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õäë: 532, 537.226, 541.135PACS: 82.20.Db, 82.20.Hf, 82.30.bëÏÎÆ¦ÇÕÒÁÃ¦ÊÎÁ ÍÏÄÅÌØ ÕÔ×ÏÒÅÎÎÑ ËÏÍÐÌÅËÓ¦× Ú ÍÅÔÁÌÁÍÉÕ ×ÏÄÎÉÈ ÒÏÚÞÉÎÁÈ¶.÷. óÔÁÓÀË, ï.÷. ÷ÅÌÉÞËÏáÎÏÔÁÃ¦Ñ. úÁÐÒÏÐÏÎÏ×ÁÎÏ ËÏÎÆ¦ÇÕÒÁÃ¦ÊÎÕ ÍÏÄÅÌØ ÄÌÑ Ë×ÁÎÔÏ×Ï ÓÔÁ-ÔÉÓÔÉÞÎÏÇÏ ÏÐÉÓÕ ÐÒÏÃÅÓÕ ÕÔ×ÏÒÅÎÎÑ ËÏÍÐÌÅËÓ¦× ÍÅÔÁÌ¦× ¦ÏÎ¦× Õ ×ÏÄ-ÎÏÍÕ ÒÏÚÞÉÎ¦. ïÓÏÂÌÉ×Õ Õ×ÁÇÕ Ú×ÅÒÎÅÎÏ ÎÁ ÕÔ×ÏÒÅÎÎÑ Ç¦ÄÒÏËÓÏËÏÍ-ÐÌÅËÓ¦×. îÁ ÏÓÎÏ×¦ ÚÁÐÒÏÐÏÎÏ×ÁÎÏ§ ÍÏÄÅÌ¦ ÍÏÖÎÁ ×ÉÚÎÁÞÉÔÉ ÒÑÄ È¦-Í¦ÞÎÉÈ ÈÁÒÁËÔÅÒÉÓÔÉË ÒÅÁËÃ¦§, ÚÏËÒÅÍÁ ÆÕÎËÃ¦À â'¤ÒÒÕÍÁ, ÐÁÒÃ¦-ÁÌØÎ¦ ÍÏÌØÎ¦ ÞÁÓÔËÉ ¦ ËÏÎÓÔÁÎÔÉ ÕÔ×ÏÒÅÎÎÑ. ÷ÓÔÁÎÏ×ÌÅÎÏ, ÝÏ ÐÒÉÚÍ¦Î¦ pH ÒÅÁËÃ¦§ ÒÏÚÞÉÎÕ ÏÂÌÁÓÔ¦ ¦ÓÎÕ×ÁÎÎÑ Ò¦ÚÎÉÈ ÆÏÒÍ ËÏÍÐÌÅËÓÕÚÁÌÅÖÁÔØ ×¦Ä Ò¦ÚÎÉÃ¦ ËÏÎÆ¦ÇÕÒÁÃ¦ÊÎÉÈ ÅÎÅÒÇ¦Ê ÔÁ ÔÅÍÐÅÒÁÔÕÒÉ. ÷É-Ñ×ÌÅÎÏ ¦ÓÎÕ×ÁÎÎÑ ÅÆÅËÔÕ ÎÁÓÉÞÅÎÎÑ, ÛÏ ÐÒÉ×ÏÄÉÔØ ÄÏ Ò¦ÚËÏ§ ÚÍ¦ÎÉËÏÎÃÅÎÔÒÁÃ¦§ Ì¦ÇÁÎÄ¦× × ÒÏÚÞÉÎ¦ ÐÒÉ ÐÒÏÈÏÄÖÅÎÎ¦ ËÏÎÃÅÎÔÒÁÃ¦§ ¦ÏÎ¦×ÍÅÔÁÌÕ ÞÅÒÅÚ ÐÅ×ÎÅ ÚÎÁÞÅÎÎÑ. äÏÓÌ¦ÄÖÅÎÏ ÚÁÌÅÖÎ¦ÓÔØ ÃØÏÇÏ ÅÆÅËÔÕ×¦Ä ÔÅÍÐÅÒÁÔÕÒÉ ÔÁ ¦ÎÛÉÈ ÐÁÒÁÍÅÔÒ¦× ÓÉÓÔÅÍÉ.Con�gurational model of metal ion complex formationin water solutionsI.V. Stasyuk, O.V. VelychkoAbstract. Con�gurational model for quantum statistical description ofprocess of metal ion complex formation in water solution is proposed.Special attention is payed to formation of hydroxocomplexes. In theframework of the model determination of such chemical characteristicsof reaction as Bjerrum function, partial mole fraction and formationconstants is made. It is established that regions of existence of di�erentcomplex forms at variation of solution pH reaction depend on di�erencesof con�guration energies and temperature. Existence of saturation e�ectwhich leads to sharp change of ligand concentration in solution whenmetal ion concentration crosses a certain value is found out. Dependenceof this e�ect on temperature and other parameters of the system is in-vestigated.ðÏÄÁ¤ÔØÓÑ × Journal of Molecular LiquidsSubmitted to Journal of Molecular Liquidsc
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1 ðÒÅÐÒÉÎÔ1. IntroductionComplex formation reactions of metal ions and ligand groups are of greatimportance due to pollution of environment by heavy metal (includingactinides) species. In general this type of reaction can be described asMZM+ + nLZL� $ (MLn)ZM�nZL ; (1)where MZM+ stands for a metal cation with valence ZM , LZL� cor-responds to a ligand with valence ZL and n is the number of ligandsbounded to the cation.Very often ligands are simply hydroxy anions OH�. Then the reaction(1) is called hydrolysis which is a very common reaction. Ions H+ andOH� are known as very active reagents. For instance, stability of nuclearfuel containing glass{like mass depends on the presence of OH� groups.The increase of OH� content brings glassy medium stability down. Suchspecies as H+ and OH� destroy the silicate matrix increasing the prob-ability of active elements out
ow from that into water [1].A lot of experiments are made where formation of hydroxocomplexesof actinides (ions U4+, Pu4+, Pu3+, Am3+, Th4+, Np4+, Np3+ etc.) andtheir compounds (such ions as UO2+2 , PuO2+2 , PuO+2 , NpO2+2 , NpO+2etc.) have been studied (see e.g. [2]{[6]). Such characteristics of the reac-tion as solubility product of solid forms, formation constants of di�erenthydroxy species and appropriate partial mole fractions are usually mea-sured as the result of the experiments.Present work is intended to solve such aspects of the problem as topropose a simple and reliable quantum statistical model for descriptionof metal ion complex formation in water solutions, to make semiempiricalestimation of con�gurational energies on the basis of experimental dataand to investigate an e�ect of saturation in complex formation for thesolution with �xed concentration of species.2. Con�gurational modelMain thermodynamic properties of interaction of metal ion with ligandcations can be obtained on the basis of a simple Hamiltonian^H = Xip �pXppi � �Xip npXppi ; (2)p = 0; : : : ; pmax ; i = 1; : : : ; NM ;where Xppi is the projection operator of the complex i onto the con�g-uration p, �p is the energy of the complex in the con�guration p, np
