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The formation of polyhydroxo aluminum(I1I) complexes has bccn investigated at 30°C and in a 
3 M (K)CI ionic medium by p(H] measurements. Thc uncommon 'integral titration" technique 
employed has enabled measurements of oversaturated solutions up to OH- to Al(III) ratios 
as large as 2.65. This has allowed the detection of the undescribcd species A ~ I ~ ( O H ) ~ .  The 
data can very satisfactorily be explained by assuming the species A12(0H)?, &(OH):+, 
AI,3(OH)il, and All>(OH)Z. The Al(II1) concentration has been changed from -0.0025 to 
sz 0.040 M and the spacing of the titration curves at different aluminum levels are a clear and 
direct evidence for the formation of A113(OH)::, which dominates the hydrolysis products. The 
data presented in this paper are best accounted for if the trimer k&(OH)? is substituted for 
A13(OH)y which is frequently reported. The formation of the '13" cations may result from the 
rzaction of four Al>(OH)? with a transient Al(0H); species which is formed, upon addition of 
a rather concentrated basic solution, owing to a local excess of OH-. 

Keywords: Hydrolysk aluminum; polyoxomaalates; metal clusters 

INTRODUCTION 

The hydrolysis of A13+ cation has been of interest for at least a century, and 
fundamental work, up to 1975, is reviewed by Baes and Mesmer.' Discus- 
sion of aluminum(II1) hydrolysis has nevertheless not ceased and is a topic 
in a vast number of investigations of A13+ complexes,24 undertaken to eluci- 
date the role of aluminum in natural and biological systems. Polymeric 
hydroxo complexes which dominate the complex hydrolysis mechanism of 

Comsponding author. 
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272 F. SALVATORE AND M. TRIFUOGGI 

aluminum(lI1) are also extensively used in many areas of material science as 
building blocks for the synthesis of new materials.576 Present understanding 
of aluminum(II1) hydrolysis indicates that mononuclear hydroxo com- 
plexes, presumably produced during the early stages of hydrolysis, readily 
condense, via repeated olation, to polynuclear complexes in which hydroxo 
bridges (“01” bridges) are formed between metal centres. 

A discouragingly large number of species have however been reported.’,’ 
In addition to Al(OH)’+, Al(OH);, Al(OH)3, and Al(0H); (which clearly 
dominate at very low Al(II1) concentrations in solutions saturated with 
A1(OH)3(s)), evidence for A~z(OH)~+,  Alz(OH);+, A13(OH)FY A4(OH)F, 
A17(OH);l, Al,(OH):;, AI13(OH)$-, A114(0H)!:, etc., has been produced 
from time to time under a variety of ionic media, temperatures and alumi- 
num concentrations. The slowness of polyhydroxo complex formation reac- 
tions has often been invoked to explain discrepancies in the data from 
different laboratories and has inspired investigations under rather unusual 
experimental conditions (temperature up to 149”C8 and equilibration times 
of several months’ have been employed). 

By taking a purely statistical point of view, A l ~ ( 0 H ) y  and &(OH):+ 
are the most frequently reported small polynuclear complexes, while the 
cation A113(OH)il (the “13, 32” cation) is most often postulated as the final 
product of the polymerization process. From hydrolysed solutions of AlC13 
at high temperatures a sulphate can be precipitated which has been found to 
contain A113 (OH);: units, whose very bulky structure has been determined 
by X-ray cry~tallography.~ A qualitative model for the formation of 
AI,3(0H)iT, from the precursor [AAI~(~~~S-~-OH)(OH)~]~+, where tris-pOH 
emphasizes that one OH ligand bridges three aluminums, has been pre- 
sented by Wood.5 Although this model is inspiring, neither the existence of 
A113 (OH):;, nor its precursors has admittedly’ been clearly demonstrated 
from direct measurements of aqueous solutions at room temperatures. 

At present the hydrolysis mechanism of aluminum(II1) is neither black 
nor white, but, depending on one’s point of view, to a variable extent, grey. 
The reason for this state of affairs are the many inadequacies of equilibrium 
analysis methodology to manage successfully the problem of the formation 
of polynuclear hydroxo species in solution. 

