional ligands
[23].

Table 1 — Calculated values of the Bjerrum’s formation functions of the PEG -CuClz, PVP-CuCl2 system
(T =298 K, | =0.10 mol/L)

System [LH7 @ [L1°® [L© Ld ne
molL molL mol/L P
2.26-10* 13.49-10* 1.76-10° 2.87 1.13
5.37.10* 16.22-10* 1.17.10° 2.79 0.75
8.37-10* 10.72.10* 1.42.10° 2.97 091
11.46-10* 8.91.10* 1.29-10° 3.05 0.83
PEG- Cu?
14.56-10* 7.24.10* 1.15.10° 3.14 0.74
17.64-10* 5.89-10* 0.98-10° 3.23 0.63
20.74-10* 4.90-10* 0.77-103 331 0.49
23.95-10* 4.79-10* 0.46-10° 3.32 0.29
0.99-10* 3.46-107 9.00-10* 0.46 2.70
1.99.10* 2.81.10* 8.01.10* 0.55 2.40
2.99-10* 0.76-101 7.02:10" 1.12 2.10
PVP —Cu?*
3.97-10* 0.69-101 6.03-10* 1.16 1.80
4.97-.10* 0.71-10* 5.03-10* 1.15 1.50
5.96-10* 0.68-10! 4.03-10* 1.17 1.20
Note. 2 [LH*] — the concentration of the protonated ligand groups; ® [L] — the concentration of the
free ligands which are not involved in a complexing process; ¢ [Lc] — the concentration of the ligand
groups connected in a complex; ¢ pL — the concentration of the free ligands calculated on Henserson-
Hasselbach equation pH = pKa + mig[L]/[LH+], where m - the empirical coefficient considering
interlink interaction of a polymeric chain; © n — Bjerrum’s formation functions or average
coordination number of a metal ion.

The thermodynamic parameters of the complexation of high-molecular
ligands with the copper ions were also calculated, using the classical laws of
thermodynamics for the systems with polymer ligands.
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The results of our studies have shown that the complexation process in the
Cu?*-PEG and Cu?"PVP systems is characterized by negative Gibbs’ energies,
which indicates a spontaneous occurrence of the PMC formation process in these
systems (Table 2).

The process of binding ions by the functional groups of the polymer leads to
a limitation of ion mobility, is entropically unfavorable, and contributes to a
decrease in entropy. However, in the systems under study, the entropy values are
positive. This phenomenon can be explained by a number of reasons: first, this is
due to the dehydration of ions and functional groups acting as ligands. In this
case, the released water molecules acquire translational mobility, resulting in an
increase in entropy [24]; secondly, it is a chelating effect during complexation,
when one ion binds to several functional groups.

For low molecular weight systems, it has been shown that the formation of
chelate complexes is accompanied by an increase in entropy. As an explanation of
this effect, it is indicated in the literature that the occupation of several
coordination centers of the complexing ion by the functional groups, belonging to
one ligand molecule is entropy advantageous, since dehydration releases more
water molecules than when the ligand molecules are bound [1].

The reaction of complexation of the copper ions with PVP is accompanied by
an exo effect, as evidenced by the negative value of the enthalpy. As the
temperature rises, the stability of this complex decreases.

In contrast to the system, based on Cu?*-PV/P, the complexation of the copper
ions with PEG is accompanied by large positive enthalpy values, which indicate
that the interaction of Cu? with the functional groups of the polymer is
energetically unfavorable. The positive value of the enthalpy for this system
indicates cooperative structural changes in the solution, accompanied by a gain in
entropy.

Table 2 — Thermodynamic characteristics of the complexation process of the Cu?* ions with PEG and
PVP.

-AGOP, £AHCC +AS0¢

Complex T.K | lgp°® ka/mol ky/mol JImol K

298 5.98+0.06 34.11+0.42
PEG-Cu? 318 6.10+0.07 35.98+0.41 117.3+0.11 501.05+0.15

343 7.25+0.09 44.13+0.45

298 14.50+0.19 82.72+0.09 175.7+0.30 218.62+0.94
PVP-Cu? 308 14.40+0.18 84.91+0.11 487.5+0.80 1307.13+0.57

318 11.50+0.25 71.83+0.08 244.9+0.90 544.26+0.30
Note. 2B°is the thermodynamic stability constant of the complexes. PAG° is the change in the Gibbs’
energy of the reaction. ¢ AHHC is change in the enthalpy of reaction (thermal effect). ¢ AS° is the
change in the entropy of the reaction.