ICMP{98{17E 2is the number of ligands bounded to metal ion for this con�guration,� is the chemical potential of ligands, pmax is the maximal number ofcon�gurations for the complex and NM is the number of metal ions.Despite its simplicity the Hamiltonian allows to describe main fea-tures of reaction of metal ion with ligand groups in water environmente.g. the average number of ligands per complex (Bjerrum function), com-plex formation probability (partial mole fraction), reaction constants etc.The Hamiltonian has a diagonal structure hence one can easily cal-culate thermodynamic functions of the model. The average values ofprojection operators (i.e. complex formation probability) are equal tohXppi = e��(�p�np�)pmaxPq=0 e��(�q�nq�) = e�(�p+np�)1 + pmaxPq=1 e�(�q+nq�) ; (3)where �p = �0 � �p. If there are no isomer complexes (i.e. no stateswith the same number of ligands) np = p, values of hXppi correspondto the partial mole fraction of complexes with p ligands and pmax is themaximal possible number of ligands in the complex. Average number ofligands per complex nL now can be expressed asnL =Xp nphXppi: (4)Thus the number of ligands bounded to metal ions is NL = nLNM .3. Energies of complexes for hydroxide actinidesUsually the partial mole fraction of the complex MLp is de�ned asfp = BpCpL1 + pmaxPq=1 BqCqL ; (5)where Bp is the formation constant of the complex MLp. In the casewhen �� = � + lnCL, where the explicit form of the variable  willbe given in the next section, keeping in mind that partial mole fractionis equal to corresponding complex formation probability and comparingexpressions (3) and (5), one can consider thatBp = exp ��(�p + p )�



3 ðÒÅÐÒÉÎÔand �p = 1� lnBp � p : (6)This expression is a very convenient tool to establish relationshipbetween the model under discussion and chemical experiment results(namely to extract model parameters �p from data of formation con-stant measurement). Unfortunately precision of formation constant mea-surement is rather poor, data from di�erent sources can vary more thantwo times (relatively small change of energy di�erence � moves charac-teristic region of reaction to strongly acidic, alkaline or neutral solution).In the Table 1 there are presented calculated with use of formula (6) val-ues of �p for some species with formation constants measured in works[2]{[5].4. Con�guration distribution functionDetailed description of water solutions at arbitrary concentrations isitself a quite complicated problem. Chemical potentials of solvent andsolutants should include terms taking into account �nite size of particles,nonelectrostatic (e.g. of Lennard{Jones type) and electrostatic interac-tions in solution. Special feature of water as the solvent with molecules ofdipole structure is also considered in more sophisticated investigations[7,8]. A comprehensive study of this issue with account of associativeinteractions and with special attention payed to actinide solutions onecan �nd in the works [9,10].But for small concentration of species the expression for chemicalpotential � could include only ideal gas and electrostatic interaction (inDebye{H�uckel approximation) terms [11]:�� = � + lnCL; (7)where  = ln�D� 52��Kz2I 12� 32 ;D = P �2��h2m � 32 ;K = p2e3 ��v � 12 "� 32 ;m is the mass of the ligand particle, P stands for external pressure(assumed to be equal to the atmospheric one), e is an elementary charge,
