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1. Introduction

One of the first subjects introduced to students of
environmental chemistry is the aqueous chemistry of alu-
minum. This metal is the third most abundant element in
the shallow Earth, where it hydrolyzes in water to produce
a rich array of solute molecules and solids, including clays
and aluminum hydroxide phases. Although these materials
are ubiquitous, we are just beginning to understand the kinetic
properties of their surfaces at the molecular scale. The
problem is experimentalthe solids are too unwieldy, even
as colloids, for detailed spectroscopy.

One recent approach has been to us€ hm aqueous
Al(IIl) molecules as experimental models to determine
reaction rates and pathways at a fundamental level. Hie 1
nm-sized clusters are useful because they expose functional
groups that resemble those found on the minerals, yet
reactions at these functional groups can be studied at the
molecular scale using relatively simple methods of solution
spectroscopy, such as NMR. The-2 nm ions are suf-
ficiently small that reactions can then be simulated at a high
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level using ab initio and molecular-dynamics methods [e.g., [‘fﬂﬂ
ref 1]. A

In addition to their use as experimental models, thes2-1
nm-sized aluminum hydroxide molecules are familiar to us
as the key ingredient in antiperspirants [e.g., ref 2], dye
mordants’* taste astringents, and surfactants [e.g., ref 5].
The polyoxocations are also present in catalysts and clay-
pillaring agents [e.g., refs-611] and in water-treatment
plants. We add them to water to eliminate organic macro-
molecules and metal pollutants [e.g., refs 12 and 13], and
these aluminum hydroxide molecules are not too different
from some vaccine adjuvants that we inject into ourselves
[e.g., refs 14 and 15].
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2. C/aS$eS of Large Aqueous Aluminum Figure 2. An 2Z7Al NMR spectrum of a hydrolyzed AlGlsolution
Hydroxide Clusters showing peaks corresponding to three of the large aluminum

) ) ) molecules, e-Al13, 0-Al13, and Alzg. These molecules have a
The aluminum hydroxide molecules fall into two broad diagnostic peak in the’Al NMR spectrum because of their
structural classes. Most familiar are derivatives of the Baker relatively symmetric Al(O) sites in the center of the molecules.

Figgis—Keggin isomers [Figure 1] that have central metals The more abundant Al(@)sites yield a broad peak ne&rl0
ppm that is not helpful. These spectra were taken at elevated

temperature+{80 °C) to make the peak ne&rl0 ppm particularly

w conspicuous.
/ \ 8 4 ‘\, ‘\» because only complexes with a tetrahedral site yield diag-
\ ﬂ . ' nostic peaks irf’Al or "Ga NMR spectra [Figure 2].
N = A y S 4 4 In the regime of extreme narrowing but slow chemical
W Ny | i | Ny exchange, the NMR peak widths féfO and ?7Al, the

principle NMR nuclei, are dominated by quadrupolar relax-

i ation:
1 3 21+3 0 2
== a(FWHM) = ——[1 + L{[27C )T, (1)
T2 401221 —pl” 3 4
wherel is the spin quantum numbel € %/, for both 'O
€

o B

and ?7Al; | = 3/, for %Ga and”'Ga), C, is the nuclear
quadrupolar coupling constant (the product of the nuclear
guadrupolar moment and the maximum component of the

d

Figure 1. The Baker-Figgis—Keggin isomers shown in polyhedral  g|ectric-field gradient at the nucleus, in hertz),is the

representatiof®-?14The isomers can be understood as the stepwise g ! . :
rotation of trimeric groups of Al(Q)octahedra that share comers  asymmetry of the electric-field gradient (unitless and gener

(light gray) about thew-O so that they share edges with one another ally assumed to be zero unless otherwise indicated), and
(darker gray). 7. is the molecular rotational correlation time {&%* The

electric-field gradients at the octahedral aluminum sites

tetrahedrally coordinated to oxygens [M(Qgites]. The  [Al(O)¢] in most of the oligomers are sufficiently large to
Baker—Figgis—Keggin isomers are familiar structures among Yield broad®’Al NMR peaks até ~ 10 ppm that are not
scientists who study po|yoxometa|ates [e_g_, refs 16 and ]_7] dlagnostl_c In |dent|flcat[0n. Only structures with a relatively
and form aluminum molecules having the stoichiom- symmetric #/Al(lll), which usually means a tetrahedral
etry MOsAIl 15(OH),4(H20)12+(aq) [M = Ge(1V), Ga(lll), or Al(O), site, yield diagnostic peaks HAl NMR spectra.
Al(INI. .
The second class of oligomers have a characteristic core2.1. Structures with a Central Tetrahedral M(O) 4
of edge-shared Al(Q)octahedra organized into cubane-like Site
moieties that are linked together in a structure similar to the 211 The e-Al+= Molecul
mineral brucite (Mg(OH). These molecules are most <=+ M€ €Al Molecuie
commonly synthesized with an aminocarboxylate ligand that The ¢-Aly3 ion was originally isolated as sulfate and
reduces the overall charge [e.g., refs 18 and 19] but haveselenate salts2¢ and has ar-Keggin-like structure offy
been found in purely inorganic solutions as w&f! and symmetry, containing a central tetrahedral AQ)nit
extensive Fe(lll) analogues exft. surrounded by twelve Al(Q)octahedra. The structure of the
It is important to note that these are not the only large e-Al;3can be viewed [Figure 3] as consisting of four planar
aluminum oligomers that are present in a concentrated alumi-trimeric Als(OH)s groups that are linked to the central
num solution (see below) but are just the oligomers that can Al(O), site via fouru,-O. The molecule has 12-OH, sites
be isolated and for which structural data are available. Most and two structurally distinct sets of 12-OH at the shared
large polymers are yet uncharacterized and unidentified edges of Al(Og octahedra. These two setsof OH differ
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Figure 3. Thee-Keggin isomer of the MQAI 15(OH)4(H20)15""-
(aq) series of molecules (e.g-Al13) shown in polyhedral repre-
sentation (left) and as a ball-and-stick model (right). The Al(lII) |
atoms are green, the oxygens are red, and the hydrogens ar@ndd = 75.6 ppm in the’/Al NMR spectra. These authors
portrayed as uncolored spheres. The molecule can be viewed agould enrich solutions in the molecules that yield these peaks

four Al3(OH)s(H20); trimeric groups linked together at polyhedral
edges around the central M(gite.

in their positions relative to the,-O groups. One site, labeled
u2-OHa, lies cis to twous-O groups [Figure 3]. The other
site, labeled:,-OHP, lies cis to oneu,-O site. One can view
these two sites as either linking two trimeric groups to-
gether (1,-OH? or linkages within a single trimeric group
(u2-OHP).

Thee-Al13 molecule is usually synthesized in a relatively

concentrated aluminum solution but can be made over a

broad range in concentrations € S[Al] >10°5 M) by
titrating to 2.1< [OH]/[Al] =< 2.5 at 86-90 °C, followed

by crystallization with added selenate or sulfate ions. The

€-Al13complex in aqueous solution is easily established from
the distinct and narrow peak at 62.5 ppm &l NMR
spectra [e.g., refs 2935]. It can also be detected indirectly

by the uptake by phenolic sulfonate ligands and spectro-

photometric detection [e.g., ref 36]. The ligand ferron
(8-hydroxy-7-iodo-5-quinoliné¥3"4° and pyrocatechol vio-
let*! have been used to determine the amount of polymerize
aluminum in solution and rely upon the kinetics of reaction
[e.g., refs 37 and 42]. Akitt et & reported a partial molar
volume for thee-Al13 molecule, and equilibrium constants
are availablé#*® although it remains questionable as to
whether this molecule is truly in reversible exchange equili-
brium with other species in solution or it is only a persistent
metastable product [see ref 42 and references therein].

2.1.2. Heteroatom e-MAl;, Structures

Two decades after Johanssen’s work on thal;s,
considerable progress was made by the research teams
the University of Freiburg in Germany and Calgary in
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Reports also exist for aluminum-free versions ofdlisomer

of the Keggin structure, but none have been crystallized for
structural analysis and confirmation. Complexes of Ga(lll),
(GaQGay(OH),4(OH)10)"*,*862have been suggested but not
yet isolated [see ref 63]. Similarly, the Fe(lll) and Cr(lll)
analogue®>3are suspected but not separated or crystallized.