IR spectroscopy is one of the simplest methods for determining the
functional groups of a polymer ligand, which are involved in the formation of a
coordination bond with a complexing metal. The IR spectra of PEG and Cu?'-
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PEG are shown in Figures 3 and 4. The bands due to the C-O stretching mode
were merged in the very broad envelope, centered on 1242 and 1089 cm™ arising
from C-O, C-O-C stretches, and C—O—H bends vibrations of CuCl. in PEG [22,
25, 26].

The IR spectra have shown the existence of the van der Waals interactions
between the chain of PEG and CuCl,.The shift of peaks corresponding to the
vibrations of the carbonyl group of the polymer to the lower frequency region is
due to the formation of the coordination bond due to the donor — accepter
interaction between the O atom of the PEG polymer ligand and ions Cu(ll).

i

- y - r - r T i . . . . . .
4000 3003000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
cm cm®t

Figure 3 — The IR — spectrum Figure 4 — The IR — spectrum
polyethylene glycol of the complex CuCl-PEG

As seen from the IR spectra (Figures 5 and 6), the peak characteristic of the
C=0 bond in PVP becomes asymmetric after the addition of metal chlorides,
which indicates a strong interaction between PVP and Cu (Il) ion in the PVP-
CuCl; complex. The IR spectra of the studied complex based on copper (II)
chloride and PVP contain a band at 3400 cm™, which is characteristic of PVP.
The carbonyl group in PVP is characterized by a peak at 1651 cm™, broadened
due to the C=N bond in the lactam ring. This band shifts to 1510-1645 cm™ in the
complex [21, 22, 27, 28].
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Figure 5 — The IR-spectrum Figure 6 — The IR-spectrum
polyvinylpyrrolidone of the complex CuClz-PVP

The differences in the IR spectra of PEG and the PEG-CuCl, complex, as
well as PVP and PVP-CuCl; coordination compound, are observed as a result of
the donor-acceptor interaction between the O atom in the PEG and PVP polymer
ligands and the metal ion.

147



KA3AKCTAHHBIH XUMUAJIBIK JKYPHAJIBI XUMHYECKHY XYPHAJI KA3AXCTAHA

Based on the results of the studies carried out, taking into account the
literature information [29, 30] and that chlorine anions do not form a complex
with polymers, the following schemes of the interaction between the components
of the Cu?*-PEG and Cu?*-PVP systems can be presented (Figure 7):

25 OC + wollln 2+
nCuCl, +

H, i H *
—CH c CH— CH
nCucCl, + *+C—CH~}* 25°C LT TN~ CHz p,c—~1
\ o | De—d f o \ 7 Fi
N o H,0 H,—CH 2 2 CH 2
N /
\C O"C

Figure 7 — The interaction between the components of the Cu?*-PEG
and Cu?*-PVP systems

The proposed mechanism of interaction of the copper ions with PEG and
PVP is similar and the following stages were suggested: the formation of Cu-ClI-
PEG/or PVP bridge, and the formation of Cu-ion which is coordinated by two
oxygen atoms of PEG or three oxygen atoms of PVVP and two chlorine ions [22].

To study the surface of the polymer-metal complexes of copper (1), the
method of scanning electron microscopy has been used (Figures 8, 9). An analysis
of the micrographs indicates the formation of the polymer films with a porous
inhomogeneous amorphous structure.

Figure 8 — Micrographs of the PEG and PEG-CuCl. complex
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Figure 9 — Micrographs of the PVVP and PVVP-CuCl. complex

4. Conclusion

The present study describes the synthesis and characterization of the copper
(1) complexes with the non-ionic water-soluble polymers PEG and PVP. From
the IR spectra it may be concluded that the polymer ligands act as a chelating
agent to the metal ion and bind through the oxygen atoms of the C=0 group.
Scanning electron microscopy confirms the coordination of the polymer ligands
PEG and PVP, and the amorphous structure of the polymer copper complexes.
The calculated data indicate the formation of the coordination compounds in the
Cu?*-PEG and Cu?*-PVP systems. The thermodynamic parameters of the
complexation processes between ions have been calculated. The stability constant
and Gibbs’ free energy calculations show that the Cu®*-PVP complex is more
stable than the Cu?*-PEG complex. The both complexes are effective co-catalysts
for the octene-1 oxidation. The percentage product of reactions shows that the
PVP-CuCl, complex is more active than the PEG-CuCl, complex.
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MBIC (II) XJIOPUATHIH MOH/Ibl EMEC II3T" ’)KOHE IIBI1 KEIIEH/1
KOCBUIBICTAPBIHBIH CUHTE3I ) KOHE CUITIATTAMAJIAPBI

Baxiposa B.C.}, Cmazynosa H.A.Y, Axéaesa /I.H.?

