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STUDYING THE COMPOSITION OF COMPLEXES ON THE BASIS
OF PALLADIUM(II), COPPER(II), IRON(I11) CHLORIDES
AND POLYVINYLPYRROLIDONE

Abstract. The compositions of polymer-metal complexes based on palladium(ll), copper(ll), iron(111) chlorides
and polyvinylpyrrolidone were established by potentiometric and conductometric methods. The values of the
Bjerrum formation functions were calculated. According to the experimental data obtained for determination the
composition of the complex, titration curves were constructed and the optimal molar ratios of the reacting
components were found. The obtained calculated data indicate the formation of polymeric complexes of palladium
and copper, in which one complex-metal ion forms into three compound mono-link of polyvinylpyrrolidone. And in
the case of the iron polymeric complex, there is one ion of the complexing metal for the four constituent mono-link
of polyvinylpyrrolidone. Coordination saturation of metal complexing agents in these complexes is due to solvent
molecules or anion of metal salts. The structure and morphology of the synthesized complexes were studied using
IR- spectroscopy and scanning electron microscopy. It has been established that the oxygen atoms of polymeric
ligands take part in the formation of a coordination bond with the metal ion. The results of electron microscopy
indicate the formation of polymer films of a complex with a porous inhomogeneous amorphous structure.

Key words. Polyvinylpyrrolidone, palladium, copper, iron, complexation, Bjerrum method, stability constants,
composition, thermodynamics.

Introduction

Coordination compounds are widely used as homogeneous and heterogeneous supported catalysts.
Chemical transformations in the presence of coordination compounds underlie many catalytic processes. It
is known that they are able to activate molecules of alkenes, alkynes, carbon monoxide, oxygen, which
opens up broad opportunities for the development of new catalytic processes [1].

An additional impetus for the development of catalysis by complexes was the general tendency to
create milder reaction conditions. Classical processes using heterogeneous metal oxide or metal catalysts
are sometimes called “expensive” processes, bearing in mind the high costs per ton of product produced.
These costs are determined by high temperatures and pressures at a fairly low, as a consequence, the
selectivity of the process. In addition, relatively low degrees of conversion of the starting materials often
lead to the need to separate the reaction product from highly diluted mixtures, as well as the recycle of
unreacted reagent. Polymer-metal complexes used as homogeneous catalysts, on the contrary, usually
operate at low temperatures and pressures with high efficiency and selectivity for the reaction products
[2].

The aim of this work is to study the process of complexation of polyvinylpyrrolidone (PVP) with
Pd?*, Cu?*, Fe** ions.

Experimental part

Palladium(Il) chloride PdCl,, copper(ll) chloride CuCl,-2H,0, iron(lll) chloride FeCls-6H,0,
polyvinylpyrrolidone (molecular weight 40,000, AppliChem, Germany), hydrochloric acid, sodium
hydroxide, sodium chloride were used without prior purification.
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The processes of complexation of palladium(ll), copper(ll) and iron(lll) ions with PVP were
investigated by potentiometric and conductometric methods [3]. Potentiometric studies were carried out in
thermostated conditions on the pX-150MI ionomer using silver chloride and glass electrodes. The pH
measurement accuracy was 0.02 pH units. Conductometric studies were performed on a
ConductivityMeter 13701/93 device (PHYWE) under thermostatically controlled conditions.

IR spectra of PVP and Pd(I)-PVP, Cu(Il)-PVP and Fe(ll1)-PVP complexes were recorded on a FT
IR-4100 type A JASCO instrument in the range of 4000-450 cm™ at Kaiserslautern Technical University
(TUK, Germany). SEM images were taken on a JSSM-6490LA Jeol instrument equipped with an X-ray
dispersive energy detector (EDX) for elementary analysis (JEOL, Japan). IR spectra and SEM images
were obtained in analytical laboratories at the Technical University of Kaiserslautern (TUK, Germany).
The stability constants of the PMC are calculated on the basis of the modified Bjerrum method [4].