Olation is the unavoidable consequence of hydrolysis and would generally 
occur when metal cation solutions are hydrolysed to such an extent to pro- 
duce sufficient concentrations of monomeric hydroxo species, which are the 
building blocks of polynuclear hydroxo complexes. However, the poly- 
merization process is generally interrupted by the precipitation of metal 
hydroxides which leaves such low concentrations of monomers in solution 
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ALUMINUM HYDROLYSIS 273 

that polymeric species cannot be observed at equilibrium, An obvious cor- 
ollary of this is that polymeric hydroxo complexes occur generally in over- 
saturated solutions as transient species of variable lifetime. This does not 
decrease our interest in their formation because they can and are employed 
as reactants in synthetic schemes which operate on a time scale shorter than 
the precipitation. Fundamentally, present methodology of hydrolysis inves- 
tigations (mainly p p ]  titrations) cannot cope with this problem because the 
time scale of the equilibrium analysis experiment is much longer than the 
lifetime of the sought species. In this paper we present equilibrium analysis 
experiments, to which we will apply the term “integral titrations”, with a 
time scale of a few minutes, which compares favourably with the several 
hours time scale of usual incremental titrations. 

The results of this investigation rest on two basic assumptions: 

the precipitation of aluminum hydroxide is slow enough at room tem- 
perature so that a lag-time period exists between mixing an acidic A13+ 
solution with the titrating base and the formation of detectable amounts 
of solid (that is to say that the lifetime of the species formed by the 
reaction of A13+ with OH- is at least a few minutes); 
the reaction between A13+ and OH- reaches equilibrium before the lag- 
time period is elapsed ( ie. ,  homogeneous equilibrium is established 
although solutions may not be in equilibrium with respect to the 
precipitation of aluminum hydroxide or of some other solid phase). 

Although we strictly cannot invoke any direct justification for this, the 
results presented in the following paper show that these assumptions must 
be substantially correct. 

EXPERIMENTAL 

Methods 

The hydrolysis of A13+ ion has been investigated at 30°C and in a 3 M (K)Cl 
ionic medium, in the range of aluminum concentrations, B, between 0.00253 
and 0.04024M by p[H] measurements with a combined pH glass electrode. 
An acidic solution of A1CI3, TSo, having the following general initial analyt- 
ical composition 

TSo = Bo M Al(III), (3.000 - 3&) M K+, 3.000M C1- 
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274 F. SALVATORE AND M. TRIFUOGGI 

was titrated with KOH titrant solution, T, of composition 

T = 0.1000 M KOH, 3.000 M KC1. 

Five titrations have been performed in which BO had the values 0.00253, 
0.00525, 0.00977, 0.02070 and 0.04024M. The general composition of the 
measured solution, TS, was 

TS = B M Al(III), A M  OH-, (3.000 + A - 3B) M K+, 3.000 M C1- 

An “integral titration” technique has been employed. An integral titration 
consists in adding for each point of the titration curve the whole titrant 
volume, V,, to the initial volume, Vo, of titrated solution. In practice, after 
measurement of the point of the titration curve corresponding to VT, the 
titration is restarted with a fresh volume Vo of titrated solution, to which 
the whole volume (VT+ AVT) of titrant, corresponding to the next point 
of the titration curve, is added (not only the increment AVT as in usual 
incremental titrations). 

The advantage of integral titrations is that their time scale is very short, 
being that of a single p M  measurement, although the time necessary to 
obtain the titration curve is actually very long. This is because the measure- 
ment of each point of the titration curve restarts at zero time. The same 
principle underlies polarographic techniques where the time scale is gov- 
erned by the drop time of the dropping mercury electrode rather than by the 
time actually required to record a polarogram. Nevertheless the appearance 
and the meaning of the integral titration curve are exactly the same as that 
of an incremental titration curve. During the titration of the solution of a 
metal cation with a base, in order to obtain the integral titration curve, it is 
only necessary that the time-lag separating the mixing of solutions and the 
formation of a precipitate be of the order of the equilibration time of the 
glass electrode. This is obviously a much less restrictive requirement com- 
pared to that of an incremental titration, which would require the titrated 
solution be kept in an oversaturated state for a few hours. 

