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Thin review »iimiiuirize» kinetic invention! ion» rnnccriiiiiK I lie 
hiiiiioKeiii'ciiiH iiyilrolyftii) reaction« of multivalent metal calionn 
iu I I I | I I I 'OII» »Million. - Three main type* of reaction» arc <lis-
cusscd: 
a) l'rutolyhix of initiated e'dtiourt to form mononuclear metal-" 
hydroxo-roiiiplcxc». 

I>) Til« formation ami t'mnion of liinucJeiir //-liydroxo-brid̂cd 
or //-oxo-liridncd metal hydroxo complex CH. 

r) The formation mill acid degradation reaction« of higher 
polymicleiir metal liyilroxo romplexcH. 

Whereas tin* protolynix reunion of ai|iio-uif tal cation* in n 
niiuple and fundamental (nrid-iliiüoriiitioii) reaction I lie for-
inalion of the l>iuiicli'iir complcxex rcscmlde» in inoxt nixen 
closely the nietul-aiiioii-eoin|ilex forma lion, The forma I ion and 
degradation of the higher metal hydroxo romplexc*, however, 
mostly proceed« iu two or more parnllel reaction putlm. - Until 
the jnrce<i»ii'e addition of mononuclear nictal-liydroxo-spccie* 
to metal hydroxo complcxe* of lower molecular weight un well 
an the initial formation of discrete tiub-complcxcn which finully 
combine to the atuldf complex are observed for the formation 
reaction. 

1. Hydrolysis Equilibriums and Soluble Hydrolysis Products of Multivalent 
Metal Cations 

a. Hydrolysis Equilibriums 

Since the studies of the Sillén school, hydrolysis reactions and equilibriums 
of multivalent metal cations In solution, some of which are very complicated, 
have been explained in principle [1]. First Bjerrum and later Sillén and 
coworkers as well as many other authors [2-4] were able to show that, in many 
cases, when the pH of aqueous metal nitrate and Perchlorate solutions was 
increased, at first neither hydroxides, hydrated oxides, oxides, hydroxynltrates, 
or hydroxyperchlorates of the corresponding metals were precipitated, because 
hydrolysis of the metal ions resulted in formation of a large number of various 
types of soluble metal hydroxy complexes. 

All metal ions hydrolyze in steps [1] and first form metal ion monohydroxy 
complexes by proton dissociation of a part of their molecules of hydration, 

(i) Мс{11го>'» ̂  MCOIUHJO)«;:,')* I il» 
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often followed by a continuous series of mononuclear hydroxy complexes (aee 
Fig. 1, top series). In the case of moat multivalent metal ions both the first 
and second hydrolysis steps are detectable, and the equilibrium constants for 
formation of the monohydroxy and dihydroxy complexes are known [1]. The 
cations of many metals can bind hydroxyl Ions over and above the condition 
of equivalence (n^u • z+) and at a sufficiently high pH form monomerlc anions 
(Fig. 1, first series on right). (That some transition metals of higher valence 
form very stable oxy complexes in aqueous solution, e.g., V0_+, VO2 , IK>2 > 
is of only marginal Interest in this connection; of principal Importance here 
is the fact that such oxy-cation complexes behave similarly to normal cations-—-
they become solvated and can in turn hydrolyze according to eq. 1). 

A great many metal lone of h'lgher valence associate during hydrolysis—especially 
when they are contained In higher concentrations In the solution Into complexes 
in which two or more metal lone are bound together by hydroxyl groups (^-hydroxy 
bond) or by oxygen (02~) ions (y-oxy bonds): 

(2) nMoOIK'-OM-mlljO г* Мев(ОН)И,,-(!,)в',я|+-I-mil* 
The catlonic polynuclear metalhydroxy (or oxy) complexes thus formed exhibit 
in most cases an increasing 0H~/metal ratio with increasing degree of aggregation 
and a positive total charge. They can therefore be regarded theoretically as con-
necting links between the monomerlc metal-hydroxy-complexes and the metal 
hydroxide or hydrated oxide [Me(0H)z] which represents the final product of 
hydrolysis. It may be pointed out that polynuclear metal hydroxy complexes 
are frequently thermodynamlcally unstable and would decompose Into metal 
hydroxide and metal-aquo Ion upon final establishment of equilibrium [5]. 

b. Binding Conditions and Structures of Polynuclear Met.il Hydroxy Complexes 
(Poly-MeOH Complexes) 

The conditions which must be fulfilled by the metal ion in order to favor the 
formation of poly-MeOH complexes were first Investigated by Mattock [6] and 
later mainly by Jezowska-Trzeblatowska [7]. According to them mainly metal 
ions which can make free d- or f- orbitals available for тт-bonds form bl and 
higher nuclear metal-hydroxy (or oxy) complexes. In the poly-MeOH complexes 
strong electron coupling between these metal Ions occurs through formation 
of molecular orbitale In which atomic orbitale of the oxygen of the bridge 
as well as those of the bridged metal cations participate. As a result, 
paramagnetic metal ions in one complex often lose their magnetic moments 
(by electron pairing In one of the coamon molecular orbitals); this occurs 
principally in blnuclear complexes [6,7]. 

Spiro et al. [8-10] found lndlcatlone of a direct metal-metal interaction between 
the cations bound in the complex in a tetranuclear and hexanuclear hydroxy 
complex of the Pb(II) cation lPb(OH)44+ and РЬбО(ОН)$А+, respectively], ae 
well as in the hexanuclear complex of the bismuth cation Big(OH)^2^*a 

Studies of a large number of metal ions have shown that some of them can form 
a continuous series of poly-MeOH complexes with increasing degree of aggregation: 

(3) Me [Mc (01Г),- i l i î + + + Me** + («-1)11,0 * M«tM€(OH)<.1l(.,:,"")< + < * - 1 > и * 
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For this case Slllen has coined the concept "c *e and link" aggregation (which, 
freely translated, would be about the same thing ая "continuous aggregation"). 
The greater number of cations do not react by continuous aggregation upon 
raising the pH but form mainly one or a few definite poly-MeOH complexes of 
relatively low degree of association [1, 11]. 

The formation of dlmerlc MeOH complexes as the first step of aggregation is 
especially pronounced in nearly all cations which form poly-MeOH complexes. 
A particularly impressive example of this is offered by the hydrolysis of the 
iron(III) cation, more than 50% of which in 0.1 M solution can be converted 
by cautious addition of base into the dimer (bis-y-hydroxy bridged) without 
precipitation of ferric hydroxidfi 

о) 2 r«»* -i 2u,o ;;;><•]'• , ш-
Other cations form practically no dimers but Instead form particularly stable 
trimeric, tetrameric, or hexameric hydroxy-complexes, e.g. 

