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ance with expectations for a mnearly linear model.??
The Raman activity of the antisymmetric stretch
apparently results from the nonlinearity of the Cl-
Hg-Hg—Hg-Cl chain.

In summary, we assign the bands of the Raman spec-
trum to vibrations of the AICl;~ group and to the sym-

(29) K. Nakamoto, “‘Infrared Spectra of Inorganic and Coordination
Compounds,” 2nd ed, Wiley-Interscience, New York, N. Y., 1870, p 83.
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metric and antisymmetric Hg-Cl and Hg-Hg stretching
vibrations of the slightly bent Cl-Hg-Hg-Hg-Cl en-
tity.
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The hydrolysis of aluminum ion, which is kinetically slow at ordinary temperatures, was studied between 62.5 and 149.8° in
1 m KCl to establish better the hydrolysis reactions which occur and their temperature coefficients. Potentiometric measure-
ments were made with hydrogen electrodes in a concentration cell previously described which permits precise acidity mea-
surements at elevated temperatures. The results at low 7# (ligand number) in acidic media and with varying aluminum
concentration have led to the choice of two schemes of initial hydrolysis products each containing pairs of species: Al,-
(OH)4 Y, AL(OH)S+; AL (OH)® Y, ALOH) . The authors prefer the first choice because of the apparent absence of 2,3
species in other known hydrolysis schemes. The species AIOH?*, detected by other workers at relatively low aluminum
concentration, was not present in detectable amounts under the conditions of these measurements. The identification of the
major additional species formed at high 7 values has been narrowed to a polymer with 14 & 1 Al atoms by least-squares
analysis of a large array of alternative species with 11-15 aluminum atoms. The following values of —log Q.,, have been
determined for the most probable scheme (where Q.,, = [Al:(OH), %= *][H*]# /[A13*]# and the numbers in parentheses

denote x and y): 25°:
(2,2)4.81, (3,4) 8.20, (14,34) 67.89; 124.8°:

(2,2) 7.45, (3,4) 18.36, (14,34) 110.45 (literature data); 62.5°:

(2,2) 5.90, (3,4) 10.74; 99.6°:

(2,2)3.95, (3,4) 7.01, (14,34) 55.68. The stabilities of ALL(OH),**, Al;(OH)$+,

and Alis(OH )8+ as a function of temperature have been used to estimate their thermodynamic parameters at 25°. Re-

sults in basic media at 149.8° indicate the presence of one species with a hydroxide-to-aluminum ratio of 4.0.

This result

combined with literature data indicates this species to be AI(OH){~ or Al1O0;™.

Introduction

The hydrolysis of aluminum ion, the most abundant
of the metal ions in the earth’s crust, has been studied
extensively;? however, the important hydrolysis prod-
ucts produced in aqueous solution have not been well
established. It is likely that the principal reasons for
this are the slow rate of hydrolysis, first investigated in
some detail by Brosset,® and the severe demands placed
on the accuracy of the data by the occurrence of at least
one relatively large polymeric ion.

Those species which appear to be the best supported
by previous studies are listed in Table I along with
selected values for their formation quotients

Qzy = [Al(OH), (= -0 *][H*]¥ /[Al3*]= 1)

Of these, AIOH?* has been reported by numerous in-
vestigators, many of whom*~* have found reasonably

(1) Research sponsored by the U. S. Atomic Energy Commission under
contract with the Union Carbide Corp.

(2) L. G. Sillén and A. E. Martell, ““Stability Constants of Metal-Ion
Complexes,”” The Chemical Society, London, 1964.

(3) C. Brosset, Acta Chem. Scand., 6,910 (1952).

(4) (a) J. N. Bronsted and K. Volgvartz, Z. Phys. Chem., Stoechiom.
Verwandschafislehre, 184, 97 (1928); (b) W. H. Hartford, Ind. Eng. Chem.,
34, 020 (1942).

(5) R. K. Schonfield and A. W. Taylor, J. Chem. Soc., 4445 (1954).

(6) H. Kubota, Diss. Abstr., 16, 864 (1956),

(7) C.R. Frink and M. Peech, I'norg. Chem., 2, 473 (1963).

(8) E. Grunwald and D. W. Fong, J. Phys. Chem., 78, 650 (1969).

(9) V. A. Nazarenko and E. M. Nevskaya, Russ. J. Inorg. Chem., 14, 1696
(1969).

concordant values for the equilibrium quotient Q1.
In most of these studies, however, the extent of hydrol-
vsis was measured in a series of dilutions of stoichio-
metric aluminum salt solutions. Unfortunately such
measurements alone cannot uniquely identify a hydrol-
ysis product since the concentration of aluminum and
the extent of hydrolysis vary simultaneously. In par-
ticular, when such dilution data yield nearly constant
values of Qi 4, as in the case of aluminum, the same data
can yield reasonably constant formation quotients for
any species of the general formula M, (OH)s,.1°

The results of Kubota® are therefore noteworthy
since, in addition to dilution measurements, a set of

(10) If only one such hydrolysis product is formed in a stoichiometric salt
solution, its concentration is given by (charges on complexes omitted)

[Ma(OH)pes] = 5 [H]

and its formation quotient by

_ [M(OH)gemy] [HH] 21
Qz,ﬂ:—l = [M]z

(Qx 1— 1)( [H;E[H+]>,

For small degrees of hydrolysis we therefore obtain the approximation

0 = (=) (55 )