On-Dapabu ammuindviev: Kasax ynmmuix ynueepcumemi Anmamor, Kazaxcman
E-mail: bakirova.botagoz@kaznu.kz

Tyiiingeme. Meic(I) xmopuni xene nommytmieHrmkonas (II9I)  men momusuHmmMpponunon (IIBIT)
HeTi3IHer] KeleH i KOCBUIBICTAp/IbIH KYPaMbl IIOTCHIIMOMETPIIIK dJTiCTIIeH aHbIKTasFaH. KerieH1i KOChUIBICTBIH
KYpaMbIH aHBIKTAyFa apHAJFaH TOKIPUOETiK MoTiMETTep HOTHIKECIHIE TUTPIICY KHCBIKTAphl TYPFBI3bLIFAH
JKOHE OpEKeTTeCyIl KypayllbUIap/IblH ONTHMANbIl MOJBIIK KATHIHACTAPhI TaObUIaH. BbeppyMHBIH Ty3ily
¢bynxuuscsl ecentenred. Ecenrenren mannep 191" exi MOHOOYBIHBI (Cu*-TI3T" KemeHni KOCHUTEICEIHAA
1:2), TIBIT yur MoHOGYBIHBI KerueHTy3rim Mbic nonbia(CuZ*-TIBIT kemenai kochuibichbinaa 1:3) coiikec
KeJETIHITIH AosengereH. TypakThulblK KOHCTaHTachl Herizinae Bant — Iod¢ xone T'ub0c m3orepma
’koHe H300apa TeHeyJlepiH KomjaHa OTwIpein ['m66c sHeprusichl (A:GP), surampmus (AH®) sxone
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surporus (ArS®) monnepi ecentenren. Cu?*-II2T skone Cu?*-IIBII skylienepinseri kemenTysiny yaepici
I'n66c >HEprHUACHIHBIH TEpiC MOHIMEH CHIIATTalabl, SFHH aTaJMBII >Kyifelepie MOIMMEePMETaIbIK
KeIIeH 1l KOCBUIbIC TY31Iy y/epici e3/iriHeH Typa 6arbiTTa Xypeni. Mbic nonaapsiasiz [1BI1 kemenTysiny
peakuuschl k30 — d(hdeKTneH oTemi, SAFHM OSHTANBMHA MoHI — Tepic. CUZ-TIBII sxyitecimen
CaNbICTBIpFaHa MbIC HMOHAApbIHBbIH 1D KeleHTy3iny yaepici SHTaJbIHSHBIH JKOFApbl OH MOHIMEH
cunarrananpl, srau  Cu?*  monuMepaiH (YHKIMOHAIBIBIK TONTAPMEH OPEKETTECYi SHEPTETHKATBIK
TYpPFBIIAaH THIMCI3. DHTPOINHMS MOHI — OH, aTaJMBbIII KYOBUIBICTBI JIMTAH[ PETIHICTi HOHAAp KOHE
(YHKIMOHATBB TONTApP/bIH JerpajalusacbiMeH, Oip HOH OipHerie (YHKIHOHANBABI TOMMIAJapMeH
OaifTaHbICATBIH KCIIEHTY3Lly OapbICBIHIArbl XeNaTThIK dddexrneH Tycinmipyre O6omagsl. MK —
CIIEKTPOCKOIYS JNICIMEH CHHTE3JIENICH KEeIIeHJI KOCBUIBICTapbIH KYPBUIBICH! 3epTTeNreH. Ilomumepii
JIMTQHATAPAAFbl OTTErl aTOMBI METAaUT — KELICHTY3TIll HOHBIMEH KOOPAMHALMSIBIK GaillaHbIC OpHATYFa
KATBICATBIHBIFB aHbIKTAIFaH. CKaHUPJIEYILI JIEKTPOHIBIK MUKPOCKOI HOTHXKECI KeyeKTi OIpTeKTi emec
aMOp(THIK KYPbUIBIMFa He HOIMMepIIi KaObIKIIaIapAbIH TY3UICTIHIIrH KopceTesi.