• < 

Trimer: ' Нг,(ОИ)»+ I'l,,(OH)f" 
Tetramnr : PI»4(OII)J* »», \i4(OH)^» Ilexuiner : Bie(OH)»; >".», PI»,0(0H)«+ 

The structure of many polynuclear hydroxy complexes can be observed in some 
cases by solid state x-ray structural analysis [15] (provided the poly-MeOH 
complexes form definite salts), by x-ray diffraction on concentrated aqueous 
solutions of the poly-MeOH complexes [17], and by infrared or Raman spectroscopy 
of such solutions [8-10]. The structure of the poly-MeOH complexes le frequently 
of a high degree of symmetry, as shown in examples of the binuclear hydroxy 
complex of uranyl (U(IV)) cation, the eetranuclear complex of the Pb(II) ion, 
and the hexanuclear complex of the Bi(III) ion (Fig. 2). The lead complex 
exhibits tetrahedral and the bismuth complex cubic symmetry. Even a less 
symmetric complex, such as the hexanuclear Pb(II) complex, PbgO(OH)A > contains 
in its core a building block of high symmetry. The core consists of a very 
slightly distorted tetrahedral arrangement of four Pb(II) cations about a 
central 0Z~ anion. 

In conclusion it may be mentioned that in the hydrolysis of cations of higher 
valence, beyond the definite metal-hydroxy complexes of a low degree of 
association discussed above, relatively stable solutions of very highly 
aggregated complexes, which are better described as hydroxide sols, can be 
formed. Spiro [16], for example, was able to prove that, in the hydrolysis of 
FE(III) nitrate solutions with bicarbonate, a discrete, very stable, soluble 
highly polymerized species is formed in which, in addition to hydroxyl ions, 
nitrate ions are still incorporated and which has the composition Fe(OH) (N03)3_x 
(x « 2.3 to 2.5) and an average molecular weight of approximately 1.4 x 10^ 
(accordingly, the particular species contains 900 to 1000 iron cations). 
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2. Kinetics of Hydrolysis of Multivalent Cations 

a. Difference in Kinetics of Various Types of Hydrolyses 

In the case of the reactions illustrated in the first part, three fundamentally 
different types of reactions can be distinguished. 

i. Primary Hydrolysis 

Primary hydrolysis corresponding to eq. 1, which results in formation of mono-
nuclear monohydroxy complexes, may be interpreted as an acid dissociation 
reaction (eq. 1 from left to right) of water molecules of the inner hydration 
sphere of the cations or as proton-base recombinations ( in the reverse direction) 
and, as a simple association-dissociation reaction, belongs to the group of 
elementary reactions in solutions. It is, at the same time, the simplest and 
fastest of all hydrolysis reactions. 

ii. Formation of Blnuclear Metal-Hydroxy Complexes 

The formation of binuclear metal-hydroxy complexes for the case of association 
of two monomeric metal-hydroxy complexes to form a bis-(y-hydroxy)-bridged 
complex may be shown as 

(5) 2MeOH<-')+ ̂  М<"°Нч>Ме 2 <•"') + 
The aggregation of two metal-hydroxy complexes is very probably a complicated 
process which is composed of several individual steps. Theoretically, the 
addition of a metal-hydroxy cation to a second metal-hydroxy cation (eq. 5) 
Is similar to the formation of a complex of the metal ions» and there is a 
question as to the extent to which the kinetic laws of formation of lsopolybases 
are similar to those of formation of complexes of metal ions. 

ill. Formation of Polynuclear Metal-Hydroxy (or oxy) Complexes 

If with increasing hydrolysis the more highly aggregated poly-MeOH complexes 
are formed (degree of association >2), e.g., a hexanuclear complex, 

(6) 6 MC+ I 12 HjO ̂  Mci(0II)J<,"*> ̂ + 12 II* 
then for the formation of such a complicated species It can be assumed that the 
overall reaction may be described as a series of several Individual steps. In 
principle we have the following possibilities: 

(a) The complex is built up in steps by the "core and link" principle by 
successive coupling of individual metal-hydroxide cations onto the still 
Incomplete core of the complex: 

(7a) McOH(*-'>+ MeOII<-'>* + 211,0 ^ Ме*(ОН)}('-»> + 2H+ (I) 
MêOH)*«-»)* + MeOH<-')* + H,0 ̂  Me,(OH)»(-»> 4- H* (II) 
MêOH)̂-»)* + McOII*-') + 11,0 ̂  Ме4(ОН)в«'-»> + H+ (V) 
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It is conceivable that all Individual steps of this kind take place at 
practically the same rate; however, a single step In the whole reaction chain 
could be rate-determining for the overall reaction. 

(b) The complex is put together from definite MeOH complexes of lower degree of 
association: 

(7b) 3Me'* +611,0 ^ Меа<0Н)?('-,)+ + 6Н+ (I) 
2Ме,(0Н)»<-*^ ^ Ме4(ОН)Й'">+ (II) 

The formation of the poly-MeOH complex (eq. 7bl), which has a lower degree of 
aggregation, could possibly be the rate-determining step of the overall reaction, 
or It could be the combination of these subunits (eq. 7bII). 

b. Experimental Methods for Investigating Metal Ion Hydrolysis Reactions In 
Aqueous Solutions 

The primary hydrolysis step the acid dissociation of aquated metal ions 
usually proceeds so rapidly that in order to study it the fastest relaxation 
methods have to be used. Eigen and Kruse [18] and Eyring et al. [19], who have 
made an especially intensive study of this type of reaction, applied the field-
change method [20]. 