The five integral titration curves measured during this investigation are 
presented in Figure 1, as p[H] vsf, where f = A/B,  is the titrated fraction of 
metal cation. The experimental data in the form (-log B, -log A ,  pw]) are 
reported in Table I and will be the basis of following calculations. 

p w )  Measurements 

Integral titrations were performed by using a fully automated apparatus 
based on Metrohm piston dosing burettes and a combined glass electrode 
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FIGURE I Graphical presentation of the results. Points represent plHj YS f experimental 
data of Table I (f= AIB); full curves have been calculated with the species and the constants 
given in Table 11. Numbers on curves identify different initial concentration, Eo, of Al(III), 
as reported in Table 11. 

under Metrohm 706 microprocessor control. The predefined volumes of TSo 
and T, previously thermostatted at 30 f  1"C, were delivered to a thermo- 
statted (30.00 f 0.05"C) titration vessel by triggering the microprocessor and 
rapidly mixed with a magnetic stirrer. After mixing, the microprocessor 
immediately started the measurements at short time intervals. The measure- 
ments were sent to a printer which recorded p N  vs time. In a few minutes 
the time curve reached a plateau with a negligible slope over an observation 
period of about IOmin, at which time measurements were discontinued. 
Only in the case of the titration at Bo = 0.04024 M (curve 5 in Figure 1) a 
measurable drift of the p p ]  towards acidic values was observed after 
mixing. We interpret this as resulting from precipitation of a solid phase, 
but performed in any case the titration by taking the pM readings after 
10 min from mixing. 

The precision of the measured p p ]  and of the delivered volumes was 
respectively 0.001 pM units and 0.001 cm3. 

The combined glass electrode was Metrohm model 6.0232.100 which has 
a very short response time and a 3 M KC1 double liquid junction. In practice 
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276 F. SALVATORE AND M. TRIFUOGGI 

TABLE I 
the initial concentration of aluminum. En. in the titrated solution 

Summary of the experimental data. The five titrations are identified from 

Bo = 0.00253 M: (-log& -1ogA. fl) curve 1 of Figure 1; 

2.5987, 3.38Z7, 4.106; 2.6000, 3.1965, 4.165; 2.6009, 3.0309,4.209; 2.6026 2.8838.4.237; 

2.61&,2.440,,, 4.384; 2.61+, 2.3900, 4.419; 2.616, 2.M63, 4.458; 2.6188.2.3081.4.503; 
2.6206,2.2752,4.554; 2.6022,2.24&, 4.615; 2.6237, 2.22&,,4.73@ 2.6250,2.20&, 4.865 
Bo = 0.005248 M: (-log& -log A, p[q) curve 2 of Figure 1; 

2.5968, A=O, 3.843; 2.5971, -4.2678, 3.885; 2.5975.3.8483.3.965; 2.5979, 3.62&,4.028; 

2.6046,2.7534,4.264,2.60&, 2.6496,4.292; 2.6088,2.5670,4.322; 2.6109,2.4983,4.351; 