Results and their discussion

In the works [5-7], the results on the determination of the compositions of polymer-metal complexes
(PMC) based on PVP-PdCl,, PVP-CuCl;-2H,O, PVP- FeCls;-6H,0O using potentiometric and
conductometric titration were presented.

The reactivity of a chain molecule is largely determined by the chemical composition, configuration
and conformation of the macromolecule, and knowledge of which makes it possible to determine the role
and mechanism of the catalytic action of various functional groups of macromolecules that are part of the
active centers [8]. The correctness of the final calculations depends on the theoretical laws and the
accuracy of the source data. The calculations performed give results that should be consistent with the
experimental data. In this connection, the modified Bjerrum method [9,10] was used to clarify the
composition and determine the strength of the PMC. The polymer ligand solution was titrated with acid
(HCI) or base (NaOH), depending on the nature of the complexing metal salt, with a change in the pH of
the medium in the absence and presence of ions of the studied metals in the temperature range of 298-343
K (temperature selection due to the use of PMC as catalysts in the oxidation of octene—1 in an oxygen
atmosphere [5]), with three values of the ionic strength of a solution of 0.1; 0.5; 1.0 mol/L (constants,
determined for a given ionic strength, can be considered almost constant for solutions with ionic strength,
which were taken when performing experiments. That is, for most calculations these values can be used
without corrections for ionic strength [11] (sodium chloride was used as an indifferent electrolyte).

a) pH b)
: 1 £

L PVP

Figure 1 — Potentiometric titration curves of aqueous solutions of polyelectrolyte PVP (1la-c) and polymer—PdCl2 (2a), polymer—
CuClz (2b) systems, polymer—FeCls (2¢) sodium hydroxide (curves 1a, 2a) and hydrochloric acid (curves 1b, 2b, 1c, 2c) at T =
298 K, I = 0.10 mol/L (where K is the optimal molar ratio of the reacting components [Me2*3*]/[PVP])
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Figure 1 shows the curves of potentiometric titration of PVP with sodium hydroxide (1a, 2a) and
hydrochloric acid (1b, 2b, 1c, 2¢) in the absence and presence of Pd?* (1a), Fe** (2b), Cu?* (3b) ions at T =
298 K, I = 0.10 mol/L (potentiometric titration curves for other values of temperature and ionic strength
have a similar appearance).

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

A modified Bjerrum method was used to interpret the bias of the titration curves. The obtained data,
performed with its use, are presented in Table 1.

Table 1 — The calculated values of the Bjerrum’s formation functions of PVP—PdCl2, PVP—CuCly,
PVP—FeCls systems (T = 298K, | = 0.10 mol/L)

LH*], L]. Lc],
syem | oL ol oL "

2,4810% 0,0110% 3,0810°% 6,89 2,99

6,01-10* 0,0410° 2,7310° 6,39 2,65

9,49.104 0,09.10° 2,3810°% 6,09 2,31
PVP _ pd?* 13,0010 0,1510° 2,0310° 5,83 1,97

16,4010 0,26:10° 1,69-10°3 5,59 1,64

19,8010 0,4410°° 1,3510°% 5,36 1,31

23,2010 0,7810° 1,0010°3 5,11 0,97

26,6010 1,2010° 0,66:10°° 4,92 0,31

0,99-10* 3,46 - 10 9,00-10* 0,46 2,7

1,99-10* 2,81-10% 8,01-10* 0,55 2,4

- 2,99-10* 0,76 - 10! 7,02-10 1,12 2,1

PVP-Cu 3,97-10° 0,60 107 6,03-10° 116 18

4,97-10* 0,71-10? 5,03-10* 1,15 15

5,96-10* 0,68 - 10! 4,03-10* 1,17 1,2

0,6410° 1,07 103 11,6110 2,97 1,34

1,52:10°% 1,5110° 10,3107 2,82 1,19

2,3610°° 1,4410°3 9,5010°° 2,84 1,10
PVP — Fe3* 3,42:10°3 1,5810°% 8,3010°% 2,80 0,96