The formation of binuclear or MeOH complexes of a higher degree of aggregation 
takes place more slowly and can be studied by means of slower relaxation methods 
such as the pressure-jump ot the temperature-jump method [20]. However, in many 
cases the conventional flow tube procedure or the stopped-flow method [21, 22] 
proves superior to the relaxation methods. With the flow tube or the related 
conventional mixing reaction method, the irreversible dissociation of poly-MeOH 
complexes which occurs after acidification of prehydrolyzed metal salt solutions 
can be especially well observed. The reaction rate laws of this irreversible 
dissociation often prove to be appreciably simpler and more easily interpretable 
than the expressions for the reciprocal relaxation time for the quasi-reversible 
reactions of formation or decomposition of highly aggregated MeOH complexes [23]. 
In contrast to the irreversible decomposition reactions of the poly-MeOH complexes 
in acidified solutions which take place relatively slowly, the formation of 
these complexes or the precipitation of hydroxide which occurs upon mixing metal 
salt solutions with bases usually occurs with immeasurable rapidity. Nevertheless, 
the reaction rate laws as well as the rate constants of the formation reaction 
can be determined from the reaction rate laws of the irreversible dissociation 
of the poly-MeOH complexes. 

c. Mechanism and Reaction Rate Constants of Various Types of Hydrolysis Reactions 

1. Acid Dissociation of Hydrated Metal Ions and Recombination Reactions of 
Protons and Metal-Hydroxy Complexes 

The formation of mononuclear metal-monohydroxy cations, 

(8) Me(H,0)'v Me0H(H,0)<B';!^ + H* (JCa,) 
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and metal-dihydroxy cations, 

(9) M,oii(ii.io)(M';ll)1 Лмг((»^hi^Mr't i <*«.)' "-a 
were first sutdied by Eigen and Druse and later very thoroughly by Eyring 
et al., (18, 19]. The measured rate constants for the acid dissociation 
(kj_, k2) and for the recombination reaction (k^, k_2) are shown in Table 1 
for some divalent and trivalent cations. 

The fact that the dissociation rate constants k^ (or k2> (with the exception 
of system 1) all lie within a narrow range between 10^ and 3 x 105 sec" does 
not mean that this is a situation typical of rate constants for all hydrated 
cations. Actually, the reason for this is that the recombination rate constants 

for k_9) vary only within the narrow range between 0.1 and 1.5 x 1 0 ^ 
sec" and7~for reasons of the technique of measurement, cations were studied 
whose acidity constants for the first hydrolysis step (K04) or (systems 9 and 10), 
whose acidity constants for the second hydrolysis step (Ka2) lie within the 
narrow range between 10"6 and 10~5 M (exceptions: Cu2* and Thf""). It may be 
expected that for appreciably more acid cations k^ assumes greater, and for 
appreciably less acid cations, smaller values than 10^ sec"*. 

It is the recombination rate constants and k„2 in which the peculiarities 
of the cations involved (especially their charge) becomes evident. For all the 
cations listed in Table 1 the measured recombination rate constants are somewhat 
smaller than what corresponds to a diffusion-dependent recombination. 

Table 1. Reaction Rate Constants for Acid Dissociation (kj.jk2) 
and Proton Recombination (k_i, lc_2) for, respectively, First and 
Second Hydrolysis Steps of Various Metal Cations 

No 
f 
• Cation A,•10-» 

(«с-] 
A.,-10-" 
(M-'wc-'l 

Ko, 
IMl 

kf W» 
[мгЧ 

Ь.,-10-" 
IM-'ме"1] 

Кп, 
[Ml ref. 

1 Cu(H,0)f 0,03* 1 3' •llT' _ _ 21 
2 U0,(II,0)f 0,173 1,65 2-ю-" - - - 19« 
3 (NU,),Coll,O«» 0,1* 0,5 2' ю-« - - - IB 
4 Al(H,0)f 1.9 0M 10"' - - - 19b 
S 0(11,0)2" 1.4 0,076 4 • 10"» - - - 19c 
6 In (HjO)j1" 1.0 0.9 10"» - - - 19(1 
7 Sc (11,0)̂  1.7 1.0 2' 10"» - - 25 
8 Th(lI.O)̂  0.9 0,07 10"« - - - 26 
9 Ca0II<H,0)f - - - 1.7 0,45 3-10-» I9<U 
10 F«0II(1I,0)̂  - - - 0.6 о.во H-10-« 19c 
11 ne01I(II,0V 2 • 10-«' 10"»* 2' • 10"« - - - 4. 

^Calculated from k_i and Ki = сме0Н-сН/сМ f r o m "the data in réf. 1; 
however, the value of Ki for Cu*+ is questionable [27]. 
+Schwarzenbach attributes the inordinately low values of the rate con-
stants to slow re-solvation of the beryllium cation. 
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From the Çigen-Smoluchowski equation (20, page 1032) a rate constant of к-H'"' 
M-> исс-ii» le calculated for the reaction M . o l l i II' '-Vм''" [28], a 

radius of recombination of 7.5 Ä being assumed. On the other hand, in systems 
3 to 7 the values for lie between 0.5 and 1 x 10 1 0 M"1 sec"1. The recombi-
nation rates к.ц and k_2 show on the whole the gradation derived by De Maeyer 
and Kustin [29] from the Eigen-Smoluchowski equation. According to De Maeyer 
and Kustin the rate constant becomes less for the (diffusion determined) 
reaction 

II* -)- Mc(OII)<"">+ Me(OII)i'_V—>L 

( z—n} 4* 
by a factor of 0.3 to 0.5 if the charge of the reaction partner Me(0H)n 
is raised by one unit. Experiment shows that 

« io">M"1 «ce"1 for («-«»)=•! -

(for systems 1, 2 and k_2 for no. 10) 

fc.1 <* 0,5 • 10'° M-» ncc-'f or (»- ") = 2 (for systems 3 and 4) 

k.t w 0,1 • 10" M"1 M C - 1 for (*-«) = 3 
(for system 8) 

The fact that the values for systems 6 and 7 are somewhat higher than the typical 
values for the charge +2 can be due to systematic inaccuracies in the experiments 
(in particular, in the equilibrium constant K04). The low values for system 9 
[Ga(OH) ] and especially for system 5 (CrOH2+) are attributed by Eyring mainly 
to the different conditions of solvation of the individual cations. 

The inordinately low value of the rate constants kj_ and k_lt which Schwarzenbach 
[22] found for beryllium, according to him can be ascribed to a reorientation of 
the hydration shell. 

ii. Formation and Decomposition of Metal-Hydrpxy Complexes 

After the first qualitative investigations on the formation of the binuclear 
bis-(y-hydroxy) Cr(III) complex in aqueous solutions [30-32], Grant and Hamm 
were the first to report on thorough quantitative kinetic studies of formation 
of the bis-vi-hydroxy-bis-oxalato-Cr(III) complex [33, 34] 

' i o ) 2 ( С , о 4 ) г < > < » » < > > * . ( < : , < » , ) . . • e r - ' 0 1 1 i 2 I i 4
 ; 2 И , о Oil 

In spite of its negative charge and the oxalate Uganda, this complex can serve 
ae a suitable model for a binuclear bis-u-hydroxy-bridged MeOH complex. Since 
Cr(III) lone are known to be kinetically inert, that is, they react only very 
slowly, reaction 10 could be investigated very thoroughly without the aid of 
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modern rapid methods. Specifically, Grant and Hamm have already determined 
the general conformity to laws on the example of the dimerizatlon reaction 
shown in eq 10, and these have proved valid for almost all dimerizatlon 
reactions of hydrated or partially hydrated metal cations. 