Hence, data for slightly hydrolyzed stoichiometric solutions which yield a
constant value for Q1,1 (i.e., a constant quotient [H *]2/m1) will yield approxi-
mately constant values for other quotients, Qz,2z-1, as well, and hence be
consistent with values of x greater than unity.
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TaBLE 1

SELECTED HYDROLYSIS SPECIES OF Al3* REPORTED AT 25°
Species I(NaCi04q)’ Man —Log Qz,y Ref

AIOH:+ [(0)] 10-5-10-2 5.02 a

0.03 0.001 5.27 b

0.01 ~2 X 10~* 4.9 ¢

(0) 10-5-102 4.08 d

AI(OH ), * 0.1 ~2 X 1078 10.3 c

AL(OH )¢+ 1 0.003-0.1 7.1 e

Alp(OH )™ 1 0.003-0.1 104.5 €

¢ C. R. Frink and M. Peech, Inorg. Chem., 2, 473 (1963).
® H. Kubota, Diss. Abstr., 16, 864 (1956). ¢ V. A, Nazarenko
and E. M. Nevskaya, Russ. J. Inorg. Chem., 14, 1696 (1969).
4 R. K. Schonfield and A. W. Taylor, J. Chem. Soc., 4445 (1954).
¢ J. Aveston, ibid., 4438 (1965). / Ionic strength adjusted with
NaClO,.

measurements is inclided in which the total aluminum
concentration- as well as the ionic strength was held
conistant in a pH range where AIOH?* was clearly
shown to be the only hydrolysis product formed.
Another important confirmation of the AIOH?+ species
comes from recent results of Nazarenko and Nevskaya,®
who studied hydrolysis at very low aluminium concen-
trations (~2 X 107% m) using colored organic ligands
which commpete with the OH- ligand. They obtained a
value of Q5 which, though higher than expected, is
fairly consistent with other measurements. - The results
of Kubota and of Nazarenko and Nevskaya leave little
doubt that AIOH?* is one of the products of Al3+
hydrolysis.

The results of Nazarenko and Nevskaya, since they
were obtained at such low cohcentrations of aluminum,
provide the most useful estimate of the stability of
Al(OH);*. The two mononuclear species, AIOH?2+
and Al(OH),*, are significant only in early hydrolysis at
relatively low metal concentrations, where they are soon
followed by precipitation of the hydroxide. Frink
and Peech!! have measured the solubility in acidic
solutions of gibhsite, the stable form of aluminum
hydroxide at ordinary temperatures. Their results
place upper limits on the stability of AIOH?t+ and Al-
(OH);* which are consistent with the values of Q1; and
Q12in Table I. It is not too surprising, therefore, that
several investigators have studied the more extensive
hydrolysis of aluminum at higher concentrations and
found no eviderice of mononuclear species.

The early work of Brosset® on more extensive hydrol-
ysis of aluminum in 2 M NaClO, at 40° was later in-
terpreted’? by graphical methods of analysis in terms of
several proposed species, Al(OH)5;5%+, Aly(OH)gt T, etc.,
or an infinite series Al[(OH);AlL},3+™+ in the acidic
range and AI(OH);~ or a polymeric species in the
alkaline range. The precision neéded for a more defi-
nite analysis was lacking. In 1965 Aveston!® in-
terpreted more extensive and more precise potentio-
metric data at 25° in terms of AL(OH),*+ and Aly,-
(OH)g"+ (Table I). This interpretation, which is also
consistent with his ultracentrifuge measurements of the
degree of polymerization, was admittedly not a uniqiie
one but was selected becaiise of the agreement with the
reported!* cationic species present in Na,O:13A1,0;-
8Se0;- 74H,0.

(11) C. R. Frink and M. Peech, Soil Sci. Soc. Amer., Proc., 26, 346
(1962).

(12) C. Brosset, G. Biedermann, and L. G. Sillén, Acta Chem. Scand., 8,
1917 (1954). .

(13) J. Aveston, J. Chem. Soc., 4438 (1985).

(14) G. Johannson, Acta Chem. Scand., 14, 771 (1960).
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~Because of the scatter in the data in the high pH

region Brosset, et al.,'? were unable to decide conclu-
sively between an interpretation involving only mono-
nuclear AI(OH),~ or one involving anionic.polymers
with approximately the same aluminiim-to-hydroxide
ratio. - Since that time several investigators!®~1" have
agreed on the charge of the anionic species in equilibrium
with tHe solid phase in dilute basic solutions as —1.,
Perhiaps the strongest evidence of this is the measure-
thents of Gayer, ef al.,’® which show that above pH 9 the
solubility of “Al(OH),” is proportional to the base
concentration, consistent with the general reaction

2Al(OH )s(c) + OH~ —= AL (OH)sz41~ 2)

The recent Raman and infrared spectra of Moolenaar,
et al.,'® of sodium aluminate dissolved in H,O and D,O
are consistent with a fetrahedral structure for the
predominant species below about 1.5 m. At higher
concentrations their observations are interpreted in
terms of a condensation of AI(OH);~ to form a dimer
of the form ALO(OH)¢%~.