2.1.3. Transformations of the e-Al3 to Other Oligomers

Fu et al®*and Nazar et & showed that other peaks appear
downfield in the?’Al NMR spectra as solutions containing
thee-Al 13 are heated for days at 8@5 °C [see also refs 66
and 67]. Peaks appear near= 64.5 ppm,0 = 71.2 ppm,

by gel-permeation chromatography but could not crystallize
the molecules into a material suitable for a structural analysis.
The peaks were assigned to AIRAIP,, and AlR; (alumi-
num peak no. 1, etc.). Fu et &ldocumented a progres-
sive reaction series where theAl;; reacts to form the
AlP; as an intermediate, then the Alfnolecule plus
aluminum monomers (the monomers yield a peak dear
0 ppm and correspond to Alg)*" and its conjugate base
(Al(H,0)sOH?") at 4 < pH < 6). Assignment of the AlP
peak is presented in section 2.1.6.

The AIP, molecule was more stable than the Alér
€-Al 13, and they interpreted it as a dimer of one of the smaller
molecules, probably the-Al 3 cluster®* Because the reso-
nance att+64.5 ppm appears and then disappears as peaks
at +70.2 and 0 ppm grow, Fu et &.concluded that the
AlP; complex is a transient intermediate. Parker et'al.
showed that th&saAl1, molecule could not be converted
into an AIR, equivalent, indicating that the central Ga(lll)
atom considerably stabilized the structure. Both Fu ét al.

dand Parker et & report apparent pseudo-first-order rate

coefficients for the polymerization af-Al 3 into the AlR,
oligomer at 80°C of about (0.036:0.05) x 102 h™* (see
also refs 68 and 69).

2.1.4. The 6-Al13 Molecule

Of the five Baker-Figgis—Keggin isomeric structures
[Figure 1], the 6-Keggin isomer of the Ak molecule
(6-Al43) is the only other aluminum oligomer besides the
€-Al;3 that has yet been synthesized in isolation and
structurally characterized (see below). Td&él;3 molecule

d1as a single [AJO14] trimeric group rotated 60around the

ua-O [Figure 4] so that it bonds at polyhedral corners, not at

Canada who independently published a series of papers that

examined metal substitutions and polymerizaffof€ Single-
atom substituents include Ge(1V) (yielding G&Dy,(OH),4
(H20)12*" in solution= GeAl,, refs 46 and 57] and Ga(lll)
(GaQAI 12(OH)24(H20)127+ = GaAllz, refs 47_51) Crystals
of Na[GaQAI 12(OH)24(H20)12(SEQ)4] ‘X(HzO), [GGQA| 127
(OH)24(H20)12(SGQ)4]'X(HzO), and Na[AIQAI 12(OH)24-
(H20)12(SeQ)4]-x(H-,0O) can be grown at 8090 °C by
hydrolysis of the appropriate AlgH MCI;3 solutions fol-
lowed by filtration, dilution, cooling, and addition of selenate
to induce crystallization. Th&eAl;; molecule has a slight
structural distortion from the cubic symmetry exhibited by
e-Al13 and GaAl;; but is overwhelmingly similaf?

There is indirect evidence for single-atom substitution of
Mn(11)%8 and Fe(llI}?® although when Parker et &i.
attempted to synthesize these and othkkl 1, molecules
they concluded that only th@aAl,, was unequivocal. This
small series has since been augmented withGbal;,.5"

p2-OHY

H2-OHP

Figure 4. Thed-Al3molecule shown in polyhedral representation
(left) and as a ball-and-stick model (righ®)The molecule is similar

to thee-Al 13 but with one trimeric group (shown in brown) rotated
60° so that it bonds via octahedral corners, not edges. Some of the
structurally distinct hydroxy! bridges are identified. The Al(lll)
atoms are green, the oxygens are red, and the hydrogens are
portrayed as uncolored spheres.
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the edges. All three other [4D,4] trimers in the molecule
join at shared edges, as in theAl ;5. Rowsell and Naza?
isolated thiso-Al3 isomer structure, along with the large
Alz molecule discussed in the next section.

The 6-Al 3 structure has more types of oxygens than the n-OHz
€-Al13 molecule because of the introduction of the corner-
sharedu,-OH and the resulting reduction in symmetry from
Tq to Cg,. For example, the-Al,3 contains three distinct
sets of y-OH, and two types ofus-O, based upon their
positions relative to the rotated trimer. Rowsell and N&zar
conclude that thé-Al13 molecule accounts for the Alpeak
of Fu et al® and yields a peak in th&€Al NMR spectrum
neard = 64.5 ppm [see also refs 68, 69, and 71].

2.1.5. o-Al3 Structures

The only aluminum oligomer that forms in one of the
Baker-Figgis—Keggin isomers is in the mineral zun-
yite [Figure 5], which has the stoichiometry A$isO20 ((.Y

|
| rotated trimeric group
5—A|1 3 A with corner-shared Al(O)g

moieties

b .
¥ “‘
H '\
.
tetrameric cap

—_—

R on a &-Keggin
molecule

H3-OH

Figure 6. The ALOgAl,5(OH)s6(H20)268"(aq) (Alsp) molecule
shown in polyhedral representation (top left), as a ball-and-stick
model (top right) and in a polyhedral exploded view (bottom).
Hydrogens are eliminated from the structure for the sake of
clarity.’%71 The Alz; molecule can be viewed as twd-Alj;
molecules joined via a belt of four joining Al(@pctahedra. The
blue polyhedra are organized in a similar fashion asctid;s. In
Al(O) the ball-and-stick diagram, the Al(lll) atoms are green and the
4 oxygens are red.

Figure 5. The mineral zunyite, with the nominal stoichiometry ) )
Al15Sis020(OH)16FCl, is the only occurrence of the-Al 13 isomer polyoxocation yet characterized, tiAds, molecule Alzo =
of the Baker-Figgis—Keggin series. The mineral contaiosAl 3 Al,05Al ,5(OH)s6(H20)26'8" (aq)], which also accounts for the
clusters (shown here in both light and dark gray) with silicate chains AIP, peak of Fu et a4 and Nazar et & The Alsg is ~2
bonded sharing some hydroxy! bridges#OH coordination. The nm in length [Figure 6] and exposes oxygens in many
silicate groups are shown as hatched-pattern tetrahedra. different coordination environments to the aqueous solution.
The?’Al NMR spectrum shown by Akitt and Mafifishowed
the presence of thidlz, molecule as a broad peak near 71
ppm, which is also evident in Akitt and Farthiignd Akitt
et al®” Similarly, Allouche and Taullel@ show conspicuous
peaks at 76 and 81 ppm in tH&I NMR spectra of their
Al 3o solutions. Shafran and Peffyalso report minor peaks
at 74, 48, and 81 ppm. As all the authors state, these peaks
correspond to polymers with a higher molecular weight than
the Al 3o that have yet to be isolated and crystallized.
18+ Fu et al®* suspected that the AdPpeak corresponded to a

2.1.6. The Al,0eAlza(OH)ss(Hz0)z5"" (aq) (Also) Molecule dimer made of FtJWOE—AI 13 that werlt? bonded anpd rotated to

An exceptional advance in identifying aqueous aluminum yield a compound with molecular weight near 15800
polymers was the isolation and structural characterization Da, having the approximate stoichiometry,&);,. These
by two independent groups’* of the largest aluminum  conclusions were insightfaithe structure of thél o is best

(OH)16FCl and is a modified form of thex-Alis. This
mineral is found near hydrothermal ore deposits, can be
synthesized hydrothermally [e.g., ref 72], and was first
studied by Pauling® The mineral is used extensively for
structural [e.g., ref 74] and spectroscopic studies [e.g., refs
75—78], but thea-Al 13 has not yet been isolated as a solute
or as a molecule in a simple salt. The silicate groups are
directly bonded to thew-Al13 in zunyite.
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understood as twé-Al ;3 molecules that face one another at
the rotated trimers and are bonded via a belt of additional
Al(O)s linkages [Figure 6]. One set of linkages consists of
Al(O)¢ groups that share three edges at the apices of the twc
0-Al 13 units, forming a nonplanar tetrameric cap on each of
the two 0-Al1s-like molecules. These linkages form three
adjacentus-OH groups on each tetrameric subunit. The
second linkage set consists of Algroups that connect
the two modifiedd-Al13 molecules to one another at the
tetramer caps via four corner-shamegdOH bridges.