ICMP{98{17E 4

Ion type Number ofOH� groups p Bp �p,cm�1 Ref.Pu4+ 1 3:020 � 1012 9433 [2]2 1:900 � 1024 185403 3:415 � 1035 273904 2:669 � 1046 360701 3:5 � 1013 9600 [5]2 6:3 � 1026 190003 3:2 � 1037 273004 1:6 � 1045 34200Am3+ 1 3:6 � 107 7000 [3]2 5:5 � 1014 140003 3:6 � 1021 21000NpO2+2 1 4:3 � 1010 8000 [4]2 1:6 � 1019 150003 3:1 � 1023 20000Th4+ 1 4:37 � 1011 8860 [5]2 2:19 � 1022 173003 9:12 � 1032 257004 4:07 � 1043 34000PuO2+2 1 4:0 � 1010 8200 [5]2 2:5 � 1019 160003 7:9 � 1023 21000UO2+2 1 1:0 � 109 7300 [5]2 6:3 � 1016 140003 7:9 � 1024 21000Table 1. Calculated values of �p for actinide species.



5 ðÒÅÐÒÉÎÔI is the ionic strength of the solution, z is the charge of the ligand, v isthe volume per a solvent molecule and " is the dielectric constant of thesolution. Now expression (3) can be recast ashXppi = CpLe�(�p+p )1 + pmaxPq=1 CpLe�(�q+q ) : (8)One can consider two main cases for such model:1. The value of concentration of ligands in solution (pH reaction inthe case of OH� groups) is �xed which usually takes place in ex-periment.2. The total number of ligands in the system NLtot (NLtot = NL +NLsol where NLsol is the number of ligands in the solution) is �xedwhich usually takes place in natural environment.4.1. Fixed concentration of ligands in solution (�xed pHvalues)Partial mole fractions explicitly depend on concentration of ligands (see(8)). In chemistry instead of concentration itself very often is used thep{function of concentration which is de�ned aspL = � lgCL;where CL is the concentration of the L species. Common used exampleis the pH reaction of water solution (H stands for H+ cation concentra-tion). Concentration of hydroxy anions OH� is in close relationship withH+ concentration: CHCOH = 10�14. Hence the pH reaction determinesthe CL (COH ) concentration. Dependence of partial mole fractions onthe pH reaction of the solution is presented on the Fig. 1a and 1b. Itshould be noted that bare metal ion or fully occupied complex are dom-inative species in greater part of pH range. Bounds of pH regions, whereparticular forms of hydroxocomplex exist, depend signi�cantly on valuesof the �p set. This dependence is clear visible by comparison of Fig. 1aand 1b calculated with use of �p sets from works [2] and [5] correspond-ingly. Comparatively small changes in � sets lead to appreciable shiftof characteristic pH region of reaction and signi�cant redistribution ofpartial mole fraction.Chemical experiments are usually done at so called normal conditionsat temperature t = 25�C. But as one can see on the Fig. 1c variation
ICMP{98{17E 6of temperature has a similar e�ect as variation of �. Temperature e�ectis an important phenomena because in natural environment variation oftemperature in the range t = 0� 50�C is usual and chemical propertiesof the same species can vary signi�cantly.4.2. Saturation e�ectThe second condition is more convenient recast asCLtot = nLCM + CL; (9)where CM = NM=N , CL = NLsol=N and CLtot = NLtot=N are cor-responding concentrations, N = NM + NL + Nsolv is the number ofall particles in the solution, Nsolv is the number of solvent molecules.With use of expressions (4) and (8) the above equation can be solvednumerically.Results of numerical calculations are presented on the Fig. 2. Satura-tion e�ect manifests itself by sharp decrease of the formation probabilityvalue of full