2.2SOo, A=O, 3.648;2.2801, -4.6022,3.655; 2.2802,4.4261,3.663; 2.2805,3.9123,3.716; 
2.2811,3.5738,3.794; 2.2819,3.3511,3.859; 2.2846,2.9772,3.990; 2.2863,2.8390,4.039; 
2.2884, 2.7184,4.077; 2.2907, 2.6136.4.108; 2.2932,2.5235,4.135; 2.2958,2.&70,4.145; 
2.2988,2.3745,4.166; 2.3015, 2.3164, 4.187; 2.3%, 2.2666.4.207; 2.306,2.2219,4.227; 
2.3095,2.18&, 4.249; 2.3122,2.1461,4.273; 2.3148,2.1139,4.291; 2.3173,2.0844,4.324; 
2.3198,2.0575,4.353; 2.3222, 2.0330,4.385; 2.3246, 2.0105,4.420; 2.326,1.9898,4.461; 
2.3290, 1.9711,4.504; 2.3312, 1.9538,4.557; 2.3331, 1.9386.4.617; 2.3349,1.9252,4.710; 
2.3365, 1.9139,4.833 
Bo = 0.00977 M: (-log& -log A, p[q)  curve 3 of Figure 1; 
-2.0101, A =O, 3.479; 2.OlO3,4.4261,3.490; 2.OlO6,3.9398,3.528; 2.01 1~~3.5738.3.586; 
2.0121, 3.3443.3.639; 2.0134,3.1140,3.719; 2.0149, 2.9556,3.775; 2.0167,2.8184,3.826; 
2.0187,2.7039,3.870; 2.0210,2.6060,3.910; 2.0233,2.52&, 3.942; 2.0258,2.W5,3.969; 
2.0284,2.3845,3.991; 2.0311,2.32&, 4.011; 2.033~,2.2753,4.019; 2.0367,2.22&, 4.039; 
2.0394, 2.185~,4.056;2.042~,2.147~,4.061;2.045o,2.ll23,4.073;2.047~,2.08O0,4.085; 
2.050~,2.050~,4.099;2.0533, 2.0239,4.111;2.05&, 1.9985,4.124;2.0587, 1.9750,4.137; 
2.0614, 1.95&,4.151;2.0641, 1.93&,4.165;2.0661, 1.9130,4.179;2.0693,1.89+,4.195; 
2.0719, 1.8774,4.210; 2.0744. l.8610, 4.227; 2.076, 1.8455,4.243; 2.0795,1.8307,4.262; 
2.0819, 1.8168,4.281; 2.0844, 1.8035.4.301; 2.0868, 1.7901,4.324; 2.0891,1.7788,4.345; 
2.0915, 1.7672, 4.370; 2.0937, 1.7563, 4.399; 2.09&, 1.746,,,4.427; 2.0982, 1.7361, 4.460; 
2.1003, 1.7268,4.498; 2.1023, 1.7182, 4.537; 2.1M3, 1.7098, 4.588; 2.1061, 1.70&,4.641; 
2.1070, 1.6989,4.660 
EO = 0.02070 M: (-log E, -log A, pm) curve 4 of Figure 1; 
1.6840, A=0,3.294; 1.6846,3.8423,3.331; 1.6856,3.4264,3.390; 1.686, 3.1705,3.449; 

.1.6890, 2.9976,3.514; 1.6916 2.7621,3.583; 1.6943, 2.6307,3.634: 1.697,2.51%, 3.677; 
1.7%,2.4175,3.719; 1.7045,2.3353,3.756; 1.7083,2.2619,3.787; 1.7122,2.2Ol4,3.815; 
1.71&,2.1459,3.840; 1.72&,2.0963,3.861; 1.7244, 2.0516.3.880; 1.7286,2.0111,3.898; 
1.7327, 1.9741,3.914; 1.7369, 1.9404.3.929; 1.7411, 1.9094.3.943: 1.7453,1.8808,3.956; 
1.7539, 1.8278.3.967; 1.75& 1.8%,3.978; 1.7663, 1.7631,4.001; 1.77+,1.7266,4.024; 
1.7821, 1.6943,4.057; 1.7898, 1.6652,4.071; 1.7973, 1.63%,4.095; 1.804-,, 1.6151,4.121; 
1.8119, 1.5932,4.149; 1.8190, 1.5732.4.177; l.8260, 1.5%,4.208; 1.8327,1.5378,4.230; 
1.8397, 1.5211,4.264; 1.8459, 1.50$,4.314; 1.8520, 1.4939,4.368; 1.8577, 1.4819,4.432; 
1.8605, 1.4763,4.473; 1.8631, 1.4712,4.513; 1.8657, 1.46%. 4.569; 1.8678,1.46&, 4.601 
Bo = 0.04024 M: (-log B, -log A. pIHI) curve 5 of Figure 1; 
1.3953, A=O, 3.100; 1.4004.2.9289,3.261; 1.3994,3.03& 3.235; 1.40&,2.7779, 3.308; 
1.4056.2.6322, 3.353; 1.4090,2.5096,3.398; 1.4125,2.4112.3.438; 1.41&.2.3288. 3.473; 
1.4200.2.2582~3S05; 1.4238,2.1963,3.532; 1.4319,2.0928,3.582; 1.44Oo,2.0097,3.624; 
1.4523,1.9100,3.677; 1.4% 1.8311,3.720; 1.4768,1.7668,3.756; 1.4890,1.7122,3.783; 
1.5008, 1.6665.3.803; 1.515, 1.62&,3.825; 1.5239, 1.5913,3.846; 1.53&, 1.5607,3.868; 
1.5459, 1.5332,3.877; 1.5565, 1.5087,3.900; 1.5701, 1.4800.3.928; 1.5893, 1.4%3,3.957; 
1.5961,1.4315,3.986; 1.6086, 1.4111,4.016; 1.624, 1.3928.4.047; 1.6323,1.3761,4.081; 
1.64~.1.3610,4.117; 1.6548, 1.3469.4.140, 1.6654, 1.33h.4.195; 1.6705, I.3285,4.U% 
1.6755,1.32&,4.255; 1.6805, 1.3175,4.290; 1.6852. 1.31&,4.331; 1.6900, 1.3076,4.376; 
1.69%. 1.3031,4.431; 1.6964, 1.3009.4.463 
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ALUMINUM HYDROLYSIS 277 