The disruption of symmetry creates many sets of different
oxygens. In fact, Allouche et &t.found evidence that the
Al sulfate salt exhibit<C. space-group symmetry, which
requires all 88 oxygens to be inequivalent. If instead we can
assume that the molecule hag symmetry, we can identify
15 sets of inequivalent hydroxyl bridges in thk, and eight
distinct sets of bound waters [see ref 80]. The eight total
us-O sites in theAl g link the two tetrahedrally coordinated
aluminums [Al(O)] to the outer part of the molecule.

Allouche and Taullel® and Shafran and Pef&#° con-
ducted time-series studies and showed thatliecomplex
can be easily formed by heating a solutioneedl 3 at 85
°C for a few days. However, it also forms during storage of
a stock millimolar solution ot-Al 3 for a decade or so (see
Figure 9 in ref 81), and thiAlzp molecule can be a
component of some commercial aluminum chlorhydrate
[Al(OH)sCI], along with the e-Al13 [e.g., ref 81]. As
mentioned above, there is apparently no Ga(lll)-centered
analogue of thé\l 5o, although theéGaAl;, is apparently more
stable than theAls,. It worth revisiting this question of a
GaAl,g molecule with new experiments since Parker ét al.
report a decrease in intensity of the peak associated with
the Ga(O) in the ’Ga NMR spectra with aging at 8®0
°C, suggesting that polymerization into a larger molecule
was occurring. A more detailed study might uncover this
polymerization and isolate the resulting molecule using one
of the new supramolecuf&ror columr¥? methods that are
being developed.

Allouche et al® employed a triple-quanturffAl-MAS
NMR method to assign eight peaks in tRéAl NMR
spectrum. Narrow peaks at= 68.8 ppm and = 69.9 ppm
were assigned to the two Al(@)and indicate that the
structure is not centrosymmetric. The remaining AiQ9aks
exist as six groups with peak positions ranging frérr 4
to 6 =~ 12 ppm and with quadrupolar-coupling constants
ranging from~500 to~1600 kHz®

Al(O)g

Al(0)

AlQ)g  Si(O) 4

W(O)g

Figure 7. The Al(Ill) — W(VI) substitution (and the reverse) into
the largest tungstate and aluminate clusters might be a fruitful area
for research. The structure of theW,g015(OH)4g(H20),412" ion
(W2Alz5) shown in polyhedral representation (top) is nearly
isostructural with theAlso ion. The Al(O) groups are shown in
dark gray, and the W(Q@)groups are shown as light gray. The
Al(O), site in the center of the molecules is hatched. In the bottom
Recent efforts created nanocluster composites using thefigure, the H4Si;W16Al6037(H20)12 cluster can be considered as

2.1.7. Heteroatom Derivatives of the Al

€-Al 13,8488 the 6-Al 13 andAl 3o molecules” and thes-GaAl .,
molecules’® along with tungstate or molybdate polyoxo-

anions. The clusters bond to one another in the composite

by electrostatic interaction and via hydrogen bonding, and

an altered dimer of two aluminum-substituted and Si{€ntered
tungstate clusters in thee-Keggin structuré® One trimeric group

of the four in eachu-W3 Keggin structure is replaced by a group
of three Al(O}. The two dimers then link across a shared edge of
two Al(O)s groups.

they create a porous solid with interesting properties. Son et
al®” showed that the\l;p molecule exchanges metals in a
composite with the BW;,0408 (W12) polyoxoanion to form

a new compoundW-,Al g, that is nearly isostructural with
the Al 3o structure [Figure 7]. This new compound differs in
that a W(O} group replaces one of the capping Al§@joups

Similarly, there are several classes of heteropolyanions that
contain aluminum substituents, either as the tetrahedral core
of a molecule with one of the Keggin isomer structures
[e.g., ref 91] or as an Al(Q)heteroatom substituent in the
at each end of théls, molecule. outer part of a tungsten or molybdate Keggin isomer structure
The fact that thidV,Al s molecule broadly resembles the [e.g., refs 92-95]. Son et af” demonstrated that aluminum-
dimer-like structure of the wider family of tungstate clusters rich tungstate clusters could be synthesized based upon the
[e.g., refs 16, 89, and 90] suggests that more varieties ofaluminum polyoxocations of the Keggin class, such as the
tungstoaluminate clusters could be synthesized [Figure 7]. Al
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cubane-like structure similar Al(Ill), Ga(lll), and Fe(lll) clusters can be stabilized
using aminocarboxylate ligands [e.g., refs 18, 19, 22, and
H2OH ") 99-101]. For aluminum clusters, two ion stoichiometries
H}L - have been synthesized, 4li-OH)s(u2-OH)12(H:0)e(heidi)>t
3‘& W, o (heidi = N-(2-hydroxyethyl)iminodiacetic acid, see refs
el® B« hsoH
/“&i re) COOH
N
COOH
HO
heidi

18, 19, 22, 99, and 101) andll 15, A|15(/,£3-O)4(/,43-OH)6-
(u2-OH)14(hdpta¥~ (Hshpdta = 2-hydroxypropane-1,3-di-
amineN,N,N',N"'-tetraacetic acid®* To distinguish these
molecules from the-Al 13 molecule, | refer to the inorganic
chloride salt as thélat-Al 13 and the heidi-ligated structure
as theflat-Al 13—heidi.

H-OH Goodwin et aP® argued that a wide range of metal
hydroxide clusters are built upon this hypothetical brucite-
Sflat-Al like lattice, including clusters of Fe(lIl), Al(ll), Mn(lll), and

Figure 8. A new series of aqueous aluminum clusters is based Ga(ll) with 7, 8, 13, 15, 17, 19, and 21 metals. The relation

upon a repeated set of cubane-like moieties (top) arrayed in a latticePetween this hypothetical Al(Okf)orucite lattice and the
of edge-shared Al(OH)octahedra similar to the brucite lattie.  cluster structure is illustrated in Figure 9, where we relate
Three such molecules have been synthesized, having either 8, 13,
or 15 aluminums, but several other molecules have been made from brucite basal plane P
other trivalent metals (i.e., Fe(lll) and Ga(lll), see ref 96). Tlae- .

Al 13 has the core structure A{us-OH)s(u2-OH)15(H,0)6' and is
shown at bottom in polyhedral representation. Tlag-Al3 has
been synthesized using chloride salts to give the(Ad-OH)e-
(12-OH)15(H20)6!5t ion20-21 and employing heidi as a tetradentate
chelating ligand® which bonds at the six corner-shared Al§O)
groups, giving Als(us-OH)s(uz2-OH)12(H20)s(heidi)®t ion.

2.2. Molecular Clusters Based upon Brucite-like
Al3(OH),>* Cores

Other aluminum clusters have been isolated in the past
decade that are based upon a periodic array of alternating
Al(lll) and hydroxyl linkages in cubane-like moieties [Figure
8] arrayed in edge-shared Al(©gimilar to brucite [see ref
96]. These molecules have no central A{®ite and thus )
are difficult to detect in aR’Al NMR spectrum because the cleaved bond § % cleaved bond Al

Al(O)s sites yield broad peaks. The purely inorganic salts _ ) _

are also difficult to crystallize, and the only ion stoichiom- - ZW= & [TRAR S0 et SRt Maie o tice made
etries that have yet been lgfggrted are the octaiigr of trivalent metals linked bys-OH. An Al(OH); solid built on the

Al g(us-OH)o(u2-OH)12(H20)12 and the flat-Al s, brucite (Mg(OH}) lattice is shown at the top with the Al(lll) as
Al15(us-OH)s(u2-OH)18(H20)6" 2221 The latter ion probably  gold, the oxygens red, and the hydrogens as white spheres. To
forms one of the salts in the early study by Breuil [ref 98; generate thélat-Al ;3 clusters (bottom right), a hexagonal array of
F. Taulelle, personal communication] and can be synthesizedAl(OH)e groups (light-blue atoms) has one bond tougOH
in large quantities by hydrothermal reaction. In their core replaced with a water molecule and three bound waters truncating

them. The Al(lll) atoms in the core (dark-blue) retain their brucite-
structure, these clusters resemble somewnhat the Anderson“ke structure, while the light-blue atoms bond to the next row of

type structures, Whict‘ are familiar in molybdate chemistry Aj0), via u,-OH. In the clusters synthesized with aminocarboxy-
(e.g., Al(OH)MocO1¢>"; see refs 92 and 93) and consist of |ates (e.g., thdlat-Al;5—heidi and Al 15).