The rupture of the y-hydroxy double bridge between the two Cr(III) Ions takes 
place in steps and, at least in the second stage, Is catalyzed by protons. 
Catalysis by protons, as recognized earlier by Grant and Hamm, may be explained 
by the assumption that the group of the y-hydroxy bridges can be protonated and 
that the protonated group is split off appreciably more rapidly than is the 
intact y-hydroxy bridge. The results of Grant and Hamm may be summarized by 

OH H,0 " M«OH + MeOH 5=£ Me 4 Зм« M«̂  ̂ Мв 
и н H 

-H'jf+ir -trlf+НГ -irjj+H' 
он, Н,0 

(11) MeOU + Me «=£ Ме̂  Ме̂  ̂ Ме 
И и 

-Н'Ц+Н* — н* 
он, н,о 

Me + Ma «=± Ме̂  J>Ue 
И, 

which is expanded by the results of later investigations [35]. The water of 
hydration, which is associated with the cations provided that it does not 
enter into the reaction, other possible llgands, and the charges of the species 
are not given In diagram 11 for reasons of conciseness. In diagram 11 the 
vertical double arrows denote rapid—that is, protolytic—reactions which are 
always in equilibrium, while horizontal double arrows indicate slow, rate-
determining steps. 
The splitting of binuclear MeOH complexes has been Investigated on many examples 
in recent times. In contrast to the example of the dissociation of the 
tetraethylenedlamlno-y-dihydroxydlcobaltate-(III) [35], in the study of the 
dissociation of dimeric MeOH complexes the two-stage nature of the reaction 
could not be proved explicitly. In the case of the binuclear MeOH complexes 
investigated, apparently the rate-determining step of the dissociation (splitting 
off of either the first or second hydroxyl group) takes place very much more 
slowly than all the other steps, so that the more rapid individual steps cannot 
be resolved In time (see below), The theoretical reaction rate law for the 
irreversible dissociation of the binuclear complexes M e ^ O H ) |(Z-1)+ - d in 
solutions with excess acid, which Is confirmed for nearly all examples investigated, 
is written 

(12) = *»•»„.} -co. 
In Table 2 are listed the rate constants к and k^ for the acid dissociation 
of various binuclear MeOH complexes. The data show that t\e rate constants 
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for both the spontaneous decomposition oL the dlmeric complex (ka) and the 
proton-catalyzed composition (k^) have a strong dependence on the particular 
cation, and ka and ku vary independently of one another (see Nos. 3, 4, 5, 9, 
12, and 13 in Table 2). 

Sutin, et al., have expressed the opinion that the ratio of the rate constants 
Ц,/ка is critically dependent on whether the bond to be split is a bis-y-hydroxy 

/l'ik 
mono-y-oxy bridge (Me-O-Me) [39]. For y-oxy bridges should equal 
t 10 M"1, and for bis-y-hydroxy bridges, 1 to 100 M"1. He asserts that 

or a 
about 
the к2/к^ ratio can serve as a criterion as to whether a y-oxy or a bis-y-hydroxy 
bond is present. Accordingly, in the case of the uranyl dimer, 

уОИч.,Г, 

(Table 2, No. 12) we must conclude that it is a matter of a y-mono-oxy bridged 
lsopolybase. 

However, studies of the crystalline structut show that the binuclear comp le;: 
(U02>2(OH)22+ contains two u-hydroxy bridges [15]. In the case of the binuclear 
complexes of Fe(III) (Nos. 2 to 5), the V(III) ion (No. 9), the vanadyl ion (No. 13), 
and the uranyl ion (No. 10), there is good evidence that we are dealing with 
bis-y-hydroxy bridged complexes. For this series the kt>/ka ratios have been 
determined to be 8, 5, 10*, 12. Therefore the magnitude of k b/k a can scarcely 
be considered as a specific index of the bonding conditions in binuclear y-oxy 
or y-hydroxy complexes. The quantity kb may be regarded as the product of the 
protonation equilibrium constant of the dlmerlc complex and the dissociation rate 
constant of the protonated dimer (кь * Kp ' Kr^gg)• In the case of the dimerlc 
uranyl complex it is possible to determine tne constants of protonation (for 
the first and second protonation steps) and the rates of dissociation for the 
unprotonated ( k £ . ) , the singly protonated (kÇ§£B), and the doubly protonated 
< k H S r > dimer s. The series 

k ' L = 5 « с " 1 . =- 6 0 . с C " S * # / / . • * = 9 0 0 «СС- ' 

clearly shows that the dissociation of the dimer 1в facilitated by increasing 
protonation. 

Thus the ratio k^/ka depends on the basicity of the u-oxy or y-hydroxy bridge 
as well as on the change to an unstable state which the bridge undergoes upon 
protonation. Sutin's assertion holds true only In the case where the change to an 
unstable state of protonated y-oxy or y-hydroxy bridges is Independent of the 
species of bridged option and the difference in basicity between the y-oxy, 
and y-hydroxy bridges does not depend on the species of bridged cation. Neither 
appears true in general. 

Sutln has discussed the question as to the significance of the rate constants 
k a and kjj in the decomposition of bis-hydroxy bridged complexes: 
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Table 2, Reaction rate constants for dissociation of 
binuclear metal-hydroxy complexes (D) according to 
the reaction rate law *„ /' , 'i 

No Complex К h C o n d i t i o n s Method 
[.ее"'] [М-»»ес-Ч P IM) «t°C] 

1 Ile,(OIi)jf 25° T-ji» M 

2 Fe,(01I)J+** 1 ± 0,5 - 0,6 25° p-jp 37 

3 .F«,(OH)J' » 0,4 3,1 ± 0,1 3,0 25° •t-fl M 
4 Fe,(0II)j+ 0,42 «)(33 3,0 25° Ht-il n 
S Fe, (ОН)** 0,4> * 0,1 3,1 ± 0,2 3,0 25° «(•H 40 

6 Sc,(011)2* "" 10» - 0,1 25° T-jp Ш 

7 Co,(01l)f*». 72 - 0,5 25° T-jp 41 

в In,(0II)j+ •• 85 - 0,5 25° T-jp U 

9 V,(OU)f 0,35 1,75 1,0 25e tt-fl .41 

10 <U0,),(01I)«+'- - 10s 0,5 25e T-jp 4 
U (UOa),(OII)2f ••• - - 0,05-0,1 25° T-jp 4« 

12 (UO,),(OH)|+ •••• S5 5-10« 0,3 3° Bt-11 47 

13 (VO),(OH)*+ 17 215 0,3 23° st-fl 411 

* Reaction rate law incorrectly postulated -Ъу author for dissociation: 
'•'о = . 
-4Г " D' 

** Reaction rate law postulated by authors; =-- -ka-cD. 
*** Reaction rate law for the dissociation = -kc-cn-clx->- wrongly 
postulated by authors 

**** Réaction rate law verified oy author for the dissociation: 
<12a) - { A. + kb• c„ + ke cH*) cD. 

+ Authors оЪвегуеа anion catalysis for formation and decomposition of 
the binuclear hydroxy complex. 