the measured cell was 

-RE I 3 M KCl I TS I sensor membrane I RE+ (GI 
in which RE represents the two Ag/AgCl(s) internal reference electrodes of 
the combined glass electrode. It is assumed that the liquid junction poten- 
tial arising at the interface 3 M KCl ITS is negligible owing to the very 
slight difference in composition of the contacting solutions. Under the pres- 
ent experimental conditions the p[H] of the test solution can be expressed 
simply by (1). 

In (1) EG represents the potential of cell (G) and lJN is the Nernst potential 
at 30°C. The constant p[H], was determined frequently during a titration 
by measuring the potential of the combined glass electrode in a standard 
solution, SS, of composition 

SS = 0.00100 M HCl, 3.000 M KCl. 

This standard solution, to which p[HIss = 3.000 f 0.004 is attributed, was 
prepared by generating an accurately known amount of H+ in a 3.000M 
KCl solution by a constant current coulometric technique using the circuit 
below. 

-Hg I HgZC12 I 3 M KCl I SS I Pt+ 

I-- constant current source I 
In order to assess the correct functioning of the glass electrode, a conven- 
tional acid-base titration of a solution of HC1 in 3.000M KCl with the 
titrating solution T was performed from time to time. Evaluation of the 
data via a Gran diagram'0v'' always confirmed that the combined glass 
electrode conformed very closely to the Nernstian slope. By very careful 
manipulation of the glass electrode we succeeded in keeping p[W, varia- 
tions within 0.01 units (=O0.6mV) throughout the whole measurement time. 
The accuracy of our p[H] measurements, App],  should be not less than 
f0.004 units, namely the accuracy of the p[H] of the standard solution SS. 

Materials and Analysis 

The starting aluminum solution TSo was prepared from an AlCI3 stock 
solution obtained by dissolving metallic A1 wire (Fluka 99.999%) in 
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278 F. SALVATORE AND M. TFUFUOGGI 

conc. HCl (Fluka p.a.) and analysed by standard methods. The titrant solu- 
tion, T, was prepared by diluting a carbonate-free saturated solution of 
KOH with boiled bi-distilled water under an N2 stream and adding a sui- 
table amount of solid KCl. The KOH solution was analysed by conven- 
tional methods and was stored away from contact with air in a polyethylene 
bottle. KC1, employed to make up the ionic medium, was Fluka ACS 
(> 99.8%) and was tested for metallic trace impurities before use. A 3 M 
KC1 solution, tested according to the method presented in Ref. 10, was found 
to contain less than M protolytic impurities. 

RESULTS AND DISCUSSION 

The analysis of the integral titration curves of Figure 1 is straightforward. 
The reason is simply that we have practically measured the whole acid-base 
titration curves of A13+. This is seldom the case since conventionally only 
short segments of the titration curves, referring to slightly hydrolysed solu- 
tions (small f) are available and this makes uncertain the detection of 
species with a high OH- to metal ratio. 