linked M(O) octahedra surrounding a central Al¢On the
aluminomolybdates, however, there are no corner-sharedthe flat-Al 15 structure of Seichter et &.to a brucite basal
Al(O)s, as in these brucite-like molecules. plane. The metal atoms are arranged on a hexagonal array
Although the purely inorganic salts are difficult, the with six of the outermost Al(OH)groups having a single
synthesis is much easier if the molecules are ligated at thebond to theus-OH cleaved and replaced with a bound water
edges by organic anions that reduce the molecule chargemolecule to retain the octahedral coordination. The result is
Much work on this subject has been done by the researcha molecule with a central cubane-like core with corner-shared
groups of Profs. Powell and Heath at Universities of Al(O)s at the edges. Although th s is the smallest cluster
Karlsruhe and Manchester, respectively, who showed thatof this series, the Al(lIl}-citrate trimer isolated and crystal-
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lized by Feng et al®? bears some similarity to the structure
in that one AI(O} site is corner-shared to the other two
Al(O)e, which share edges via twe-OH [see also refs 81
and 99].
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2.4. New Methods of Aluminum and Heteroatom
Cluster Isolation

The supramolecular methods of synthesis hold great

Ligation to the aminocarboxylates does not change the corePromise for isolating the large aluminum hydroxide clusters,

structure of linked Al(Ogin a brucite-like arrangement. The

aminocarboxylate ligands are tetradentate and replace th

and progress toward this goal was achieved by Drljaca et

@I.llo and Hardie and Rastdh who showed that the-Al 3

outer four water molecules in each of the peripheral corner- Mmolecule could be trapped in a calixarene/8-crown-6-ether

shared Al(Og groups. Thus, theflat-Al 3 molecule in
chloride salt has the same core structure asfldieAl 13—

combination. A new method of isolating Ga(lll) clusters was
reported by Gerasko et &8 who crystallized thdlat-Ga,3

heidi, but the tetradentate heidi replaces bound waters. InMolecule (structurally analogous to tfiat-Al ;13) and dis-
the flat-Al 15, bound water molecules exist that are both cis Covered anew larg8a, ion [Galus Ohaus-O)e(tz- OH)aer
and trans to &-OH and are hence expected to be kinetically (H20)0"""] that has a unique structure. Tkag, contains
distinct. In theAl molecule, a second set of water molecules WO pairs of corner-shared Ga(Opites surrounded by

is bound to edge-shared Al(©in the core. These water
molecules are trans to&-OH and cis to foum,-OH and
are hence expected to be anomalously labile. InAhg

structure, there are no bound waters, and this material is

relatively insoluble.
The Alg, flat-Al 13, and Al15 molecules are ill-suited for
standard solutiorf’Al NMR studies because there is no

Ga(O} arranged in trimeric clusters like theAl3 and
e-Gaz molecules. ThigGag, structurally resembles a gallium
version of the AIR molecule originally imagined by Fu et
al®* that has since been identified as #hiko.

These new supramolecular clusters could potentially isolate
many more aluminum molecules from a hydrolyzed solution.
The Gerasko et al. group has also been able to isolate the

highly symmetric site in the cubane-like structures, such as Also andflat-Al 13 molecule using their cucurbit supramol-

the Al(O) in the e-Al13 molecule, that yields a distinctive
peak in theZ’/Al NMR spectrum. Furthermore, both tfflat-

ecule (V. Fedin, personal communication) but have not yet
identified any new aluminum clusters. Rather et''al.

Al s andAls molecules decompose in most agueous solutions, €Stablished a method of crystallizing thet-Ga,; molecule

rendering*’O NMR studies of their reactivity impossible.
However, multiqguantun?’Al-MAS NMR (MQMAS) has
proven useful, and a key study was that of Allouche e¥al.,

who related peak positions and quadrupolar-coupling con-

stants to structural aluminum positions in salts ofdhd 13,
the Also, and theflat-Al 15 clusters. For thélat-Al 13, there

are six different aluminum sites in the core structure. The

central Al{us-OH)s site has a relatively sharffAl NMR
resonance in MQMAS ad = 11.7 ppm. The surrounding
ring of Al(us-OH),(u2-OH)s(H,0) yields peaks ab = 13.3
ppm andd = 13.9 ppm. Finally, the six peripheral Al(®)
that share corners with adjacent AlgO)n polyhedral
representation have peaks®f 2.9 and 3.1 ppm. Casey et
al® made a generally similar set of assignments forAhe

[Gauz(us-OH)e(u2-OH)15(H20)6!®"] by slow hydrolysis of an
organonitrate and have since also synthesizedldte\l ;3
using this method (D.W. Johnson, personal communication).

3. Kinetics of Ligand-Exchange Reactions in
Aluminum and Heteroatom Clusters

3.1. The Analogy to Aluminum Hydroxide Mineral
Surfaces

The similarity of at least some features of these molecules
and aluminum hydroxide soil minerals can be restated.
Consider the Brgnsted acidities, which influence many of
the surface properties of the minerals. When fully protonated,

at 11.7 T. They report that the core aluminums have chemicalMinerals such as gibbsite or bayerite-Al(OH)s] have

shifts nearo = 13 + 1 ppm andC, values near 6 MHz,
which are close to the values for similar sites in fra-
Al13 molecule?® %3 Likewise, the remaining outer Al(@¥ites
closely resemble those in the periphery of tla¢-Al 15 that
are linked to twa«,-OH and fourp-H.O. They assigned these
peripheral Al(O}, sharing corners with adjacent Al(§}o

0 =6—7 ppm.

2.3. Alumoxanes

Alumoxanes form from the hydrolysis of organoaluminum
compounds to yield cagelike aluminum structures wtxo

surface proton charge densities of 0-1648 C/n3.113114The
surface charge density of fully protonated\l 3 is 0.32 C/n,
and theflat-Al 13 molecule has a charge density-ef.2 C/nt,
which is, of course, reduced by ligation to the heidi ligand.
It is also important that the cubane-like aluminum hy-
droxide clusters Alg, flat-Al13) are broadly similar to
minerals of the hydrotalcite class, which are catalysts and
are environmentally important. The hydrotalcites are layered
structures composed of positively charged, brucite-type metal
hydroxide layers intercalated with anions and water mol-
ecules. These minerals are important to environmental
chemistry because they form quickly in some metal-con-

andu-hydroxo bridges and terminal organic ligands [see refs taminated environments as aluminum released by dissolving
103 and 104]. Most alumoxanes decompose rapidly in water 5ol minerals combines with the pollutant metal.

and are thus beyond the scope of this article. A few
hydrolytically stable carboxylate-bridged alumoxanes have

been synthesized. Barron’s grdtfpi®isolated alumoxanes
by reaction of carboxylic acids with boehmitg-AIOOH,
see also ref 109]. However, Callender et®bpoint out that

3.2. Oxygen-Isotope Exchange Rates

In this section, | review some recent kinetic data using
the aluminum hydroxide clusters described above. All work

the water-soluble alumoxanes are better thought of asto date has employed the smailsomers in thevlAl ;, series
carboxylate-stabilized colloids and not as aqueous clusters(e-Al1s, GaAlq,, andGeAl;,) and theAl;, molecule, which

of uniform stoichiometry and structure. These molecules is less useful because of its structural complexity X1
could be profoundly useful as kinetic models for aqueous NMR studies, sulfate or selenate salts of ¢h&l ;3 GaAl,,
reactions if metastable monospecific solutions could be and GeAl;, are dissolved metathetically in the presence of

prepared.