The generally consistent data obtained by several in-
vestigdtors at low # values («<0.1) suggest that the
formation of the initial hydrolysis products of aluminum
involve relatively rapid reaction rates. Indeed Holmes,
et al.,'® have recently interpreted dissociation field effect
relaxation times at 25° in terms of the formation of the
AlOH®* species by the equilibrium

AI(H0)*+ + HyO === AI(H,0);,0H** + H;0+*  (3)

They obtained a rate constant of 4.4 X 10? M~! sec—!
for the reverse reaction at I 1 10~% M and, from the re-
stilts of Frink and Peech,” 4.2 X 10% sec™! for the for-
ward reaction. That hydrolysis reactions involving
such monomeric species are typically rapid is also shown
by data® on the Cr3* ion where the rate constant for
the reverse reaction is only one-sixth as large as that for
the AP+ jon. The magnitude of these rate constants
indicates that these hydrolysis reactions do not involve
the exchange of hydration waters—a relatively slow
process for A1+ and Cr®+—in the rate-determining step,
but simply the removal of a proton from a hydrdte
water. Some of the subsequent hydrolysis reactions
of Al** and Cr®+, wherein M*+-OH, bonds presumably
are being broken as polymeric species are formed by
0%~ or OH~ bridging, occur at much lower rates.

In the present investigation, we have examined the
hydrolysis of aluminum at higher temperatures, where
kinetics are more favorable, using the previously de-
scribed?" hydrogen electrode concentration cell for
precise acidity measurements. We hoped to make a
more certain identification of principal hydrolysis
products and to estimate their thermodynamic parame-
ters from the temperature dependence of their forma-
tion equilibria.

; Experimental Section
Materials.—All aluminum solutions were prepared by dis-

(15) K. H. Gayer, L. C. Thompson, and O. T. Zajicek, Can. J. Chem., 86,
1268 (1958).

(16) K. Goto, Nippon Kagaku Zasshi, 81, 349 (1060).

(17) W. Feitknecht and P. Schindler, Pure Appl. Chem., 6, 130 (1963).

(18) R.J. Moolenaar, J. C. Evans, and L. D. McKeever, J. Phys. Chem.,
74, 3620 (1870).

(189) L. P. Holmes, D. L. Cole, and E. M. Eyring, ibid., 72, 301 (1968).

(20) L. D. Rich, D. L. Cole, and E. M. Eyring, ibid., 78, 713 (1969).

(21) R. E. Mesmer, C. F. Baes, Jr., and F. H. Sweeton, ¢bid., 74, 1937
(1870).
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solution of very high purity aluminum (from K and K Labora-
tories, Inc.) in Baker Analyzed reagent hydrochloric acid. The
only known impurity in the stock solution was iron, equivalent to
0.02 mol 9 as determined spectrophotometrically with o-phenan-
throline. The free acid in the solutions was determined at 50° by
the titration method described previously,?® from the stoichi-
ometry, and from the cell voltage in solutions where no signifi-
cant hydrolysis had occurred. The three methods give an un-
certainty of free acid equivalent to about 0.25 mol 9, of the
aluminum.

A potassium chloride stock solution containing less than 105
m protolytic impurities in 1 m K Cl was used for solution prepa-
ration. A small amount of CO, was removed from Fisher re-
agent KOH before use by precipitation with Ba(OH):. The
base solutions were stored in paraffin-coated glass vessels under
hydrogen.

The HCI solutions were stored under hydrogen in Pyrex vessels
and transferred to a Zircaloy-2 titration reservoir where corro-
sion was negligible. A solution of 0.6 m HCI and 0.4 m KCl
stored in this vessel for 12 days at 25° exhibited a change of
acidity of 1.3 parts per thousand and a zirconium pickup of
4 X 10~* m as determined by spectrographic analysis.

The ultrahigh-purity grade of hydrogen (99.9999%,) from J. T.
Baker Co. was used.

Potentiometric Cell and Apparatus.—The hydrogen elec-
trode assembly and measuring circuit have been described pre-

viously.?? The cell representation for the solutions used in this
study is
KCl (1 —a — 3b m) _
Pt, HLHCI (3 m) gg} (Cl ey ™M Pt (@)
JAICla (b 'WL)

where the half-cell on the right provides a constant reference
potential during a titration experiment conducted in the half-
cell on the left. That such cells are capable of precise measure-
ment of acidities up to 292° was demonstrated in ref 21 where the
apparent ion product of water was determined in this same me-
dium. The estimated error of measurements made with the cell
up to 150° is 0.1-0.2 mV. The chloride ion was chosen for the
counterion in this study because the common choices of non-
complexing anions, NO;~ and Cl0O4~, are not expected to remain
stable at high temperatures in a hydrogen atmosphere. Also, itis
known that chloride ion is a very poor complexing ion with small
rare gas type cations. Cationic aluminum chloride complexes
have not been reported and Kraus, et ¢l.,?8 were unable to detect
any anionic species of aluminum even in 12 M HCI.