41810 1,2010° 7,9010°% 2,92 0,91

52110 1,17:10° 6,90.10°° 2,93 0,80

6,38 10 1,2310°% 5,70 10 291 0,66
Not: @ [LH*] — concentration of the protonated ligand groups; ® [LH+] — concentration of the free ligands which are not
involved in a complexing process; ¢ [Lc] — concentration of the ligand groups connected in a complex; ¢ pL or -Ig[L] —
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 calculated data confirm the formation of PMC with the composition [Me]:[L] = 1:3 in the PVP—
Pd?*, PVP-Cu?" systems, and with the composition [Me]:[L] = 1:4 in the PVP—Fe3* system. It is known
that transition metal ions, when interacting with polymers, may not realize their maximum coordination
number, since the ions of these metals can be coordinated to saturate with anionic acids or solvent
molecules [12]. In turn, steric repulsion between large ligands in volume and electrostatic mutual
repulsion of anion ligands when they are replaced by water molecules at a positively charged metal ion
can also inhibit the coordination of additional ligands [13].

For a more detailed understanding of the complexation of high-molecular-weight ligands with metal
ions, it is necessary to calculate the changes observed in this important thermodynamic parameters, such
as Gibbs’ energy, enthalpy and entropy of these processes. Since systems involving high-molecular
compounds are complex, in this connection, the authors of a number of papers [14,15] suggested that the
classical laws of thermodynamics can also be applied to systems with polymeric ligands.

From table 2 it follows that the most stable complex is PMC based on PVP and iron(lll) chloride.
This fact is due to the following factors: first, the complex formation reaction can be explained using the

—— 94 ——
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theory of acids and Lewis bases. According to the Lewis theory, acids are ions or compounds that accept a
pair of electrons, i.e. such particles are electron acceptors. Thus, metal ions can be considered as polybasic
acids with a deficiency of electronic pairs, corresponding to the maximum coordination number, which
form bonds with bases. Secondly, the strength of the acid increases with increasing valence (in the systems
under consideration, palladium and copper are in the bivalent state, and iron in the trivalent state). It is
also known that metal ions are divided into three large groups: the first group is alkaline and alkaline-earth
elements; the second group — transition metals with d*°- or d8-electron configuration (Pd?*, Cu?*), which
are more inclined to form stable complexes with ligands through sulfur, arsenic, phosphorus atoms; the
third, largest group includes transition metal ions with partially filled d-orbitals.

lons of metals of this group, first of all, form complexes with nitrogen and oxygen-containing ligands.
According to Pearson’s theory [16], Pd?*, Cu?* ions are soft acids, while the Fe** ion is a hard acid, and the
oxygen atom is a hard base. The most stable complexes are formed by the interaction of hard acids and
bases, on the one hand, and soft acids and bases, on the other one. From this it follows that among the
represented metals, iron ions have a high affinity for oxygen [17].

Calculation of thermodynamic parameters showed that the complex formation of PVP with Pd?*,
Cu?*, Fe** ions is characterized by negative values of Gibbs’ energy, which indicates a spontaneous
process of PMC formation in these systems (Table 2). The following pattern is observed for the Pd>*~PVP
complex: a positive value of the change in enthalpy (AH?) in the temperature range 298-318 K indicates
the endothermic nature of polycomplex formation, therefore, with an increase in temperature in the
specified interval, the stability of the latter increases. And in the temperature range 318-343K, the
complexation process is accompanied by the release of heat (an exothermic process), as a result of which
the strength of the polymer-metal complex decreases with increasing temperature. The obtained fact of the
ambiguous effect of temperature on the complexation process is probably due to conformational changes
in the structure of the polymer-polyvinylpyrrolidone as shown in [18]. The authors found that the
conformational changes of PVP in an aqueous medium are accompanied by exoeffects, the values of
which depend on the temperature and molecular weight of the polymer.

The complexation reactions of copper and iron ions with PVP are accompanied by exoeffects, as
indicated by negative enthalpy values. With an increase in temperature in the temperature range of 298—
318 K, the stability of PMC decreases.