BaCl to release the polyoxocation ions into d@@®-enriched
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Figure 10. (top) 7O NMR spectra at 313 K as a function of time
for a~0.010 M solution ofGaAl;3 with 0.25 M Mn(ll) added to
remove the bulk water pedk? Vertical scaling is normalized to
the integrated intensity of the peak nearlO0 ppm, which
corresponds to an external, coaxial T§&4) insert that was used
as an intensity standard. The peak ne&2 ppm corresponds to
bound water molecules in th&aAl;, complex. The broader
downfield peak that increases in intensity with time arises from
the twou,-OH sites in the molecule, which react at different rates.
Missing is the peak that would correspond to the fourO,
indicating that these sites are inert to exchange. (bottom) The
reduced intensityR(t) = ls=ssppnll s=22ppm) Grows in a biexponential
manner and ultimately reaché¥t) = 2, corresponding to the
intensity of two sets of 12 fully exchanged-OH (6 = 35 ppm)
divided by the intensity in one set of 12 fully exchange®H, (6

= 22 ppm). The ratio corresponds to the stoichiometry Q-
(12-OH)24(n-OHp)12"". The biexponential growth indicates that
u-OH2 andu,-OHP react at different rates, and the inset shows the
earliest times, aR(t) — 1, corresponding to exchange of the first
set ofu,-OH. Casey and Philligd° used eq 1 and a value of =

130 ps from ref 116 to calculatg, values of 8.7 and 6.5 MHz for
the twou,-OH sites in the dissolve@aAl;, molecule.

solution. Changes i¥O NMR peak intensities [Figure 10]
then provide information about rates of exchangee®OH?*

Casey

appears in thé’0O NMR spectra when the-Al 3, GaAl;y,
and GeAl;; oligomers are completely dissociated into
monomers int’O-enriched water by acidification and then
reassembled back into the polyoxocation by base addition.
Because the,-O sites are inert to exchange, the rates of
steady exchange of all other oxygens in the molecules can
be measured and these exchanges can be distinguished from
dissolution and reformation of the molecule. In fact, virtually
all other oxygen sites exchange several times with bulk
solution before the molecule dissolves. THe NMR spectra
exhibit a peak nea#-20 ppm that is assignable to the 12
bound water molecules. This peak appears instantaneously
in the spectra and has a constant intensity. A second peak
near+35 ppm grows with time [Figure 10], and the peak
exhibits a distinctly biexponential rate of growth. Thi85
ppm peak is assigned to two resonances that cannot be
resolved from one another and that correspond to the two
sets of 12u,-OH in the e-Al;3, GaAli,, and GeAlg,
oligomers!t7120 Although the two resonances that contribute
to the+35 ppm peak cannot be resolved from one another,
they are kinetically distinct and are identified @asOH™2st
andu,-OHs°" so as not to confuse them with the structural
positions,u,-OH? and u,-OHP. Although theu,-OHst and
u-OHsv sites cannot yet be unequivocally assigned to the
12-OH2 and u,-OHP sites within each of the molecules, it is
reasonable to assume that theOHs°" site corresponds to
the u,-OHP sites and thei,-OH®?s sites correspond,-OH?,
There are considerable differences in the reactivities of
the hydroxyl bridges both within a single molecule and
between the same site in the set of isostructural molecules
(e-Al13, GaAly,, and GeAly). Characteristic times for
exchange of tha,-OH@stand u,-OHs*" sites in theGaAl;,
molecule at 298 K are,9s ~ 15.5 h andraes ~ 680 h,
respectivel\:1° whereas the corresponding times aig ~
1 min andtyes &~ 17 h for thee-Al;3 moleculet'”1*® The
u-OHt bridge in theGeAl;; molecule exchanges at rates
too fast to measur? but the other hasyes ~ 25 min. For

within the e-Al1s complex, Thsytoes ~ 1C8, but for the
GaAl;; molecule, tisoey’ &~ 44. Thus, the difference in
reactivities of these two structural sites is profound. Ex-
trapolated to 298 K, the observed rates of exchange of
12-OH sites in these molecules spans a factor-@fP and

is probably much larger if the more reactive setugfOH
sites in theGeAl;; molecule could be included. The lifetimes
of the bound water molecules, however, fall close to one
another ¢5° ~ 1072 s) in the series-Al;3, GaAl;,, and
GeAl;; and are near values measured for simple aluminum
monomer complexes [Table 2].

With the exception of the datum for the-OH®@stin the
e-Al;3 molecule [Table 1], the activation enthalpies fall into
a range similar to those corresponding to the dissociation of
a hydroxyl bridge in simple inert-metal dimers; thatAg;l*
~ 100 kJ mof?, andAS is near zerd?! The values ofAH*
and AS" for the u,-OH®st in the e-Al;3 molecule are
extraordinarily high AH* ~ 204 kJ mot%, AS =~ 400 J
mol~* K=1) and may account for the large differences in

Tesrsey’ for this molecule relative to th&aAl;y.

andu,-OHP sites, and rate parameters for exchange of bound High-pressure data are available for 8aAl;,, and the

waters can be determined using thH®-line-broadening
method!'® Theu4-O sites in the center of theAl 13, GaAl;,
and GeAl;, would appear at-55 ppnit6in a 7O NMR
spectrum and yet are missing when thiAl ;, salts are
dissolved in’O-enriched water, indicating that theggO
are inert to isotopic exchange. This peakt&5 ppm only

70 NMR line widths of bound waters decrease from 0.1 to
350 MPa, yielding an activation volume &fV* = +3 +

1 cn? mol=1,*22 which is smaller than the value for the
Al(H,0)s* complex 5.7 cn? mol™1),12% even though the
average charge density on an aluminum in &&Al;; is
lower than that in the Al(O)e*". This deviation is striking.
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Table 1. Rates of Exchange of Oxygens between Bulk Solution e .. Stable Form
and u,-OH Bridges in the e-Al13, GaAli,, and GeAl, w 0
Moleculeg7-120.122a ©
98 +
AH AS AVF ) ) .
molecule (s (kImolY) (kI moFtK-3) (cm? mol-1) SfT:P; St‘e?;‘”se dissocktion
of bonds to the p,-oxo
e-Al 13 b 4
Uz-OHEt  (1.64+0.4)x 102 204+12 403443
U-OHSW  (1.6+0.1) x 105 1044 20 5+4 \
GaAli
u-OHBst  (1.84+0.1)x 105 98+ 3 -8+9
U-OHSW (414 0.2)x 1077 125+ 4 544+ 12 +7+1
GeA|12 ©
/Az-OHfaStb
Uz-OHSY  (6.64+0.2)x 104 82+ 2 —2947
Alzg

rates are similar t&GaAl;, cluster

a At the pH conditions, the molecules are fully protonated and there
is no strong pH dependence for exchange rates. A small pH dependence
is detectable for th&eAl;, molecule, which is the strongest acid in
the set? Complete in minutes or less.

STEP 3
formation and exchange
with a bulk water

H,0," bridge

Table 2. Rate Parameters for Exchange of Water Molecules
from the Inner Coordination Sphere of Al(lll) Complexes to the
Bulk Solution, as Determined from 1’0 NMR?2

b0 AH? AS AVF
(s) (1lo) (kImolY) (IK-mol) (crmdmolY)

specie’
Monomeric Complexes
Al(H,0)6*3 1.29+0.03 85+3 4249 +5.7
Al(H20)s0H?* 31000+ 7750 36+ 5 —36+ 15
AIF(H;0)s2* 240+ 34 79+ 3 17+ 10
AlF5(H,0)st 16500+ 980 65+ 2 53+6
Al(ssal)" 3000+ 240  37+3 —54+9 Figure 11. The rates of oxygen-isotope exchange imeOH2 and
Al(sal)* . 4900+ 340  35£3 —57+11 u-OHP in the e-Al15, GaAli,, and GeAl, vary by a factor of at
Al(mMal)™ 660+ 120 6641 31+2 least 16 (GeAly, > e-Al1z > GaAlyy), yet theu,-O sites are inert,
AKme")? 6900+ 140 55+ 3 13+11 rates are largely independent of pH, and the bound waters exchange
Al(ox) 109+ 14 692 2547 at virtually identical rates. This paradox was explained by Rustad
Multimeric Complexes et al.}?® who hypothesized from computer simulations that a
€-Algs 1100+ 100 53+ 12 —7+25 metastable intermediate forms that involves partial detachment of
GaAli, 227+ 43 63+7 29+21 +3+1 two Al(O)s from theus-O to release part of the linked structures.
GeAlz, 190+43  56+7 20+ 21 The resulting partly detached moiety undergoes isotopic exchange

via pathways that are similar to those affecting an inert-metal dimer,
which parts of it resemble. Dissociation of qaeOH and hydration
by a bulk water molecule forms anz8,~ bridge where oxygens
can exchange rapidly. After the oxygens exchange positions in the
H;O,~ bridge, the reaction reverses and the partly detached
structures collapses back into the staM@l ;, structure. In the

Usually, reduced charge density on a trivalent metal results Rustad et al. modéf® this partly detached structure forms
in @ more dissociative character for solvent exchange, suchconstantly ata low concentration, The steacy concentration depends
H ; cri
gz(;_sboo)bsielx(\a/g :WEeSn41 fg”ilcﬁ;ort:;?}egr ggt(ﬂol(;g+(e'g" a0, V\yhich explair)sgthe enormous range in reactivities. ke
S : : , ) ~e O, of course, remains unexchanged.