T-Jp = temperature Jump; st-fl = stopped flow; p-jp = pressure jump 
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Are k Q and kt specific rates for the breeching of the first hydroxy bridge 
or the second one [39]? For elucidation of this question, in reaction 
diagram 13 the spontaneous and proton-catalyzed rupture of the first u-
hydroxy bridge is shown in, the first two rows; the third and fourth rows 
contain the spontaneous or proton-catalyzed rupture of the second u-hydroxy 
bridge. The fifth row shows the protolytic equilibrium for the protonated 
and unprotonated form of the "open," i.e., simply bridged dimer. 

и 
. 0 ^ ft, (13.1) Mo M̂e i=r± Me MeOH 
О ft., OH II 
II 

. 0 . ft, (13.2) Mê  ̂Me + H* Me ̂ M« О ft-, « H H. 
1, (13.3) Me Me—OH 2 MeOII 0̂11 ft., 

(13.4) Mo .Me 5=» MeOII + Me 0 ft., H 
К (13.5) Me Me-OH+II* Mo .Me 0 0 II H 

The system of these reactions yields, with the "stady-state" approximation, 
the fo' lowing expression for the effective observed reation rate constant k0^s 
of the irreversible decomposition: 

i. + _ * , •

 eit 
( И ) u b ' , . . . ' 

fcj ! ft4 K-f|. 

In the limiting case we find the following simplified expressions for k o b s : 

(a) When kJ-i-kt-K-en^,k.l-,
rk.i-K-eH, we h a v e 

(14a) fcob, <« fc, + fei • c»' dh- fc> = ; fcî = k 

Here the direct (k^) and proton-catalyzed rupture (к£) of the first hydroxy 
bridge in the intact complex is the rate-determining step for the irreversible 
decomposition of the isopolybase. 

(b) When 
(14b) 

kt + kl'K-ca<k.1 + k.tK.c H s к_,<sk-i andfc,tH«fc-H we have 

boh.1* K1-kt + K1-K'kt-ca with K.̂ ftj/ft.,, i,e.v k ^ K f k ^ à к^Кг-К-к4. 
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Thue here the direct and proton-catalyzed rupture of the second hydroxy bridge 
la evidently the rate-determining step for decompostion of the complex. 

Whether limiting case a or b exists has the following consequences for the 
formation of the binuclear complex. In case a, when there is rapidly completed 
formation of the simply bridged complex, the rate-determining step for the 
formation of the final complex must be the establishment of the second hydroxy 
bridge. 

The previously cited studies of Grant and Hamm [33] on the formation of the 
complex .OIL 

l ( C a 0 4 ) , c < ^ C r ( C a O , ) a l < -ôu 

appear to confirm such a mechanism. If, In contrldistlnction to this the 
contacting of the first hydroxyl group is rate-determining for formation of the 
binuclear MeOH complex, 

( 1 5 ) I I O M e + H O M c h x И О - M e — 0 — M o II 
then we have an interesting theoretical similarity between normal complex 
formation and the rate-determining primary step of formation of the diraeric 
OH-brldged complex. 

* (15 a ) П О М а H- X ^ " т ' " , I I O - M e - X 

It can be shown that actually In the case of most of the dimeric MeOH complexes 
investigated up to the present time the formation of the first y-hydroxy bridge 
is ihe rate-determining step for the cation combination. 

Complex formation by metal ions in solution proceeds stepwise ("Eigen" 
mechanism). The rate constants for bimolecular formation of a complex may be 
represented by the product of the stability constant for the outer-sphere 
contact complex KQ (MeH£ÛX) and the rate constant k t r a n 8 f for the monomolecular 
transformation of the contact complex into the inner-sphere complex: 

( 1 6 ) M e M e . . . X р а в Ц M e X 

(16b) •*„.„„<* Kf-"».^ 

For most complexes this rate of transformation, ktransf' is very nearly equal 
to the water-exchange rate of the cation. The application of the Eigen 
mechanism to the formation of a metal-hydroxy complex then yields 

Обе) = K0M'OH... x,. 

In principle, in the formation of dimeric MeOH complexes the reactor sequence £(MrOH ...MeOH} 
( 1 7 a ) M e O H + M e O H ... * . . . — - = * ( M e O H . . . M e O H ) ra*f Сyw/Sbrîw+f 

( M e O H . . . M e O H ) eoouc. *"""f. М е - О - М е - О Й 
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шау likewise be assumed. In Che establishment of thr first hydroxy bridge, 
the slowest step is reaction of formation; eq. 16c applies similarly for 
the specific rate к_з (eq. 13.3) 

(17) k.3 = A'0(MeOH... MeOII) • Л^/'-М.он) 

In case tlie identity 
de) лг,:;,::!1-"'0"» * /Ö"» нет.. 

proves true, it must be concluded that for the formation of a complex of the 
metal-hydroxy cation and of the first y-hydroxy bridge between two metal-
hydroxy cations there is the same underlying rate-determining elementary step, 
namely, the exchange of water of the metal-hydroxy cation. 

For examining this agreement, the bimolecular rate constants obtained from 
various studies, (a) for the union of two metal-hydroxy complexes к_з, eq. 13.3; 
(b) for the union of a metal-hydroxy complex and a solvated metal cation к ,, 
eq. 13.4; and (c) the rate constant (for the uranyl cation) for the union of 
two metal cations, 

(П.6) OjLI.. .uni* 2UOS' 
II, 

to form a simple bridged complex are compiled in Table 3. In addition to the 
ionic strengths, the equilibrium constants of the contact complexes ^(MeOH. . . 
MeOH), Kq (MeOH . . . Me), and (MeOH . . . Me) are shown. (The constants 
were calculated by the Fuoss formula for the ionic strength у ж ОМ and 
extrapolated by means of the Oavies formula [49] in each case to the particular 
Ionic strength). The desired constants for the rate of transformation are 
calculated by eq. 17 from the bimolecular rate constants of formation, and 
then the values of Kq are calculated. 