Procedures.—The electrodes were replatinized just prior to
each run. The air in the cell was removed after assembly by
successively pressurizing with hydrogen to 500 psi and venting to
atmospheric pressure three times. Then the cell was pressurized
to about 300 psi and heated to temperature while limiting the
temperature difference between the two compartments to 0.5°.
The pressure was then adjusted to the desired level (arbitrarily
580 psi) after temperature equilibration. The high pressure of
inert gas reduces the rate of distillation of water although this
factor is not very significant at the temperatures investigated in
this study. The titrant was added by displacement with met-
cury driven by a calibrated pressure generator. The titrant was
transmitted through platinum tubing and a Zircaloy valve. It
was preheated before entering the cell. The total pressure was
meastred with a Heise gauge and kept constant during a titra-
tion by venting a small amount of gas after each addition of
titrant.

Precipitation Experiments.—In order to determine as a func-
tion of temperature the range of solution composition accessible
to hydrolysis measurements without precipitation, several solu-
tions of 0.04 m Al¥tin 1 m KCl1 with increasing amounts of added
base were heated in quartz tubes at various temperatures up to
150°. The turbidity which formed with time was observed
visually and with a Hack Turbidimeter (Model 2100). At 100°
precipitation commenced at 7 = 2.2, at 125° at # = 1.8, and at
150° at # = 0.6 where the uncertainties in the # value are about
0.1. The solid phases produced at 150° gave a diffuse X-ray
diffraction pattern similar to that reported by Levy and Breuil?*
for AlyO10H16Cl;. However, the diffraction patterns for pre-

(22) C.F. Baes, Jr., Inorg. Chem., 4, 588 (1965).

(23) K. A. Kraus, F. Nelson, and G. W. Smith, J. Phys. Chem., 88, 11
(1954).

(24) L. Levy and H. Breuil, C, R. Acad. Sci., 268, 262 (1961).
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cipitates formed under different conditions at 150° in the Teflon
vessel corresponded to that of boehmite, a~-A10{0OH).

Because of these observations and similar observations in
preliminary experiments in the potentiometric apparatus, the
most extensive set of medsurements was made at 125°, Addi-
tional measurements were made at 62.5, 100, and 150°. At 150°
the accessible region in # was limited to 1.0, at 100° the data were
less precise because of the slow reaction rates, and at 62.5° the
measurements were limited by rate effects to % less than 0.16.

Results

Acidity Measurements and Data Analysis.—The
potentials, AE, from cell I are given by the expression

— h) — ED (mi,e — mi) (4)

where % is the free acidity in the solution being titrated,
h; is the reference acidity, and m; and ;. denote the
corresponding molal concentrations of all other ions in
the two solutions. The liquid junction potential is
given by the terms on the right containing Dy and D,
derived from the Henderson equation.?! TUnder the
present conditions, wherein the differences (h, — %) and
(mir — m;) all are maintained small compared to the
ionic strength, the liquid junction potential so calculated
was generally less than 1 mV. The validity of this
method of estimating the liquid junction potentials has
been amply demonstrated in previous work.?!26—%
The customary method of analysis of complexing
equilibria was employed as described below. The
average number of hydroxides bound per aluminum, the
hydroxyl number, is given by the measurements as

A= (h — m=)/ma (8)

where my and 4 are stoichiometric molal concentra-
tions of acid and aluminum. This observed quantity is
compared with values calculated on the basis of various
schemes of assumed equilibria, The calculated quan-
tity, 7., is defined by

= [Esz-yaz/h’/]/mAl 6)

where a is the free aluminum concentration, and x and
y are, respectively, the number of Al3+ and OH~ ions in
each hydrolysis species assumed. The (.,'s are
equilibrium quotients for the reactions

xAlPT 4 yH,0 = AL (OH), % —»% + yH* (7)

= (RT/F)In (h:/h) — Dg(h:

The usual agreement factor, o(7),’® was used as the
meastre of the goodness of fit of various chosen schemes
to the data.

Equilibrium Measurements.—Equilibrium was ap-
proached slowly under some of the experimental
conditions. This is illustrated in Figure 1 which shows
potentiometric data as a function of time at 124.8°.
The origin on the ordinate represents the equilibrium
potential. Equilibration times from several minutes to
several hours were observed in the range from 150 to
100°. The region of accessible measurements is further
limited by the fact that the maximum attainable
value of # decreases sharply above 150°. In an experi-
ment at 200° in which the initial composition of the
solution was 0.04 #m Al*+ and 0.007 m H* in 1 m KCl,
precipitation occurred immediately. No attempt was

(25) C. F. Baes, Jr,, and N, J. Meyer, I'norg. Chem., 1, 780 (1962).

(26) C.F. Baes, Jr., N. J. Meyer, and C. E, Roberts, ibid., 4, 518 (1965).

(27) R. E. Mesmer and C. F. Baes, Jr., tbid., 8, 1951 (1967).

(28) The agreement factor is defined as ¢(7) = [Z(WGEH — #)D/(N o—
Ny)1V2, where N, and Ny are the number of observations and variables,
respectively. Unit weights W were used since this is an adequate represen-
tation of the errors in such experiments.
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Figure 1.—The kinetics of the approach to the equilibrium poten-
tial after additions of acid (a) and base (b) at 124.8°,

made to find conditions where even a small amount of
data could be taken at this temperature.