AV¥ = +5.0 & 0.5 cn? mol™) is compared to its first
conjugate base (Fe(B)sOH?", AV = +7.0 £ 0.5 cn? A reasonable explanation of the paradox was provided by
mol~%, or Ga(HO)sOH*", AVF = +6.2 cn? mol1).123-128 Rustad et al*2 who employed molecular-dynamics simula-
The difference suggests that water exchange on the largetions and ab initio calculations to come up with a pathway
GaAl;, complex has less dissociative character than the fully for oxygen-isotopic exchange that involved a partly dissoci-
hydrated ion, although the average charge density is lower.ated form of each molecule. They hypothesized that two

The paradox of reactivity for theseKeggin aluminum Al(O)s in the outer part of the structure detach from #tzeD
molecules is that a single atom substitution in the central [Figure 11], creating an Al(-OH),Al dimer-like structure
M(O), site has profound effect on the rates of exchange of on the molecule that interacts strongly with bulk waters and
u2-OH but not bound waters. For isotopic exchange into the partly dissociates. As the-OH in this dimer dissociates, a

aThe original sources can be found in refs 1120 and 122. The
AV* value for Al(H,0)sOH2" is not reported but is consistent with a
change in coordinatiol® P abbreviations: ox= oxalate; ssal=
sulfosalicylate; saf= salicylate; mMal= methylmalonate.

bridges, the reactivity trend ieAl, > €-Al3 > GaAl,,
and the rates differ by at least a factor-af(®. For thee-Al 13

H3O,~ bridge forms [Figure 11] that can easily exchange
for a bulk water, much like the transieng®~ bridge that

andGaAl;, molecules, the data indicate that oxygen-isotope forms in dimers of trivalent metals [e.g., ref 123]. The extent

exchange from the bulk solution to the-OH sites is
independent of pH, albeit over a narrow range (4.pH <

to which this metastable moiety forms from the stable
structure depends on the central metal and varies inversely

5.5). Yet, for all hydroxyl bridges and bound waters, the with the strength of the M(us-O) bond. Hence the
exchanging oxygens are three bonds removed from theintermediate forms in the ord&eAl;; > e-Al13 > GaAlj,.

central metal.

The reaction is not proton catalyzed, and the rates are thus
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independent of pH. The exchange of bound waters takesScheme 1

place at the stable structures so the atom in the central M(O) 3+(3 4-dihydroxyphenylalanine  2-methyl-3-hydroxy-4-py
site has little effect on the Al(»-OH,) bond strength. Thus, (L-DOPA)

the rates of exchange of bound waters are largely independent :O\)Y | | (e
of the central metal, whereas the rates of exchange of

hydroxyl bridges are enormously sensitive.
The Rustad et dP° hypothesis, although unproven, is st
consistent with measurements of th&* value for oxygen- gellc acid slielieacid
isotope exchange into the,-OHsV site in the GaAl;,
moleculet?? which is the onlyu,-OH for which AV* values
exist. If an expanded structure forms from the stakfe=ggin He—o

structure at steady state, then one expects a large positive
contribution of reaction volume to the experimental activation
HO

OH

volume. Correspondingly, near 322 K the rates of exchange

for the less labile set of bridging hydroxyls in ti@aAl;, HO  OH HO
decrease by a factor of about two with increasing pressure methyl 3.4,5-trihycroxybenzoate o
fl’0m 01 to 350 MPa, COHSIStent WIT&NV* = +7 + 1 CI’T?’ (gallic acid methyl ester) 3-[[3-3.4-dihydroxyphenyl)-1-oxo-2-propenyloxo

1,4,5-trihydroxycyclohexanecarboxylic acid
(chlorogenic acid)

mol~1. This AV* parameter would include any expansion of

the molecule to form a metastable intermediate and does

suggest significant bond lengthening in the reaction. HO. K HO. 7+
A similar set of'’0 NMR studies were conducted on the Al OF)AH0)" + HOO ~— [Allz(OH)Al(Hzo)ﬂ, HOK)}

Al 3o molecule at conditions limited to pkk 4.7 and 32-40

°C80 Although it was impossible to determine rates for

individual oxygen sites in thAl 3o, the’O NMR peak posi- HO. ki o+

tions fall into the same range as those for Ktal 1, mole- [AIIQ(OH)AI(Hzo)W’ Hod — %hz(OH)AI‘OO} +H;0"

cules. With the growth in intensities of these peaks used as ’ ki HO

a guide, rates of isotopic equilibration of thge OH, 13-OH,

and bounc:1 waﬁer mgleculles faIII broladly vr\]/ithin the s(;ame 6 LS

range as the-Ali3 and GaAl;, molecules. Thew,-OH an o Q —

uz-OH equilibrate within a couple of weeks in this temper- [AID(OH)A HO } " [AIDAKOO} +H;0"

ature range, and the peak in th® NMR spectra that is

assigned to bound water molecules varies in width with 5t o
. - . , K

temperatlzjgrse in a similar fashion as that for other aluminum A1|2A1<OJ© FAH0 e A+ %H20)4A}< Ij}

solutes ¢, ~ 0.01-0.0001 s). Thus, most of the bound 0 Y

waters on the!\l 30 probably exchange with bulk solution at

rates that fall within the range observed for other aluminum
complexes. However, signal from one anomalous group of
four »-OH; sites is not observed, indicating that these sites .

exchange at least a factor of 10 more rapidly than the otherIN9 [Scheme 1] is relatively rapid, and the final step is rapid
bound waters on théls,.8° Phillips et al®® speculated that decomposition of the modified molecule to form alumingm

these four waters were those cis to fiseOH formed by phenolate monomer complexes. This rapid decomposition
capping thed-Al15 units [Figure 5]. Subsequent work has is consistent with the documented instability @fAl ;3 in

shown that these caps are particularly reactive (see below).Phenol-rich soil solutions (see below). L
P P y ( ) Yu et all®! examined pathways whereby fluoride ion

replaces bound waters and hydroxyl bridges in @aAl1,

followed by rapid decomposition of the A’j»

3.3. Kinetic Data for Other Ligand Exchanges on

the MAI molecule. The first and most conspicuous reaction was
12 replacement of a bound water molecule on tBeAl;,
3.3.1. Reactions at Bound Water Molecules molecule:
The most extensive data on ligand exchanges involving o ke .
the MAI 1, molecules are from Forde and Hyné$who GaAl," + F — GaAIFP" + H,0 2

employed stop-flow methods to determine the rate coef-

ficients for reaction of a series of phenolic compounds The experimental conditions (40 pH < 5.5) were chosen
[Scheme 1] with the-Al 3. (In Scheme 1, the set of phenols  so that virtually all of the dissolved fluoride was present as
are shown above a typical reaction written with catechol.) the F ion, theGaAl;, molecule was fully protonated, and
This study is particularly important because, along with Yu the replaceable functional groups were usually in excess of
et al.}3it establishes that the reaction rates at the |Méé;, the fluoride concentration. The potentiometry indicated a
ions proceed via familiaryl pathways and that one can first-order reaction in both fluoride ar@aAl;,, as expected,
estimate rate coefficients. Some of the phenolic compoundsand no pH dependence. The reaction at low temperatures
studied by Forde and Hyng8are common in natural waters (278 K) was sufficiently slow to follow using a fluoride-

as breakdown products of lignin, and they bind strongly to specific electrode [Figure 12].