Finally, Table 3 contains the cation-specific water-exchange or contact-complex 
transformation rates which are either directly measured (NMR) or calculated 
from the rates of formation of the complex. The water-exchange rates on 
metal-monohydroxy ions are not in all cases higher than on simple metal ions. 
However, as a rule it holds true that fcßjqj"}, > AßJS^. 

The data assembled in Table 3 can be interpreted as follows [40, 47]: 

1. In the union of two metal-monohydroxy complexes to form the dimeric 
MeOH complex (Table 3, Nos. 1, 2, 3) the contact complexes are 
transformed into the bridged complex fsq. 17a) at about the same rate 
as that at which the conversion of the contact complex is converted 
into the inner-sphere complex in the formation of a complex between 
metal-hydroxy cations -and any complexing llgands. This rate coincides 
with the water exchange rate of the MeOH cation. 

Of almost the same magnitude is the rate of transformation in the 
combining of a metal-hydroxy cation with a metal-anion complex (Table 
3, Nos. 1', 1", 1"'). 



Table 3 г* i rt M I — K> OB 
Reactante * > *-< *-» * « к. fcCw,-,l*OH> jft**OH'a*1 fc1^^4*' Ref. 

IM-'-c-'l IM-'̂ c-'J lM-'«c-4 [II] *C [M-«l [«c-ij [<ce"'l [s««] [«c'J [«**"'! 

1 KrOIP* • Ff OU'" 35 - 3 - • 25 J]»"1 7- !•» - -

w FcOII" • IV* - WW-» • Î5 SI»* - S* - 1« 
г IVUli1- • IcU" 9 - • 25 S-If* 1.1-If - - — If -

I* KcOll'* • FrsCV 7 - • 2S S-!•-» M l f - - —10» -

J . . . ьоп" - K»SO; 3« - • 25 l.s-1«-» 2-Ifl» _ -

m VOOll* - VOOll« If - • IS îir» S-lf - — 3-10» -

и VOOll* Г VO»* - 1 • 25 1.S-W-» - t* - m 
i 10,OH' - 10,OH- S-If - M 3 вJ45 S If» - s W -

Зл IO,OH« r l'OJ* - з-if M 3 0.1*5 - tlf - if 
зь lO>- . I OÎ' - it M 3 MST - M if 
»J von»' r V»' - •.u** 1 2S Ml - n - »-if 
s ScOll«- - StOlI»' Jl* - M 2S î-ir» U l f - If (?) + 1Г 
6 G*OII»' - СЛН1' 3.Î-10» - 0 2S 5-lf» «•IV - — 2-lf * 
; InOII'* - laOll»* 3.6 If - • 2S 5-lt» 71Г* - S-lf -

8 CuOH* Г ГцОН' 1Г"' - _ _ _ _ 

V* I 

'Estimated from the fomation of VN§+ and VSCN2+ complexes, which are not catalyzed by hydroxy 1 
ions [51, 52]. 

••Calculated from.decomposition kinetics [i>»0 and equilibrium constant for V2(CH)^fortnation [53]. 
•Water exchange rate for Sc3+ is 106 sec-*, determined as in réf. 5U from formation rate of the 
Sc3+-murexide complex (G. Geier* Ber. Bunsenges 69: 617, 1965), while the GaOH2* and ScOH2+ rates, 
2xl03 sec"1 and 3x10s sec-1, respectively, were estimated from the complex-formation rate of MeOH** 
•S0jJ"(J. Miceli and J. Stuehr, J. Am. Chem. Soc. 90: 6967, 1968). 

***Estimated by Schwarzenbach [42]. 
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2. In Che union of a metal-hydroxy cation with on unhydtolyzed metal 
cation (Table 3, Nos. la, 2a, 3a, 4a), the rate of traneformatlon 
for the contact complex 

(Ша) MeOII | Men (Me..,MrOII)»Me О Me 
II 

le appreciably lower than the water-exchange rate of the metel-hydroxy 
cation; lte magnitude, however, ie approximately the eame ae that of 
the water-exchange rate of the unhydrolyzed catione. 

3. The union of two unhydrolyzed catione to form a water-bridged 
binuclear complex, which ie conceivable only for the uranyl cation 
(Table 3, No. 3b) 

11 (13.5.) no;* I I'oJ* «-• (no,... lio,)4* (110,—o—uo,)̂  
proceeds with a transformation rate which is some two ordere of 
magnitude lower than the water-exchange rate of the unhydrolyzed 
uranyl ion. This situation which actually indicates a far-reaching 
analogy between formation of a complex and formation of binuclear 
MeOH complexee, requires llluetratlon. 

In the formation of a metal ion complex, the transformation rate constant 
for the pror.eee 

Outer-sphere complex inner-sphere complex 

in moot cases agrees very well with the water-exchange rate of the complex-
forming cation. In the exchange of eolvated molecules therefore it is 
theoretically a reaction which follows an SN^ mechanism. As Strehlow [54] 
was able to show, in the formation of a complex as well ae in the exchange 
of water the llgand and the newly entering water molecule, respectively, 
with the temporarily increased coordination number of the cation must 
penetrate into the inner hydration sphere of the cation. The eolvation 
shell, in ebeorblng the new water molecule—or the complex former—and 
losing an old water molecule la finally reoriented, and the individual process 
of complex formation or exchange of water in concluded. It Is found that 
the activation energy to be applied for thie process (and hence the rate of 
transformation also) is determined essentially by the propertlee of the 
particular metal Ion and not by the properties of the entering ligsnd. 

That the earn conformity to natural laws prevails In the formation of binuclear 
MeOH complexes (at any rate in the cases treeted up to the preeent time) es in 
the formation of complexes and exchange of water is understandable if it le 
coneidered thet in formation of a bridge essentially a hydroxyl ion (on which 
a metal ion sits as an appendage) as a llgand oust penetrate into the Inner 
eolvetlon sphere of the reaction partner. 

In Fig. 3 the physical interrelationships deduced from examples 1 to 4a of 
Table 3 are again shown disgrammatlcally. Figure 3 (third row) clearly shows 
why it Is that In the union of a metal ion with a metal-monohydroxy cation 
the relatively low rate of exchange of water (more accurately, rate of 
penetration into the hydration shell) of the metal Ion le the rate-determining 
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atep Ior the e*tabli*hm*nt of th* bridge and not the much higher rate of 
water exchange of the metal-monohydroxy cation. 