In the acidic region of pH where cationic complexes
are expected to exist, data were taken at low # values
(<0.2) at 62.5° and over wider ranges of # at tempera-
tures from 99.6 to 149.8°. These results are sum-

marized in Table II and Figures 2 and 3. Figure 2
2.8 J J
2.4 -7
\ - Pz
20 - .
124.8° / ‘
1.6 99.6° OJ
7 /4 e A
(2 h pd /
149.8°|; / / Jj
. y /
4 7 ]
/1, | / |
w e t ; I
° Ll ot
2 1072 5 2 102 5 2 1074 5

~log A

Figure 2,—The shift of hydrolysis of approximately 0.04 m
aluminum in 1 m KCI to higher acidities with increasing tem-
peratures.

shows the shift of the pH region of hydrolysis of 0.04 m
aluminum solutions with temperature. Figure 3 illus-
trates the dependence of aluminum hydrolysis behavior
on aluminum ion concentration and pH at 124.8°. The
open circles on the figure represent data taken in the
direction of increasing pH and closed circles represent
data taken in the direction of decreasing pH. The
small difference between the curves in the two direc-
tions results from the decrease of the aluminum ion
concentration by dilution during the titrations.
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TABLE 11
AvruMminuM HybproLysis ResuLts IN 1 m KCl

ma X 10°  —logh AX 10 ma X100 —logh FX10  my X100 -logh FX10

62.5°
43.00 2284 0013 1067  2.691 2331 1940 2469 16.25
4253 2422 0054 1036 2746 4752 1919 2411 13.14
4214 2557 0132 1012 2776 6774 1898  2.364  9.99
469 2708 0323 981 2818 9599 1878 2323 6.8
dLle 2827 063 9.51 2866 1241 18.58 2283 373
X X X 922 2923 1532
055 loey oo aar M B3 w2164 Lsos
4050 2934 1124 869 3103 2098 2175 2230 2.565
4027 2963 1301 usL 2280 5,306
oas  Soes oot 436l 2100 oder 2128 2317 0%
. - 4303 2328 0991 2106 2356 1089
4331 2254 0006 4219 2510 3690  20.83 2403 13.77
4288 23l 0012 4130 2359 6660 2062 2457 1636
¥ X X 4038 2604  9.366
4216 - 2548 0131 3951 2655 13.05 a4 18 09
4171 269 0309 3850 2734 1691 3 1.8%  0.339
4126 2807 0573 3792 2801 1923 2L18 2013 0.683
4104 2851 0721 3735 2900 2151 2107 2126 L184

20.52 2320 7470

4082 2890 0878 0 009 01ss 2031 2359 1028

40,39 2.949 1.208

1999 Py < Rt 2333 1000 20,11 2402 13.08
4218 2511 3702 093 5349 2469
19.76 2492 0000 4128 2562 6714 00 P p A
19.69 2556 0.055  40.36 2608 9959 0% 2
19.60 2641 0.128 3948 2658 1318 Toes 2202 s
19.54 2709 0.191 38.51 2733 1687 1035 M 3%
19.48 2781 0250 3793 2797 1917 -
19.42 2847 0342 3738 2897 2140 9.35 2616 1707
19.37 2910  0.455 37.02 3008 2286 9.14 2.565  15.00
19.26 3010 0749 8.94 2528 1287
19.15 3.085  1.091 124.5° 8.74 2498 1072
19.04 3143 1.460 : 8.52 2465 8.03
1093 2749 0000 4361 1944 0.982 830 2434 535
10.85 2824 0064 4319 2057 1735 yg93 2348 2479
10.79 2886 0134 1264 % igg 3;2; 10,79 2373 4009
1071 2912 0248 GRS 2468 4T l0ss 2412 6.566
10.63 3085 0am4 402 206 n 10.34 2448 9.159
10.56 3124 0386 30l 201 10,13 2490 1173
10.58 3194 0832 3080 T 9.93 2537 1427
lo4o 3252 L108  35%¢ 351 188s 149.8°
1031 3311 1467 - -
° 43,61 1.942 0,992 43,61 1.795 2,050
99.6 43.37 2,008 1,391 43.12 1810 2201
5577 2722 0335 4309 2059 1754 42,38 1.832  2.460
553 2788 1176 4266 2134 3121 4073 1.867  3.201
5476 2826 2717 4175 2184 5994 3859 1901  4.381
5352 2880 633 4088 2224 8917 3647 1930 5736
5242 2927 9768 40.05 2268 11.83 34.58 1.957  7.085
5134 2982 1323 39.24 2318 1474 33.24 1981 8108
5025 3.058 1685 18.99 2345 15.66 31.40 2006 9.733
4923 3172 2029 38.14 2288 12.47 43,61 1795 2.046
5577 2722 0335 3733 2245 9250 4174 1848 2713
5533 2792 1154 3658 2204 6,050 4072 1868 3.199
5475 2.826 2,730 35.81 2,158 2.896 38,58 iggé :;gtll
5357 2878 6.198 36.46 . .
5.240 2928  9.809 2321 i;Z;‘,; 3332 34.57 1957  7.090
5132 2984 1328 4172 1863 ogos 3324 1.984  8.093
5.023  3.060 1691 40,83 1824 0471 3663 2365 1091
4921 3174 2034 39,98 1785 0382 5391 2371 15.08
10.93 2557 0909 3917 1749 0301 6958 2369 17.13
10.82 2627 1384 3839 1717 0229 8383 2364 18.38
2.0 T
0.0ZmI
O.C}{ m
i
/4
n
2.8 2.8

—log 4

Figure 3.—Hydrolysis data for Al** in 1 m KCl at 124.8° at
the indicated concentrations of aluminum. Open circles repre-
sent data taken in the direction of increasing pH or % and closed
circles represent data taken in the reverse direction. The lines
were calculated on the basis of scheme IT of Table 1V. The
spread of the curves in the two directions results from the de-
crease of the aluminum ion concentration during the experiment.