occupied form of the hydroxocomplex and increase of thebare metal ion fraction with increase of concentration CM (Fig. 2a). Onthe Fig. 2b dependency of the concentration of ligands in the solutionCL on temperature t is depicted. It should be recall that increase of pMcorresponds to decrease of the concentration CM . The saturation e�ectwhich takes place at �xed total concentration of ligands CLtot is clearvisible on the picture. When the concentration of metal ions CM increas-es to the threshold value C 0M = pmaxCLtot the concentration of ligandsCL rapidly decreases from its saturation value CLtot. Degree of exhaus-tion of ligands in the solution depends on temperature and strength ofthe metal{ligand bond.As one can see on the Fig. 2c the threshold concentration C 0M dependsthe on total concentration of ligands CLtot. Change of the CLtot valuedoes not change the shape of curves and a�ects the interval of CL rapidchange only.Temperature e�ect at �xed total concentration of ligands CLtot pre-sented on the Fig. 3 depends on quantity of metal ions. At concentrationCM below the threshold decrease of temperature leads to reduction ofbare metal ion fraction from 1 to 0, appearance of other hydroxo speciesand, �nally, domination of fully occupied complexes at T! 0 (Fig. 3a).The average value of ligands per complex nL equals to 0 at T!1 andpmax at T ! 0 (Fig. 3d), the concentration of ligands in solution CLequals to CLtot at T!1 and CLtot�pmaxCM at T! 0 (Fig. 3e). Bothdependencies have a well de�ned region of changes and asymptotical be-haviour at the temperature limits. For CM slightly above the threshold



7 ðÒÅÐÒÉÎÔbehaviour of partial mole fractions changes signi�cantly (Fig. 3b). Forexample, the fully occupied complex fraction now has a maximum causedby competition of two factors: tendency of ligands to bound to complexat lower temperature and increased possibility to release ligands from thecomplex due to exhaustion of ligands in solution. In this case at T! 0the concentration of ligands in solution CL ! 0 and the average numberof ligands nL = CLtot=CM (Fig. 3d and 3e). For large CM fully occu-pied complexes are practically absent and bare ions dominate in solution(Fig. 3c). The region of signi�cant changes at variation of temperaturecould lay in the characteristic range for water solutions (say 0-100�C) atthe appropriate � set.5. SummaryQuantum statistical approach to the problem makes possible to investi-gate the system in the wide range of parameter including temperatureand to describe qualitatively the process of transformation from one toanother complex con�guration (redistribution of its partial mole frac-tions).It is shown that in the case of hydroxocomplexes the region of thesolution pH reaction where coexistence of di�erent complex species takesplace depends signi�cantly on the di�erence of complex con�gurationenergies, temperature and other model parameters.If the total number of ligands is �xed the saturation e�ect takes placedue to exhaustion of ligands in the solution. This e�ect leads to the rapidchange of the ligand concentration in the solution when the metal ionconcentration crosses the certain threshold value. Another manifestationof the e�ect is suppression of partial fractions of complex species withhigh number of ligands at change of temperature in the low temperaturelimit due to exhaustion of ligands in solution.6. AcknowledgementThis work was supported by the INTAS{Ukraine{95{0133 project. Theauthors are pleased to express their gratitude to the INTAS.References1. Yukhnovskii I.R., Tokarchuk M.V., Omelyan I.P., Sovyak E.M.,Zhelem R.I. On the description of structural distribution and dif-