Even a superficial inspection of the integral titration curves of Figure 1 
shows that A13+ solutions have a high buffer capacity at f values between 
M 0.5 and = 2.2, and this leaves no doubt that a reaction takes place rapidly 
between A13+ and the added base. On the other side the titration curves 
converge, by increasing pw], towards a single f value which apparently is 
somewhat higher than 2.65. This is a convincing evidence that a single spe- 
cies, having OH- to metal ratio not far from 2.65, is ultimately formed. 
Obviously, this species is not Alt3(OH):,f which has a theoretical ligand to 
metal ratio of only 2.46. This of course does not imply that the “12,32” 
cation is not formed at lowerfvalues. Apart from these qualitative and very 
evident aspects of the titration curves, the problem is to find the minimum 
number of reactions: 

pA13+qHz0 G Alp(OH)F-q)’ + qHf (2) 

which need to be postulated and their equilibrium constants 

in order to reproduce the observed titration curves within the accuracy of 
the present measurements. The following strategy has been employed. 
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ALUMINUM HYDROLYSIS 279 

We started by analysing the curve at Bo = 0.00548 M (curve 2 in Figure l), 
which exposes the highestfvalue measured, by means of the titration curves 
simulation program HYSS which is part of the HYPERQUAD 2000 
software program suite.I2 In this way a limited number of plausible models, 
each made up of a few species and the corresponding & constants were 
generated. All these models gave a more or less acceptable fit of the titration 
data at Bo = 0.00548 M. The degree to which an assumed model and set of 
equilibrium constants reproduced the experimental profile could be judged 
either by visually comparing the theoretical and experimental curves, or 
from the d value, i.e., the scaled and weighted differences of the squares of 
measured and calculated pw], (4). 

In (4) N is the number of points describing the experimental curve and Wi 
is the weight attributed to point i. Since we used a weighting scheme with 

where A p v ]  is the presumed accuracy of our p[H] measurements, it fol- 
lows that an acceptable model is one that gives 22 1. We tested practi- 
cally every combination of the described species. Each of the restricted 
number of models was then used in turn to fit the remaining titration 
curves, except the titration at Bo = 0.04024 M (curve 5 in Figure l), which 
was not considered for the reasons mentioned above. 

For each curve the ppq constants belonging to a given model were varied 
to obtain d 1. As a result of this procedure a model gives four sets of pw 
values, one for each titration curve. Thus, &, the average value of the four 
equilibrium constants refemng to species ( p , q )  in a given model, and the 
maximum deviation from average, A;, defined as the largest pw - fiN 
difference over the four pW values were then calculated. At the end, to each 
of the selected models an array of & f A r  values was attributed. Finally 
we selected the model containing the species Alz(OH)P, Al3(OH)F, 
A113(OH)zT and A113(OH)z, which by far gives & values with the lowest 
A r  value. The four sets of formation constants obtained for each of the 
titration curves of Figure 1 and the corresponding d values are reported 
in the first four rows of Table 11; the last row reports the average pm 
and the corresponding A F  which we assume as the uncertainty on the 
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corresponding constant. The full curves in Figure 1 have been evaluated by 
using the average values reported in Table 11. 

As expected, from the observed drift of the pw]  towards acidic values, 
the curve refemng to the titration at Bo=0.04024M lies somewhat under 
the corresponding theoretical curve. Nevertheless it shows the same shape 
and apparently approaches the same asymptote at f = 2.69, corresponding 
to the OH- to A13+ ratio of the species Al,3(OH)Zf. 

A distribution diagram of the four species detected in this work as a func- 
tion of pm], for a 20mM Al(II1) solution, is presented in Figure 2. 
Although the “13,32” cation still dominates A13+ hydrolysis in agreement 
with current views, we, unfortunately, had to add two undescribed species, 
i.e., A13(OH)36+ and Al13(OH):;, to the already long list of aluminum 
hydroxo complexes. 