aluminum hydroxide colloids. The authors presented a Enough data exist to establish the reasonableness of the
pathway that involves rapid formation of an electrostatic ion Eigen—Wilkins—Tamm mechanism for ligand exchange by
pair, followed by slow loss of a bound water and formation comparing the measured rate coefficients with one estimated
of a strong inner-sphere bond. The closure of the chelatefrom the product of an equilibrium constanK.f) for
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Figure 12. Changes in the concentration of dissolved fluoride in
a 5 mL solution ofy [F] = 6 x 10-5 M before and after injection

of 0.100 mL of 1.7x 103 M GaAl; at pH= 4.5 and 278 K3!
Bound waters on th&aAl;, molecule are replaced by fluoride ions
with nearly the same rate law as that on the AllH#3*(aq) ion;
that is, the rates are first order inFand GaAl;, concentrations
and largely controlled by the rates of solvolysis. Thus, rates of
ligand substitution at the bound waters on tdl 1, molecules
are similar to monomeric aqueous complexes [Table 3]. A slower
subsequent reaction is fluoride replacementOH, which can

be followed by!®F NMR 131137
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2 can be calculated from Table 2 in Yu et &L yielding
k2’® = 7.05+ 1.2 M1 s%. To calculate the ion-pairing
constant, we use the average charge on an Al(lll) metal in
the GaAl;, molecule (+0.54), rather than thé-7 total ion
charge, to geKes &~ 0.5 M1 or kexfkealcd ~ 0.4, which is
fully consistent with the data for the phendfand consistent
with an Eiger-Wilkins—Tamm mechanism. The loss of a
bound water molecule controls the rate of the overall ligand-
exchange reaction, and this rate is relatively unaffected by
the incoming ligand.

For comparison, also included in Table 3 is the ratio
kexpykealed for the reaction

298

AP+ F S A2 4

using data from refs 133 and 134 (see also ref 216) but
recalculated to be consistent with thl ; andGaAl,, results

formation of the outer-sphere precursor and the rate of waterreported here. This recalculation follows the lead of Forde

exchange reported for thMAl 15 keaed = Kok, . The
constantKys is calculated from a version of fhe Fuoss

equationt?8.133
—z,7 € ~-72,7 &
e e
X 4greekT X 4teyekT(1 + «a)

®3)

_ 400(Nra’

K 3

0s

wherex = Q/ZOOOEZNU(GEOKT), e is the elementary charge

in coulombs,k is Boltzmann’'s constant in J K, N is
Avogadro’'s number (mol), ¢ is the vacuum permittivity
(8.854 x 10712 J 1t C?> mY), € is the dielectric constant of
water at temperature, the parameteis the distance of
closest approach of the ions {5107 m), T is temperature
in kelvin, | is ionic strength (mol L), andz. andz- are
the charges of the ions. The valuekﬂgo is given or can be
estimated from the data in Table 2.

All of the phenolic ligands used by Forde and Hyiés
are uncharged at the experimental pH and h&ye= 0.32
M~L With use ofk3’> = 1100 s?, the second-order rate
coefficient for Iigané exchange is estimated tokbss 350
M~ s71, The ratios ofk®*P{keacd vary around unity [Table
3], as expected. The experiments of Yu et*alvere carried

Table 3. A Summary of Kinetic Data for Reaction of Phenol
Ligands with e-Al13in Aqueous Solution at 25°C and | = 1.0 M
from ref 130 and for Reaction of Fluoride lon with the GaAl;,
Molecule at 278 K andl = 0.6 M from ref 131

ligand k,M~1st kexpyealed

Al Ko = 1100 s

catechol 23.6: 0.08 0.07

L-dopa 33.3:0.7 0.10

salicylic acid 11H-3.4 0.34

maltol 96.6+ 3.4 0.28

gallic-acid ester 192 6.8 0.55

chlorogenic acid 48% 16.2 1.40
GaAli, kKo =365

F 7.05+ 1.2 0.5

A I8 = 12951 Kos= 0.15 M
F 1.554+0.35 8.0

out at lower temperature (278 K) and ionic strength=(
0.6). At these conditions?/ ~ 36 s is estimated from

and Hyne¥° and ignores thée¥/, statistical factor that is
typically employed and seta = 5 x 107° m for all
molecules and ligands. Given these approximations, we
calculateK,s = 0.15 Mt at| = 0.1 and 298 K, ande*?y
kealed 22 8.0. This fluoridation reaction is well accepted as
proceeding via an EigefWwilkins—Tamm mechanism and
indicates that the reactions for thdAl 1, molecules are
probably also .

By extrapolation, ligand-exchange reactions on larger
molecules (see below), and perhaps even aluminum colloids,
will be controlled by rates of water dissociation, which fall
into the familiar millisecond range for aluminum monomers.
Oxygen exchange will involve concerted motions of the
entering and leaving groups, and it is unsurprising that ligand
exchanges on Al(lll) in these large molecules have a
considerable dissociative character. As pointed out by
Swaddle!®® the ionic radius [53.5 pm] of Al(Ill) is smaller
than the hexagonal interstices [57 pm] in an array of cubic-
close-packed spheres with radii of 138 pm, that of water in
ice, so aluminum is much more likely to decrease coordina-
tion to oxygens than to tolerate an increase in coordination
number [e.g., ref 136]. In summary, the data for exchange
of a ligand for a bound water molecule on tki&l 1, series
of molecules appear to be consistent with the results for
monomers andqlmechanisms, although high-pressure data
only exist for a single molecule.

3.3.2. Reactions at Bridging Hydroxyls

A striking result is the extraordinary difference in reactivity
of the uo-OH™tandu,-OHS° sites within thee-Al 13, GaAl i,
and GeAl;, molecules [Table 1]. Clear evidence for the
different reaction rates is particularly evident in the fluoride-
uptake experiments of Yu et & who followed the reaction
using®F NMR and potentiometry and saw peaks in tffe
NMR spectra that were assigned to both bridgind 81 to
—138 ppm) and nonbridging fluorides-148 ppm) on the
GaAl;; molecule. The results were interpreted to indicate
parallel and possibly even reversible transfer of fluoride from
nonbridging sites to the two bridging sites.

The essential feature of the rate law was that fluoride
replaces bound water molecules within seconds at 278 K
and that the twou,-OH sites form more slowly and at
different rates. The nonbridging fluoride peaks decrease in
intensity with time as peaks assigned to the bridging fluorides
increase. Notably, rates of fluoride replacemenugOH

the data in Table 2, and the average rate coefficient for eqsites are 18-1C° times more rapid than the rates of oxygen
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exchange with bulk waters into the bridging hydroxyls.
Allouche and Taulell®" found that fluoridation of the\l 13

Casey

The pH dependencies for dissociation aneOH bridge
cleavage are also wrong for these ruptures to control

molecule accelerated conversion to other isomers (see below)dissociation of the molecule. Experiments in the acid-pH

Most importantly, they found that the rate of fluoridation of
the Al is greater than that of th€aAlq,, as one expects
from the rates of oxygen-exchange into the respective
u2-OH bridges [Table 1].

Allouche and Taulel®” also studied fluoridatedAl 3

direction are limited by dissolution of the molecule in lengthy
experiments, and experiments in more basic solutions are
difficult because the molecules irreversibly link as the pH
exceeds the dissociation pH. Nevertheless, the rates of
oxygen-isotope exchange between bulk solution and\the

crystals and found peaks assignable to bridging fluorides atandGaAl. are independent of pH (over about 0.5 pH units)

—132 and—134 ppm, consistent with the earlier results.
Phillips et al**® conducted®F{ ?’Al } -transfer of populations

in double resonance (TRAPDOR) experiments in fluoride-
substitutedsaAl,—selenate crystals and found an additional
peak near—124 ppm, as well as three peaks in the range
—130 to —139 ppm that are assignable to the fluoridated
bridges, suggesting that a richer array'#%f environments

as long as pH< 6.51711° The GeAl;, has a clear pH
dependence to the exchange rates of both the bound waters
and the one set gf,-OH sites {i,-OH°%) that can be studied.
The pH dependence measured for oxygen-isotope exchange
rates in theGeAl;; is because the experimentally accessible
pH range is near to thekp value for deprotonation of the
bound water molecule$®44Thus, a bound hydroxyl labi-

can be detected with advanced spectroscopy. There is thudizes both the bound waters and thgOH, as is observed

broad agreement between the results of fluoridation with
these aluminum polyoxocations and aluminum hydroxide

aluminous clay$®*®

3.3.3. Dissociation Rates and Pathways

The fact that four central,-oxo sites remain isotopically
normal during 'O injection experiments indicates that
exchange rate laws for all other atom positions ined 13,
GaAl;,, andGeAl;; molecules are measured without com-

for the fluoride-substitute@aAl,, which is isoelectronié3!