Tyiiinai ce3mep: MOMUBHHUIMUPPOIUIOH, MOMUITIICHIIIMKONb, MBIC, KEIICHTY3UIy,TYPaKThLUIBIK
KOHCTaHTaChl, KypaMm.
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AoctpakT. CoOCTaBbl  MMOJMMEPMETANIMYECKMX KOMIUIEKCOB Ha ocHoBe xiopuma wMemd () wu
(mommmstunenrivkons (T1917) u momuBuammUpponraoHa (ITBIT)) Obuti ycTaHOBIICHBI MOTEHIIHOMETPHYECKAM
MeToZIoM. I10 MONy4eHHBIM SKCIIEPUMEHTANBHBIM JTaHHBIM, [0 ONPEICICHHIO COCTaBa KOMIUIEKCA OBUIH
IOCTPOCHBI KPHBBIC THTPOBAHHS ¥ HAMICHBI ONTHUMAaJbHBIE MOJBHBIE COOTHOLICHUS PEardpyOIIUX
KOMIOHEHTOB. bbumm paccuurtansl (yHkumu obOpasoBaHusi bbeppyma. PaccunmTtaHHble naHHBIC
CBUJIETEIICTBYIOT 00 00Opa3oBaHUM IOJIMMEPHBIX KOMIUIEKCOB MEIM, B KOTOPBIX Ha J[Ba COCTaBHBIX
monossena I1OT npuxonsres asa (1:2 B kommiexce Cu?*-TI3T), a B ciydae TIBI1 npuxoautest Tpu HOHA
Meau-Komrnekcooopasosatens (1:3 B kommmekce Cu?*-TIBIT). Ha ocHOBaHHM TepMOIMHAMHYECKHX
KOHCTaHT YCTOMYMBOCTH, WCIIONB3Yysl ypaBHEHHs H30TepMbl u n300apsl Bant-T'odda n 'mbdea, Obuim
paccunTaHbl u3MeHeHus sHepruu I'm66ca (AGP), smtamenmum (AH®) u surpomum (ArSP). Tporuece
KoMIIIekcoobpasopanus B cuctemax CU?*-IIT wu Cu?-TIBI1 xapakTepusyeTcs OTpUIATETbHBIMU
3HaUCHUsIMH dHepruu ['mb0Oca, YTO CBHIETEIBCTBYET O CAMOIPOU3BOJIBHOM IIPOTEKaHHM IIpolecca
oOpasoBanus  nonuMepmeramueckux — kommekcoB  (IIMK) B otux  cucremax.  Peakums
KoMIIekcooOpa3oBanus HoHoB Menu ¢ [IBII comnpoBosknaercs 3k30-3p(hekTom, 0 ueM CBUAETENBCTBYET
OTpMIIATENPHOE ~ 3HAYEHWE OHTANBNMM. B  OTIMYMM OT cucTeMbl Ha ocHoe CU?*-TIBIT
KOMILIeKco0Opa3oBaHue HOHOB Menu ¢ 10T conpoBokaeTcst OONBIIMMHU MOJIOKUTEIBHBIMA 3HAYCHUSIMH
SHTAIIBIIMM, KOTOPHIE CBUJETENBCTBYIOT O TOM, 4TO B3aumogelcTeue CUZ* ¢ (YHKIMOHANBHBIMHU
IpyINIIaMH IOJIMMEPa SHEPTEeTUUESCKU HEe BBITOIHBL. 3HAYCHHS SHTPOINH MOJIOKHUTEIbHBI, TAHHOE SIBICHHE
00BSICHSCTCSI IeTHpaTanieil HOHOB M ()YHKIIMOHAIBHBIX TPYII, BBICTYMAIOUINX B KAYECTBE JINTAHAOB, U
XeNaTHBIM 3G (EKTOM HPH KOMIUICKCOOOPA30BaHMHM, KOTJa OJWH HOH CBSI3BIBACTCS C HECKOJIBKHMH
¢byHKunoHanbHBIME  rpynmaMi.  Mertomom  UK-crekrpockomuu  OBUIO  HMCCIIENOBAHO — CTPOCHHE
CHHTE3UPOBAHHBIX KOMIUICKCOB. YCTaHOBJICHO, YTO AaTOMBbl KHCJOpPOAa TOJUMEPHBIX JIMTaHIIOB
NPUHUMAIOT ~ y4acTHe B 00pa3oBaHMM  KOOPJMHALMOHHOM  CBS3M C  HMOHOM  Meraluia-
KOMILIEKCcO0Opa3oBatensi. Pe3ynbTaTel CKAHUPYIOLIEH 3JIEKTPOHHOH MUKPOCKOIMH CBHIETEIBCTBYIOT O
(OpMHPOBAHHUH MOJIUMEPHBIX TUIEHOK C MTOPUCTON HEOTHOPOAHOH aMOp(HOIT CTPYKTYpOH.

KuaroueBble cJIoBa: TOJMBUHWIIUPPOIUIOH, MOJUITHICHIIIMKOIb, Meb, KOMILIEKCOOOpa3oBaHue,
KOHCTAHTBI YCTONYMBOCTH, COCTAB.
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