In the basic region of pH an experiment was con-
ducted at 149.8° in which a solution containing un-
hydrolyzed aluminum ions was added incrementally to
a solution containing 0.03 m» KOH in 1 m KCIl. The
equilibrium was reached rapidly under these conditions.
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TABLE 111
HYDROXYL NUMBER OF BASIC ALUMINUM SPECIES AT 149.8°
mal (OH7), m 7 mal (OH"), m ﬁ
0.00324 , 0.01499 4.043=0.06 0.00583 0.002362 4.02 = 0,02
0.00413  0.01063 4.04 = 0.04 0.00804 0,001392 4.01 %= 0.02
0.00499  0.006413 4.03 = 0,03

The data are summarized in Table ITI. After the last
addition the pH drifted very slowly in the direction
expected for the precipitation of a-AIO(OH), boehmite,
which was identified by X-ray diffraction after cooling
the solution.

Discussion

Kinetic Behavior.—The kinetics exhibited by alumi-
num hydrolysis during the titrations is illustrated in
Figure 1. The curves represent the approach to
equilibrium at various points in titrations of solutions
containing ~0.04 m aluminum conducted at 124.8° (a)
by adding acid to initially prehydrolyzed solutions and
(b) by adding base to initially unhydrolyzed solutions.
In the latter case, at # values <0.2 (curves 1 and 2),
equilibrium was approached in a few minutes with the
liberation of base. As # was further increased, there
was a sharp change in behavior; base was consumed
during the approach to équilibrium and the rate was
much slower. The rate passed through a minimum in
the range # = 0.3-0.6. Similarly, when acid was added
(a) at the higher » values, it was consumed at a slow
rate and with a minimum in rate in the range # = 0.3—
0.6. At the lowest value of # (curve 6), the rate again
was rapid but, interestingly, with the equilibrium being
approached from the same direction as when base was
added at low 7 values, 7.e., with the liberation of base.

We have not attempted a detailed analysis of these
rate data because they involve simultaneous changes in
the concentrations of several species, some of which very
probably are unstable intermediates. The observed
rate behavior is consistent, however, with the rapid
formation of the initial, small hydrolysis produects at
low 7 and the much slower formation of large polymers
which predominate at the high # values. The composi-
tion of these species will be discussed in the following
sections.

Species in Acidic Media.—From previous work,
notably that of Kubota,® it seems clear that AIOH?+ is
the initial hydrolysis product found at low aluminum
concentrations (e.g., 0.001 ). Aveston,’® however,
found no evidence for this species at the aluminum con-
centrations (>0.003 m) which he employed. Rather,
he found it necessary to assume only one small polymer
and one large polymer—AL(OH),*+ and Al(OH)g't
were his choices—to account for all his data.

In order to study more fully the region of existence
of the smaller species we made measurements at 62.5°
and low # values. These data (Table II) were com-
pared by least squares with various schemes of species
Al(OH), %%+ to find the scheme or schemes which
best fit these data. Our objective was to find the
scheme with the minimum number of species which fits
the data within experimental error. There is little
justification for the introduction of additional species
beyond this point. The agreement factors are given in
Table IV for the following species, taken one at a time
or two at a time: monomers with y values from 1 to 3,
dimers with y values from 1 to 3, trimers with v values
from 2 to 5, and tetramers with y values from 3 to 6.
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TABLE IV

STANDARD DEVIATION OF CALCULATED FROM
OBSERVED 7 VALUES FOR Two SPECIES?

Species 11 Species T (x)¢
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2 Contribution of species IT was negligible. ® Contribution of
species I was negligible. ¢ x is the number of aluminum ions and
v the number of OH™ ions in the species. ¢ Schemes for data
in the region # < 0.16 at 62.5°, Values listed are ¢(7) X 10%.

We have estimated the uncertainties of the measure-
ments in this region to be equivalent to about 0.005 7
unit. In agreement with the conclusion of Aveston,
the best fit obtained with a single species (those along the
diagonal in Table IV) was for the 2,2 species which gave
a(#) = 0.011. To reduce ¢(#2) to our estimated error,
however, it was obviously necessary to examine two-
species schemes, The three pairs giving the best fits
are as follows: (A) AL(OH):*+, AL(OH)S, oln) =
0.0057; (B) AlL(OH):**, AL(OH)'*, o(n) = 0.0057;
(C) AL(OH)g*+, AL(OH)#F, o(#) = 0.0058. The
initial slope of plots of log % vs. pH at each aluminum
concentration studied was in every case greater than 2.
It is not surprising therefore that the best pairs of species
involve not less than two OH groups per species. The
contribution of the 1,1 species is insufficient for a re-
liable estimate of its stability from these data.