Complexation processes in binary PVP-Pd?" and PVP-Cu?* systems are characterized by positive
entropy values, which is caused by the destruction of the hydration shells of PVP ligand groups and the
displacement of water molecules from the first coordination sphere of metal ions. The formation of iron
complexes with PVP is characterized by negative values of entropy change. Negative entropy change AS
with a negative enthalpy change AH indicates that the reaction under study is possible at sufficiently low
temperatures and the linear dependence of A on AS is described by the equation AH = -0.36AS + const,
which indicates donor-acceptor interaction [8].

Table 2 — Thermodynamic characteristics of the complexation of Pd?*, Fe3*, Cu?* ions with PVP

- Ar G, + Ar H, +Ar S,
System T.K lgp° KJ/mol Ka/mol J(molK)

298 9,10+0,08 56,94+0,62

PVP — Pd2* 318 14,20+0,20 109,17+0,69 1288,4+0,10 4541,740,15
343 11.200,09 81.100.60 898,5:0.12 23353+0.12
298 14,540.19 82.719:0,09 175.720,30 218,62120,94

PVP — Cu?* 308 14,410,18 84,906:0,11 487,520,80 1307,13:0,57
318 11,50:0,25 71,83420,08 244,9:0.90 544,255:0,30
298 31.00 £ 0,01 176,849 + 0,01 725.653£0,01 1841,620£0,01

PVP — Fed* 318 23.00 £ 0.03 140,01620,04 174.33420,01 5041.91020,02
343 10,10+ 0.02 64,39720.05 1134,375£0,01 3213.150£0,06

The nature of the modifying effect of PVP on Pd(ll), Cu(ll), Fe(lll) ions and the possible molecular
structure of the PVP-PdCI;, PVP-CuCl,, PVP-FeCl; complexes was studied using IR spectroscopy (Figure
2). As can be seen from the IR spectra, the peak characteristic of the C=0O bond in PVP becomes
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asymmetric after the addition of metal chlorides, which indicates a strong interaction between PVP and
Pd(1l), Cu(ll), Fe(lll) in the complexes PVP-PdCIl,, PVP-CuCl,, PVP-FeCls. The IR spectra of the
complexes under study contain a band at 3400 cm™?, characteristic of PVP. The carbonyl group in PVP is
characterized by a peak at 1651 cm?, extended due to the C=N bond in the lactam ring. This band shifts to
1510-1645 cm! in the studied complexes. Differences in the IR spectra of PVP and PVP-PdCl,, PVP-
CuCl,, PVP-FeCl; complexes are observed as a result of donor-acceptor interaction between the oxygen
atom in the polymeric ligand PVP and metal ions — complexing agents [18-20].
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Figure 2 — IR spectra of PVP (a) and complexes of [Pd(PVP)zCl] (b), [Cu(PVP)sCl] (c),
[Fe(ITBIT)4(H20)2Cl3] (d)

To study the surface of polymer-metal complexes, the method of scanning electron microscopy was
used (Figure 3). Analysis of micrographs indicates the formation of polymer films with a porous
inhomogeneous amorphous structure.

Conclusion

Thus, the composition of the PMC was defined by modifying method of Bjerrum. The coordination of
the polymer ligand of PVP in the complexes was confirmed by IR spectroscopy and scanning electron
microscopy. The morphology and peculiarities of their surface were studied. It has been established that
the oxygen atoms of polymeric ligands participate in the formation of a coordination bond with metal ions
of complexing agents. Electron microscopy results indicate the amorphous structure of the complexes. The
thermodynamic parameters of the PMC were calculated, which indicate the process of complexation
between metal ions and the polymer ligand.
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Figure 3 — SEM images of PVP (a) and complexes PVVP-PdClI: (b),
PVP-CuCI: (c), PVP-FeCls (d)

I.H. Ax6aepa’, I'.A. Ceiinxanosal, 5.C. Bokiposal,
H.A. Cmaryaosa?, A.K. Canxaii', A K. Bopanrasuesa’