ICMP{98{17E 8fusion of radioactive elements in the system \glassy nuclear magma| water". // Cond. Matt. Phys., 1997, No 9, p. 153-166.2. Pazuhin E.M., Kochergin S.M. Stability constants of Plutonium(IV)hydrolysis forms and solubility product of its hydroxide. // Radio-chemistry, 1990, No 4, p. 18-25 (in Russian).3. Pazuhin E.M., Kochergin S.M. Stability constants of Americium(III)hydrolysis forms and solubility product of its hydroxide. // Radio-chemistry, 1989, No 4, p. 72-78 (in Russian).4. Moskvin A.I. On hydrolytic behaviour of Neptunium (IV, V, VI) //Radiochemistry, 1971, vol. 13, No 5, p. 681-688 (in Russian).5. Nazarenko V.A., Antonovich V.P., Nevskaya E.M. Hydrolysis of me-tal ions in dilute solutions. Moscow, Atomizdat, 1979 (in Russian).6. Davydov Yu.P. States of radionuclides in solutions. Minsk, \Naukai tehnika" Publ., 1978 (in Russian).7. L'vov S.N., Umniashkin V.A., Golovko M.F. The molecular statis-tical theory of in�nite dilute solutions. The ion{dipole model withLennard{Jones reference{system. Preprint of the Institute of Theo-retical Physics, ITP{88{67E, Kyiv, 1988, 40 p.8. Lvov S.N., Dolbunow W.N., Trokhimchuk A.D., Protsykevich I.A.,Golovko M.F. Thermodynamical properties of the electrolyte solu-tions. Simple ion{dipole model in the optimized random phase ap-proximation. Preprint of the Institute of Theoretical Physics, ITP{88{150R, Kyiv, 1988, 32 p. (in Russian).9. Holovko M.F., Sovyak E.M. On taking account of interactions in thestatistical theory of electrolyte solutions // Cond. Matt. Phys., 1995,N 6, p. 49-78.10. Holovko M.F. New aspects in the theory of aqueous electrolyte solu-tions: The e�ect of cation hydrolysis and polynuclear ions formation// Cond. Matt. Phys., 1997, N 12, p. 13-25.11. Landau L.D., Lifshitz E.M. Course of theoretical physics. Vol. 5.Statistical physics, Part. 1. Moscow, Nauka{Physmathlit, 1995 (inRussian).
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Figure 1. Dependence of metal cation complexation by OH� groups onpH reaction of the solution. If not mentioned values of parameters areas follows: I=0.01, t=25�C, the �p set is taken from Table 1 for Pu4+[2].(a,b) Partial mole fractions as a function of pH reaction; �p sets forPu4+ are taken from: (a) | Ref. [2], (b) | Ref. [5].(c) Average number of ligands at di�erent temperatures t: (1) |0�C, (2) | 25�C, (3) | 50�C.
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Figure 2. Saturation e�ect at variation of metal ion concentration CMfor the system with the �xed total concentration of ligands CLtot. If notmentioned values of parameters are the same as on the Fig. 1 exceptCLtot=1�10�3.(a) Partial mole fractions of di�erent species of hydroxocomplex.Concentration of ligands (OH� groups) at:(b) di�erent temperatures t: (1) | 0�C, (2) | 25�C, (3) | 50�C;(c) di�erent concentrations CLtot: (1) | 1�10�2, (2) | 1�10�3, (3) |1�10�4.
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Figure 3. In
uence of the saturation e�ect on temperature dependenciesfor the system with the �xed total concentration of ligands CLtot. Valuesof parameters are the same as on the Fig. 1 and the Fig. 2, temperatureis given in dimensionless units.Dependence of formation probabilities on temperature at di�erent CM :(a) | CM = 10�4, (b) | CM = 3 � 10�4, (c) | CM = 10�3.Dependence of the average numbers of ligands per complex nL (d) andthe concentration of ligands in solution CL (e) on temperature at di�er-ent CM : (1) | CM = 10�4, (2) | CM = 3 � 10�4, (3) | CM = 10�3.
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