Because of the slow kinetics observed for formation
of the large polymers at considerably higher tempera-
tures, we did not expect interference in these experi-
ments at 62.5° in which equilibration times of 5—10 min
were used. In any case, a complete analysis of the data,
shown below, indicates that only at the highest # value
in the 0.01 m aluminum solution would there be a sig-
nificant amount of the large polymer even if sufficient
time were allowed for the formation of the species.

The three pairs of species above were further ex-
amined by combining each of them with a highly
polymeric third species AL(OH),*~"+ in a least-
squares analysis of the data at 124.8° covering the
entire 7 range, the values of x and y being varied to ob-
tain the best fits. Figure 4 shows the results obtained
for pairs A and C plotted as o(#) vs. y/x. The scheme
B did not give a better fit than could be obtained by
omission of the Al;(OH);7* species, so that this scheme
seems much less likely to be the correct one. In Figure
4 the best fit is obtained for the y/x ratio of 2.43, with
the lowest minimum obtained in the agreement factor
for the tetradecamer Al (OH);3*1 combined either with
pair A or C. However, only slightly poorer firs are ob-
tained with the tridecamer Al;;(OH)s" T and the penta-
decamers Al;(OH)gxt or Al;(OH)y®t. The distine-
tion among these four polymeric species places a severe
strain on the data since the y/x ratio—an important
factor in the slope, the spacing, and the limiting value
of curves of the type shown in Figure 2—is nearly the
same (2.43 £ 0.03) for each species.
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TABLE V
SUMMARY OF LoG Q VALUES FOR ALUMINUM HYDROLYSIS REACTIONS IN Acipic MEDIA IN 1 m KCI®
Species 26° 62.6° 99.6° 124.8° 149.8°
Scheme I
2,3 —11.46 = 0.16 —0.37 £ 0.04 —7.80=+0.10 —6.34 £ 0.03
3,3 —9.70 = 0.08 ~7.3940.02 —-5.52+0.04 —4 .68 == 0.03
14,34 —110.55 + 0.05 —67.94+ 0.03 —55.77 = 0.02
c(A) 0.044 0.0058 0.022 0.0130
Scheme I1
2,2 —7.45 = 0.17 —5.90 = 0.04 —~4.81 £0.15 —3.956+0.07
34 —13.36 =0.12 —10.74 &= 0.04 —8.20 =0.14 —7.01£0.09
14,34 —110.45% + 0.06 —67.89* £ 0.06 —55.68 + 0.03
o (%) 0.037 0.0057 0.028 0.0136
Scheme III
2,2 ~-7.00 % 0.06 —5.65+ 0.01 —4.44 + 0.05 —3.71+0.02 —2.99+ 0.04
13,34 —110.35 == 0.06 —67.84 £ 0.06 —55.60 == 0.02 —46.12 = 0.08
o(#) 0.040 0.0108 0.0310 0.0156 0.032

e Agreement factors.
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Figure 4. —Agreement factors o (%) for three-species schemes in

the arrays: filled symbols, AlL(OH)?*, AL(OH)®*, Al.-
(OH), -0+, open symbols, AL(OH)**, AL(OH)#*, Al
(OH),#-V+  Symbols: O, x = 11; O, x = 12; A, x = 13;

O,x=14; O,x = 15,

This analysis of the dataisin essential agreement with
the results obtained by Aveston at 25°; however, our
more extensive data in the lower # region indicate the
need for more than one small species. Of the two
schemes A and C, we consider scheme A the more
probable because of the absence of 2,3 species and the
common occurrence of the 2,2 species among the well-
established hydrolysis products of other cations. We
cannot make such a judgment among the larger species
because of the sparsity of cases where their composition
is well established in other systems.

Aveston’s ultracentrifuge results indicated that
hydrolyzed aluminum solutions of high # values (£ =
2.4) contained only one polymeric species. The in-
dicated degree of polymerization was in the range 7-17,
the exact value depending on the amount of counterion
binding assumed. The very rapid rise in the 7 vs. pH
curves in the vicinity of # = 0.4 (Figure 2) clearly
means that the principal species being formed contains

b Value fixed at mean value from schemes I and III.

a large number of OH~ ions and—since the OH—/AI3+
ratio is limited to values ~2.5—a large number of A3+
ions. The absence of one or more intermediate poly-
mers in this range is indicative of the formation of an
especially stable high polymer. Finally, the consistency
of Aveston’s and our 7 vs. pH data above # = 0.2 with
a single species containing about 14 Al** ions adds
strongly to the weight of evidence that indeed but one
polymeric species is present in significant amounts in
this range. Since the stability of a single polymeric
species is quite probably conferred by a closed struc-
ture, it is tempting to speculate with Aveston and
Johansson that this polymeric species is indeed the

. highly symmetrical ion Al;;0,(OH)y(H:0):0"+ (a 13,32

species) suggested by Johansson to exist in basic
aluminum salts precipitated from hydrolyzed solutions.
However, if, as suggested above, the small species formed
are AL(OH)y*+ and AL{OH).* (scheme A), then quite
clearly the polymeric species Ali(OH)38* is the most
consistent with the present results.

Temperature Dependence of Stabilities.—The for-
mation quotients of the species in the three schemes
are given as a function of temperature in Table V.
These include the best two-species scheme, I1I, and the
two best three-species schemes, I and II. Because of
the extensive hydrolysis at high acidities, the data at
149.8° do not extend to sufficiently low # regions to
give an estimate of the stabilities of the two small species
so that results are given for only the scheme III at this
temperature. The expected changes in hydrolysis be-
havior are observed with increasing temperatures; i.e.,
the regions of hydrolysis and precipitation both shift to
higher acidities.