! on—®apabu ateinaarsl Kasak ynTTeiK yHuBepcuTeTi, AnMarsl, KazaxcraH;
2 J1.B.COKONLCKMIA aThIH/IaFbl JKaHApMail, KaTaju3 sxoHe 2JeKTpoxumus MucTuTyThl, AnMarsl, Kazaxcran

MAJIJIAJA(IT), MBIC(IT), TEMIP(IIT) XJIOPUATEPI )KOHE MOJTUBUHUIITAPPOJIUIOH
HET'BBIHAETT KEIIEHII KOCBLTBICTAPABIH KYPAMBIH 3EPTTEY

Annoranus. [lammaguit(Il), wmeic(Il), Ttemip(Ill) xmopuarepi >koHE MOJMBUHWINMPPONUIOH —HETi3iHIETri
TIOJIMMEPMETAIIBIK ~ KeIIEHII KOCBUIBICTAp/ABIH KYpaMbl TOTEHIMOMETPIIK JKOHE KOHIYKTOMETDPIIK 9iCTepMeH
aHBIKTaFaH. BeeppyMHBIH Ty3UTy (YHKIMSACHI MOHIEpI eCenTeNireH. AJBIHFaH TXIpHOMETK MamiMerTepre cyiieHe
OTBIPHIN, TUTPJICY KHCHIKTAPBI TYPFBI3BUIBIN, dPEKETTECYIN KYpayIIbUIapAblH ONTHMAIIBI MOJBIIK KaThIHACTAPHI
tabpitrad. EcenTey HOTWXKECIHAE aJbIHFAH MOJIIMETTEp Ma/UIaAMH JKOHE MBIC KEIIeHJI KOCHUIBICTAPBIHBIH
TY3UITEHIITIH JIQNeNae/i, OHAAFbl MOJUBHUHUINUPPOIUIOHHBIH YII OYybIHbIHA OIp MeETaJUI—KEIIEHTY3Till HOHBI
Keaemi. AJl TeMIpaiH HOJIUMEPIIl KeIIeHaI KOChUIBICHIHA OIMBHHUIITAPPOJIMIOHHBIH TOPT OYBIHBIHA Oip MeTaI—
KEIICHTY3TIII HOHBI COWKeC Keseai. MeTaiul — KeIIEeHTY3Till HOHAAPBIHAA KOOPANHAIMSIIBIK KAHBIFY YIEPiCl epITKIIIT
MOJIEKYJIachl HEMece METall Ty37apbl aHUOHAphI ecebiHeH xy3ere acanbl. MK—CrneKkTpocKomus )oHe CKaHUPJISYIi
3IEKTPOHABIK MUKpockomus (COM) omicTepi KOMETIMEH CHHTE3/ICITEeH KeIIeHIi KOChUTBICTAPABIH KYPBUIBICHI JKOHE
Mopdosorusicel  3eprrenred. [loaumepni JMraHATarbl OTTEri aTOMbl METAUI — KEMISHTY3rIl HOHBIMEH
KOODPJIMHALMSUIIBIK OaiJIaHbIC Ty3yre KaThICAThIHIBIFBI JIQJICNACHTeH. DIIEKTPOH/IBIK MUKPOCKOIIUS HOTHXKEC] KEYEeKTi
OipTeKTI emec aMOp(THl KYPBUIBIMFA HE KCIICHAI KOCBUIBICTBIH IOJUMEpl KaOBIKIIACHIHBIH TY3UICTIHAICH
KepceTe.