For electrostatic reason« the hydroxyl ion always indicates a neighboring 
metal cation In the contact complex. An exchange of water (nor* accurately« 
a deformation of the hydration shell which precedes further reaction) on the 
metal-monohydroxy cation thus always takes place at iltea which are not 
available for establishment of a bridge, i.e., not at the critical surface of 
contact of the two cations. In this situation nothing is changed by the 
fact that the hydroxyl group In the contact complex can Jump back and forth 
rapidly between the two cations by means of proton exchange. The "proton 
vacancy" (namely the hydroxyl group) preferentially stays at the place of 
contact between the two cations, and therefore this hydroxyl ion oust 
penetrate into the hydration shell of the unhydrolyzed cation for initiating 
the formation of the bridge, and with this it may be expected that the 
exchange of water (or the race of transformation) of the netal Ion »'end not 
the transformation rate or exchange of water of the metal-hydroxy ion, which 
in most cases is appreciably higher) determines the rate of the reaction 
(13.4a). For the same reason, In the union of a metal-hydroxy cation and 
a metal anion complex (Fig. 3, second row) the exchange of water of the 
metal-hydroxy cation prove* to be rate-determining (Table 3, Nos. 1', 1", 
1'"). Here the bridge is closed by th* anion x~ which 1* bound in the complex 
and which penetrate* into th* hydration *h*ll of th* netal-hydroxy cation. 

According to th* nodal illustrated In Fig. 3, It 1* likewise understandable 
why the combining of two unhydrolyxed cation* lo greatly hindered and tak** 
place more slowly, by some order* of magnitude, than what corr**pond* to th* 
exchange of water on the metal Ion. Hence th* reaction 1* "forbidden" 
because the water of hydration of the "attacking" natal Ion entering Into the 
hydration shell cannot d o e * the bridge; the po**lbl* coordination position* 
of the oxygen of thl* mol*cule are blocked by proton*. 
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Examples 5, 6, and 7 of Table 3, however, do not confirm the picture outlined 
here. The rate constante given by the authors in every case yield rates of 
transformation which are higher by a factor of 30 to 150 than the water-
exchange rates. It is possible that the kinetic data determined for In3*, 
Ga3+, and Sc3+ are too high owing to the method used the three metal ions 
were studied by a relaxation method. Margerum has made a careful comparison 
of the kinetic data for the dissociation of the binuclear complex Fe2(OH>2 , 
one set of which was determined by a relaxation method [37] and the other by 
the etopped-flow method. He showed that in many cases the accuracy of a 
relaxation method with measurements In quasl-equllibrium is insufficient to 
determine the complete reaction rate law. He proved [38] that the relaxation 
spectrometric determination of the rate constants for the formation of the 
binuclear complex must be In error and gives results which are too high. 
(Cr the other hand, the determination of the rate constants for the uncatalyzed 
decomposition of the complex even from relaxation experiments is relatively 
reliable.) 

Therefore for the time being the question must remain unresolved es,to whether 
the transformation rates which are too high for Sc3*, Ga3 , and In3 are real, 
I.e., typical of the third group and subgroup, or whether the kinetic data 
presented must be examined for systematic or other reasons. With the exception 
of these three cases, however, all the reactions listed in Table 3 fit easily 
Into the complex-forming kinetics scheme of the metal ions, so that the 
formation of dlmerlc metal-hydroxy complexes seems to be no unique reaction. 

ill. Formation and Dissociation of Polynuclear Metal«*Hydtoxy Complexes 

The kinetics of the irreversible dissociation of multlnuclear MeOH complexes 
in acidified solutions have been studied in only three prior cases. Margerum, 
et al. investigated the dissociation of the tetranuclear nickel complex, 
N i ^ O H ) ^ , while Frei and Wendt were concerned with the a d d decomposition of 
the hexanuclear bismuthvl [23] complex, Blg(0H)-[£ and the tetranuclear lead [56] 
complex, Pb4(0H)$+. Attempts to elucidate the kinetics of formation and 
dissociation of the bismuth complex by methods of relaxation kinetics, owing 
to the complicated nature of the reaction rate laws, have met with little 
success [23]. 

On the other hand, the study of the irreversible dissociation of this species 
of complex in acidified solutions gave unequivocal results, which in turn 
permit drawing conclusions concerning the kinetics of formation. While in 
the(case of the nickel and bismuth complexes the dissociation of the species 
mentioned, Ni,(0H)^+ and Blg(0H)£t, is observed, directly upon admixture of 
excess acid with a prehydrolyzed Pb(II) Perchlorate solution an "open" type, 
Pb4(OH)g, Is formed from the "closed" РЬд(ОН)^ complex probably by the 
incorporation of two protons in a very rapid reaction (Fig. 4). The relatively 
slow dissociation of this "open" form can be studied [56]. 

» 2H* 

O'OH-
• .PbJ' 
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All polynuclear complexes decompose monomolecularly, and this decomposition 
can also be catalyzed by protons. However, In the dissociutlon of the lead 
and bismuth complexes, still further terms In the reaction rate law of the 
dissociation must be considered, where the order of the reaction of tho MeOH 
complex is Пр01у меон " 1/'2, T h e generalized reaction rate law for the 
Irreversible dissociation of the three complexes investigated is Illustrated 
by 

(19) iL - _ j(fe. + k, • cH) • cPolrM.oii + + К • си) • ср!,|у.м«он} 

The reaction rate constants for the dissociation of the nickel, lead, and 
bismuth hydroxy complexes, and the conditions under which the experiments 
were made are shown In Table 4. 

Table 4. Kinetic Data for Acid Decomposition of Polynuclear MeOH Complexes 
(see eq. 19) 

• 

Species 
fc. [M-C-'I '•-7 К IM'/'ttco-'l К lM-'/»M4!-'J и / 

rcj Ref 
Ni,(<»")}' PMOIl)«,' nic(oii)«; 

5 3* 
8 * S 
и,is 

(7 i. 0,5)-10» 
(4 t 1)-10» 
0,25 

n 
0,4 1 0,1 
0 

0 
200 ± 30 
0,034 

1,5 
1.0 
3 

25 
3 
20 

u 
a 

«Later evaluation of Margerum's results by eq. 19 [55]. 