The thermodynamic parameters in Table VIA were
calculated from the Q, , values for scheme ITin Table V.
For these calculations the assumption of a constant
AC, was found sufficient to describe the variation of
each (., with temperature. The data of Aveston,!?
taken in 1 M NaClO, rather than 1 m KCJ, were in-
cluded; we do not expect any appreciable activity co-
efficient differences in these two media at 25°. The
values of AH® and AS® for the reactions of Al3+ with
OH- ions, Table VIB and C, are derived from the
values in Table VIA and from AH® and AS® for the
dissociation of water in 1 m KCl (13.67 kcal/mol and
—17.18 cal/deg).?! These results are expressed in
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TaBLE VI
SUMMARY OF THERMODYNAMIC PARAMETERS CALCULATED FOR THE HYDROLYSIS REACTION IN SCHEME II AT 25°%

Species AH, kcal AS, cal/deg AH/y, kcal AS/y, cal/deg ACp, cal/deg
A. Reaction: xAI* 4 yHO = AL(OH),Gz—w+ 4+ yHt
Standard State: Hypothetical 1 m Solutions in 1 m KCl1
Al (OH )+ 18.3 £ 2.6 27+ 8 9.2+1.3 144 4 12 4= 44
Al (OH)S+ 30.9+ 3.4 42 + 11 7.7+0.8 11+ 3 90 & 62
Al (OH )38+ 262.8+ 1.9 377 L6 7.73+0.06 11.1x=0.2 733 4= 42
B. Reaction: xAl** + yOH™ = Al,(OH),Gz—u+
Standard State: Hypothetical 1 m Solutions in 1 m KCl
Al(OH )4+ —-9.0t2.6 61 £ 8 —4.5+ 1.3 314
Al (OH)$+ —23.4+ 3.4 111 = 11 —-5.8+0.8 28 = 3
Al (OH )38+ —201.6 & 2.1 961 = 7 —-5.93 = 0.06 28.83+0.2
C. Reaction: xAl* + yOH~ = Al,(OH),(z—»+
Standard State: Hypothetical Mole Fraction Unity in 1 » KCl
Al (OH )t + —9.0£2.6 85 + 8 —-4.5+1.3 43 + 4
Al (OH)S8+ —23.4+ 3.4 159 + 11 —-5.8+0.8 40 £ 3
Al (OH )8+ —201.6 2.1 1339 £ 7 —-5.93 + 0.06 39.440.2

¢ Uncertainties include the covatiance of AH, AS, and AC,,.

terms of mole fraction standard states as well as the
molal standard states. Only in the former case (Table
VIC) is the value of AS® independent of the change in
the number of species in a reaction.

We see from Table V that, within the estimated un-
certainties, the values of AH®/y and AS®/y each are
constant for the three aluminum hydrolysis species of
scheme II. Similar results have been observed pre-
viously? for a number of other sets of hydrolysis species,
and this behavior may be generally true in cation
hydrolysis. The AH®/y values for AL(OH)/ % and
Al;s(OH)3f7 in Table VIC are near the lower limit of
the range of corresponding values for the other systems
(—6.0 to —9.2). Th** jon—like Al*+, a rare gas type
ion—yields the most nearly similar values (—6.0, —6.2,
and —6.0 kcal) for three polynuclear species. The
AS®/y values for the aluminum species are near the

value (37 cal deg™!) predicted by the equation AS®/y =
28 + 1.0Z2 proposed previously.?

Species in Basic Solution.—The present results in
basic solutions (Table III) are consistent with the
observations of Brosset at 40°; i.e., within the small
uncertainties of the data they show the hydroxide-to-
aluminum ratio to be equal to 4. This result, to-
gether with our observation of rapid kinetics and the
reported solubility measurements, =7 suggests a
mononuclear species with —1 charge. The Raman
spectra of Moolenaar, ¢f al.,'® indicate that the species
of this type formed at low temperatures is tetrahedral
Al(OH),~.

Acknowledgments.—The authors wish to thank
Professor Aveston for graciously making available the
experimental potentiometric data on aluminum ion
hydrolysis at 25°.

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY:

THE UNIVERSITY OF BRITISH COLUMBIA, VANCOUVER 8, BrRITISH CoLUMBIA, CANADA

Vibrational Spectra and Solution Studies on Iodyl Compounds

By HENRY A. CARTER anxp F. AUBKE*

Received January 13, 1971

Infrared and Raman spectra of the iodyl compounds IO.F, I0;AsFs, and 10,SO:F are reported together with vibrational spec-

tra for IOF; and KIOyF,.

A polymeric structure with a bridging SO;F group and discrete I10; groups are found for I10,SO;F.

Solution studies of this compound in HSO;F indicate incomplete ionization of the solute.

A number of inorganic compounds containing the 10,
group have been reported over the years. They include
iodyl fluoride,’~* IO,F, and its interaction products
with the Lewis acids AsF; and BF;® commonly re-
garded as, e.g., 10,AsF¢*® and not as AsF4,tI0,F,~7
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