Tyiiin ce3aep. IloyMBHHWIMUPPOINIOH, NaJUIAANH, MBIC, TEMIp, KelIeHTy3u1y, breppym amici, TypaKThIIBIK
KOHCTaHTAachl, KYpaMbl, TEPMOJMHAMHUKA.
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J.H. Ak6aeBal, I'.A. Ceiinxanosal, 5.C. Bakuposal,
H.A. Cmaryaosal, A.K. Canxaiil, A.K. Bopanrasuesa’

! Kazaxckuil HaLMOHAJBHBINA yHUBEpCHTET UM. alb-Dapabu, Anmatel, Kazaxcran
2 WucTtuTyT TOTUHBA, KaTtanm3a u snektpoxumun uM. 1.B. Cokxonsckoro, Anmatel, Kazaxctan

HN3YYEHUE COCTABA KOMIIVIEKCOB HA OCHOBE XJIOPHUJOB ITAJIJIA AUSI(IT), MEJTU(IT),
KEJE3AIT) 1 MOJTUBUHUJIIINPPOJINIOHA

AnHoramusi. CoCTaBbl MOMMMEPMETAUIMYECKUX KOMIUIEKCOB Ha ocHoBe xmopuno mnawtamusa(ll), memu(ll),
xenesa(lll) ¥ MOMMBHHUIIAPPONHIAOHA OBUTHM YCTAHOBICHBI MOTCHIMOMETPUYECKUM M KOHAYKTOMETPUUCCKUM
Meronamu. beuin paccuntansl GyHKIMH oOpazoBanusi beeppyma. 1o momyueHHBIM SKCIIEPUMEHTAIbHBIM JaHHBIM
IO OINpPCACIICHNUIO COCTaBa KOMILICKCA ObLIU TMOCTPOCHBI KPUBBIC TUTPOBAHUA U Haﬁ}IGHI)I OIITUMAJIbHBIC MOJIBHBIC
COOTHOUICHUA pCarupyromux KOMIIOHCHTOB. HOJ’Iy‘-IeHHI)Ie paCcCUYUTaHHBIC JAaHHBIC CBUACTCIBCTBYIOT 00
00pa3oBaHNM MOJMMEPHBIX KOMIUIEKCOB Maliagus W MeEIW, B KOTOPBIX Ha TPH COCTaBHBIX MOHO3BEHA
TOJMBUHHWINMPPOJINIOHA HPUXOIAUTCS OAWH HMOH MeTaa-KOMIUIEKCOOoOpaszoBarens. A B Cilydae MOJIMMEPHOTO
KOMIUIEKCa KeJie3a Ha YETHIPe COCTABHBIX MOHO3BCHA IOJMBHHIINIHPPOINIOHA IPUXOIUTCS OJMH MOH METajula-
KoMIuiekcooOpaszoBarens. KoopauHannoHHas HACBIIIEHHOCTh METaJUIOB-KOMIUIEKCOOOpa3oBaTesieil B 3THX
KOMIUIEKCaX OCYIIECTBIISIETCS 3a CUET MOJEKYJ pPacTBOPHUTENS WJIM aHHOHa coieid meramnoB. Meromamm HK-
CHEKTPOCKOIIMM M CKaHUPYIOWMEH 3IeKTpOoHHOH Mukpockomuu (COM) ucciaenoBaHbl CTPOCHHE W MOPQOIIOTHS
CHUHTC3UPOBAHHBIX KOMITJICKCOB. yCTaHOBHeHO, YTO aTOMBI KHUCJIOpOJa NOJIUMEPHBIX JIMTAHAOB IPUHUMAIOT Yy4aCTUC
B 00pa30BaHUU KOOPJMHALMOHHON CBSA3M C MOHOM MeTaJlla-KOMILIEKCOooOpa3oBaTels. Pe3ynbTaThl 37eKTpOHHOM
MHUKPOCKOIIMY YKa3bIBAIOT Ha 00pa3oBaHKe MOJMMEPHBIX MUIEHOK KOMIUIEKCA C MTOPUCTON HEOTHOPOIHON aMOophHOit
CTPYKTYpOH.

KiroueBble cJj10Ba: NOJUBUHUINUPPOIMAOH, HaIafui, MeAb, K€JIE30, KOMIUIEKCOOOpa3oBaHHE, METO
breppyMa, KOHCTaHTbl YCTOMYUBOCTH, COCTAB, TEPMOAUHAMHUKA.
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