The first two terms in eq. 19 correspond to Lhe direct and proton-catalyzed 
dissociation of the particular species of complex. This may be interpreted 
in such a way that in the rate-determining step a MeOH bond in the intact 
polynuclear complex is broken either directly (kfi) or after addition of a 
proton (ky), and then in a rapid subsequent reaction the complex dissociates 
completely. (Margerum, et al. who, for the nickel complex Ni4(0H)£+, 
considered kg ав definitely nil, interpret the process of decomposition 
described in the second, proton-dependent term in eq. 19 (ky) somewhat 
differently by assuming two steps of comparable rate as the rate-determining 
reactions for the dissociation: (a) rapid opening and closing of an MeOH 
bond and (b) addition of a proton onto the open bond. They assume that, as 
soon as the proton has been added, which competes with the closing of the 
bond the complex dissociated completely. With this hypothesis they explain 
a decrease in the rate constant ky with increase in the proton concentration. 
At sufficiently high proton concentrations any opening of the OH bond is 
followed immediately by protonation. Other papers [47, 35], however, 
indicate that the same observation may also be explained by a simple rapid 
protolytic equilibrium.) 

The third and fcurth term in eq. 19 can be explained only If the poly-MeOH 
complex can dissociate into subunits of half the molecular weight In a faet 
dissociation equilibrium and the irreversible decomposition of these subunits 
opens a parrallel reaction path. This le illustrated for the lead and bismuth 
complexes, respectively, by 
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(20«) BI,(OII)Î; p. 2Bi,(oii)2+; xg' -CUI,(01»5+ 
(20b) Bi,(OII)Jf + И» ̂  Ш,(ОИ)J+i K"'«= '"V0"«* «11+ "«01,(011)1» 
(21u) l'b4(01l);+ SPbjOll»; Aj;l,= --l;,'î«,,,,,,f rl>liIOII*» 
(211,) l'h^Olt** I If . • I'l.jOIli': Л'1,"' r,,|'.«»"(' '' г II I • С I'li.KM* • 

Both the dissociation equilibrium (K~) and the protonation equilibrium (K ) 
(eqs. 20b and 21b) are fast, i.e., always established equilibrium. " 

The third and fourth term in eq. 19 take into account the portion of the poly-
MeOH complex which disappears through the spontaneous and the proton-catalyzed 
decomposition of the half-complex subunit. For the case of irreversible 
dissociation of the lead complex Fb(0H)^+thl3 is again illustrated by 

,„„, </СР|„он'Л . . . , (22) Jt = (VI" V ') • ePi..(o»rt» + J • «•Pb.oil.t » 2 • epi,,oilf 
(22a) cpb.oil" = (K»">~1'* 'cÎM.,((>4)".* 
(221.) срь.ои'/ = <K£b) • «!«• ' do)-"2 • cv̂ ou)-,' 

Tn order to show the connection between the phenomenological rate constants 
kg and kg corresponding to formula 19 and the true rate constants kg and kg 
in the case where epb,0ll|,.eph,0Il.. « C P M 0 I I„ 

» 

we can write • epM°")î+ = срь.<они* <total), 

and from a comparison of eqs. 19 and 22 we obtain 

(23«) k. = ' k't (K£b)-'M 
(23b) \ (К!?')-"г (<") 

Of the rate constants given in Table 4 only the values for kg are directly 
comparable with each other. 

All three poly-MeOH complexes prove to be relatively inert, i.e., they decompose 
slowly; this is true especially for the hexanuclear complex of bismuth (kgi&O.l 
sec"*). 

The equilibrium constants k^ are the products of the protonation equilibrium 
constants of the poly-MeOH complexes and the decomposition rate of the proto-
nated poly-MeOH complexes. The particularly low value of k 7 for the bismuth 
complex leads to the conclusion that this can be protonated only with great 
difficulty (especially for reasons of the Coulomb repulsion) and/or the 
protonated form decomposes only slowly. 
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Accordingly, from the very low value of kg for the blsnuthyl complex, It can 
be reasoned that the constant K^1 Is probably very large, I.e., only very few 
trlmers [Blß(0H)g3+] exist in equilibrium along with the hexamers; these are 
diff' it to protonate; and/or the protonated species BijtOH)^" decomposes 
oni. uPwly. The reaction rate law for the formation of the poly-MeOH complexes 
of Table 4 can be derived from the reaction rate law for decomposition and the 
equilibrium constant for the formation of the complexes. For example, for 
the tetranuclear nickel complex we write 

(24.,) (formation) fc., - ^ , 
The first and second term may be explained by the kinetic "core and link" 
mechanism: „In a fast jpre-equilibrim a trimer is rapidly formed from the 
monomers Kl and NiOH , and the addition of the last monomer unit is rate-
determining for the formation of the tetramer, 

/4<it ...... i mon» (*n.) эл.»* r .JIÎO M̂OIIJS' i a»' • Nu(on):1 

Likewise, a mechanism which provides for a rapid equilibrium between monomers 
and an "open" tetramer and assumes as the rate-determining step the formation 
of the "closed" complex is theoretically in agreement with the reaction rate 
law (eq. 24a). 

The kinetics of formation for the lead complex, in conformity with eq. 22, 
yield a reaction rate law with four terms, 

(24c) (-^^"»^(-ormation) i + -I A-„-4b 

2+ 
The third and fourth term therefore describe the combining of a Pb and a 
PbOH+ ion (k_g) or two Pb2 + cations k_g to form the dimer Pb-OH-Pb3+ or 
Pb-OH2-Pb^+ (eee also the formation of the dimeric MejCOH), complexes, 
eqs. 13.4a and 13.5b). Accordingly, in the reaction rate law for the formation 
of thebismuthyl complex a term appears which describes the formation of the 
trlmeric subunit Bi3(OH)^+, which, according to eqs. 20a and 20b exists in fast 
equilibrium with the hexamer. 
in conclusion it can be stated that for the formation of complicated, more 
highly aggregated metal-hydroxy complexes the kinetic "core and link" principle 
can be verified as well ая the second reaction path observed, namely the 
formation of subunits which unite rapidly to the complete and stable complex. 

Outlook 

The polynuclear metal-hydroxy complexes occupy a position in relation to 
thermodynamic theory between the monomeric metal-hydroxy complexes and the 
metal hydroxides or hydratad oxides. The process of precipitation or re-
dlssolutlon of metal hydroxides, which is very important industrially, 
frequently takes place through the metastable step of polynuclear metal-hydroxy 
complexes. It may be hoped that a deeper knowledge of the kinetics of formation 
and dissociation of more highly aggregated metal-hydroxy complexes will facili-
tate the approach to the kinetics of precipitation and redissolution of metal 
hydroxides. 
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