TABLE I1 Survey of the equilibrium constants calculations. The fifth row reports the final 
values of the equilibrium constants of reaction (2); the uncertainties are maximum deviations 

2.53 -6.59 -21.23 -104.47 -117.71 1.17 
5.25 -6.67 -20.96 - 104.46 -117.71 1.01 
9.71 -6.70 -20.78 -104.36 -117.83 0.76 
20.70 -6.78 -20.62 -104.55 -117.86 1.94 
Av: -6.68f0.09 -20.90f0.30 -104.45*0.10 -117.78f0.08 

I I I I 1 

3 . 4  3 . 6  3.8 4 .0  4 . 2  4 . 4  4 .6  4 . 8  
PH 

FIGURE 2 Distribution diagram of the four Alp(OH)P3p-q)+ species dctectcd in this work. 
The diagram has been drawn assuming an Al(III) concentration of 20mM and the equilibrium 
constants of Table 11. Charges are omitted. 
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In particular, A h  (OH):;, which obviously is produced from the dissocia- 
tion of the parent polyacid A113(0H):i, must be postulated to account for 
the common asymptote of our titration curves at high pw], and Al3(OH)P 
takes the place of Al3(OH)P, which is most frequently described.',' 
Although this will not deeply affect the common manipulations of A13+ 
hydrolysed solutions, it may change somewhat our view on the mechanism 
of formation of the "13,32" cation. In fact in the mechanism suggested by 
Wood and coworkers? the complex [A13 (tri~-p-0H)(OH),]~+, to which the 
very compact structure of Figure 3A is attributed, plays a central role. 

According to these authors5 [A13 ( t r i~-pOH)(0H)~]~ '  is the monomer 
which initiates the condensation process which ultimately produces 
AlI3(OH):l. [Al~(tns-~-OH)(OH)Js+ first dissociates to [Al3(tris-p-O)- 

then one of the aluminum cations assumes tetrahedral coordina- 
tion, as found for the central Ai3+ ion in the bulk structure of A1,3(0H):f 
(Figore 3B). Supposedly, this change of coordination geometry takes place 
slowly, but once accomplished, condensation of monomeric and additional 
trimeric hydroxo species, around the trimer with the tetrahedrally coordi- 
nated Al, rapidly creates the "13,32" cation. In contrast with this, Akitt and 
Farthing,'3 conducted an 27Al NMR investigation of hydrolysed A13+ 
solutions prepared by rapidly mixing an acidic AlC13 solution with 
concentrated (> 1 M) Na2C03, much in the same way as we did during our 
integral titrations, suggested an alternative mechanism to explain their 
observations. They maintain that, under their conditions, a tetrahedrally 
coordinated Al(0H); species is immediately formed upon mixing the 
solutions because of a local excess of base. Rapid condensation of six 
A]~(OH):+ around the transient Al(OH), produces A113(OH):i. 

FIGURE 3 A The compact structure of the [A13(tri~-p-OH)(OH),]~ according to Wood: 
B: The bulky structure of Al13(OH):: from X-ray crystallography? 
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It seems to us that the views of Akitt and Farthing, although strongly 
criticized, are supported by the results of this paper. Indeed, the rarely 
employed integral titration procedure adopted by us makes a local excess of 
OH-, on mixing the slightly acidic A13+ solution with 0.1 M KOH, very 
likely and the production of appreciable, although transient, Al(OH), not 
unreasonable. 

According to us, the 13,32" cation could be created simply by condensa- 
tion of four Al3(OH)F around Al(0H); in the manner shown below 

4A13(OH)F + Al(OH), S A104(A13(OH),)X+ + 4Hf 

During this reaction the Al(0H); ion is forced to assume tetrahedral 
coordination because of the very bulky structure of A104(A13 (OH),)? 
cation. This mechanism may also explain the divergent observations on the 
speed of formation of the 13,32" cation which is reported' to depend both 
on the concentration of the titrating base and the way it is added. The rapid 
formation of A104(Al3 (OH),): during our integral titrations, as testified 
by the high buffering capacity of A13+ solutions, seems to show that rapid 
addition of a concentrated base is a condition for rapid equilibrium in the 
solution. 

In continuing work an 27Al NMR investigation of hydrolysed aluminum 
solutions will be undertaken to further test these views. 
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