minerals. Site-specific reaction rates can be established that3 -3.4. Formation Pathways

are probably relevant to environmental materials such as

The conventional model for forming theAl13, GaAl;,,
andGeAl;; molecules involves the initial formation of a set
of Alg(us-OH)(uz-OH)3(H,0)e°t trimers that then link to-
gether with a tetrahedral M(Olljon and assemble into the
€-Al13 and MAI 1, structures [see refs 29, 52, 61, 89, 145,
and 146]. Direct data are few, but Akitt and FartHitig
concluded that the assembling molecules wergO(LAI-
(u2-OH)2(H.0)*" dimers, based largely on their existence
in solution with thee-Al 13. A stable tetramer was postulated

plete dissociation. The rates of complete dissociation of the from X-ray scattering studies by Michot et &lfor the

e-Al ;3 alone have been measutéd!#2 and indicate that the

€-Gays. Such a tetramer must certainly form in some stage

molecule experiences many tens to hundreds of isotopicof the assembly, but neither the planar Al{@jmers nor

exchanges in the,-OH sites before it dissociates completely.
Complete dissociation of theAl13 molecule is first-order

the tetramer has been crystallized, and these molecules
probably comprise some of the missid@Al NMR in-

in proton concentration in acidic solutions and second-order tensity in a concentrated solution [e.g., refs 67 and 147].

in proton concentration at pH 2.5. The activation energies
for dissolution are also relatively small (13431.9 and 44.9

+ 4.9 kJ mot? 149 and vary with solution pH, indicating
that there are contributions of protonation enthalpy to the

The trimer, in contrast, is inferred from potentiometric
studied*®14%and is assigned an appropriate stoichiometry,
Al5(uz-OH)(u2-OH)*.

Evidence from these potentiometric titrations indicate that

temperature dependence of the reaction rate even in pHthe Aly(us-OH)(u-OH)s5* trimer exists in solutions at 4

condtions (2< pH < 3.5) that are well away from thekp

of the bound waters (pkt 6.5). Furrer et at® interpreted

the dominant mechanism at pH2.5 to involve a protonated

u2-OH site and the mechanism at pH2.5, which is second-

order in protons, to involve two adjacent protonated bridges.
The neweft’O NMR data indicate that both the-OHs'ow

and u,-OH™s! sites exchange many times before thal 3

pH < 5 but never reaches a large concentration, even in con-
centrated aluminum solutions, probably because the trimers
condense to form larger clusters. There is some spectroscopic
hint of the trimers because there is sometimes a relatively

narrow peak in concentrated solutions+atl ppm in the

2TAI NMR spectra, particularly for solutions in whichAl ;3

is being formed or decomposed [ref 81 and unpublished

molecule dissociates and that these exchanges are indeperdata]. Assignment of this peak to the planar trimer is

dent of pH (however at slightly higher pH conditions than
the Furrer et al*® study). Besides the mismatch between

the pH dependence of the dissolution and the pH indepen-

suggested by the similarity of the chemical shift to that of
the Al(O) of thee-Al;3 complex, which is composed of four
of these trimers linked together, and the small peak width,

dence of the isotope-exchange reactions, the activationconsistent with a relatively small complex. In any case, it is
energies for dissolution are much smaller than those for clear that thee-Al,3 forms via a rapid pathway during a

oxygen-isotope exchange at the hydroxyl bridgasi{ =
104 and 204 kJ mol, Table 1). Furthermore, because the

titration, as the yield depends on the rate of base additiéh
and does not reach equilibrium in a typical synthesis.

us-O remains inert even as all other oxygen sites exchange Allouche and Taullel® and Shafran et &:5° conducted

isotopes with the aqueous solution, dissociation:sOH

a detailed study of the-Al;3 — Al conversion and argue

sites cannot be key to the dissolution mechanism. One modelthat capping the-Al 3 by an Al(O); stabilizes the structure,

to account for the data is that protonation of the inarO

sites, followed by hydration, causes the molecule to dissoci-

ate. Casey et &l reached this conclusion largely by
elimination, since the time scales for dissociating all other
oxygens are too small relative to dissolution and the rate

which matches some new evidence for metal exchanges. The
slow step involves the rotation of the cap by°6By
simultaneous rupture of the more-reactppeOH bridges,
followed by monomer addition and dimerization of the
0-Al13. The Allouche and Taullel@supposition is consistent

parameters (activation energies and rate orders) are toowith the Son et at? observation that the Al(@)xaps on the

different to account for the dissolution experiments.

0-Aly3 are particularly reactive to ligand substitution.
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Remarkably, Frrer found that a solution o&-Alqs is The pillared solid is often calcined to dehydrate the poly-
metastable for at least 12 years at ambient conditions butoxocation [e.g., ref 180], and the pillars also allow addition
that over this time scale, theAl 13 converts to thel 3o plus of interlayer dopants with particularly useful properties, such
some protons [see Figure 8 in ref 81]. Clearly the elevated as catalytic transition-metal complexes [e.g., refs-1884]
temperatures that are most commonly used in synfié€%i¥ or hydrophobic organics to pick up pollutants [e.g., ref 11].
accelerate the conversion of theAl 3 to the Alzo, but the There have been several attempts to expand the number of
same pathways act at ambient conditions, albeit more slowly. aluminum polyoxocations to include tfiat-Al ;3—heidi, 10185
It would involve a substantial set of experiments, but the the GaAl;,,° 88 andGa;3.5818 There are literally hundreds
pH dependence of the conversion could considerably advanceof papers on this subject, and the interested reader is referred
the field. to refs 169-172 and 188-190 for entry into this literature.

: L 4.3. Environmental Significan
4. Uses and Environmental Significance of the 3 hvironme t_a Sig icance
Environmental interest in theAl ;3 molecule stems largely

Aqueous Aluminum Hydroxide Clusters from its reported phytoxicity [e.g., refs 191.94] and the

Thee-Al13 (and to a much lesser extent tAky) is a major potential toxicity to fish [ref 195; see also refs 19898]. It
constituent of the industrial chemical aluminum chlorohy- is also considered to provide a vector for transporting
drate (also referred to as polyaluminum chloride). The soluble pollutant$®®?®and for influencing pesticide’$*
reagent that has a ratio of OH to Al of about 235 has Natural conditions for forming the-Al 13 molecule would
the most-common stoichiometry, ADH)sCl [see refs 2, 150,  be when acidic and low-organic-acid waters mix rapidly with
and 151]. The ensemble of polymers in this chemical changesa higher-pH solution. Such an environment could be found
with aging in water [e.g., ref 152], just as in titrations [e.g., as dilution of acid rainfall percolating through sail into a
refs 68, 69, 84, and 147] and species ranging from 1000 to higher-pH stread{° or over a limestone terraf4? However,

10 000 Da can be inferred from size-exclusion chromatog- the critical pH window (4.5< pH < 6.5) is difficult to
raphy®2and reaction with size-sensitive dyes. As mentioned sample during a mixing event and theAl 13 is suppressed
above, none of these larger molecules, save foAthg can by constituents common in natural waters. It dissociates
be assigned irf’Al NMR. Smaller aluminum hydroxide  rapidly by bonding to phenolic compourid%2°3-205 and
polymers, such as trimers, are inferred experimentally [e.g., metals [e.g., ref 206] and is flocculated by anions such as
ref 147] and from calculatiod® and make up some of the  sulfaté®297 or humic acids [e.g., refs 203 and 20310].
broad unresolvable peak Al NMR spectra. Although there are doubts as to whether these polyoxocations

Although there are suspicions about toxicity from these exist in natural waters! the -Al;3 molecule has been
products, aluminum in blood plasma is usually at a common detected in soil solutior®?and its presence is inferred from
low level even in heavy uset&155although antiperspirant-  the 2’Al NMR spectra of pollutant flo@%°
induced hyperaluminemia is reported [ref 15, see also refs As mentioned earlier, the cubane-like clusters are particu-
156 and 157]. In no recorded case is a polymeric aluminum larly interesting because they relate closely to a hypothetical
cluster the toxicant, although Rao and R8woeporte-Al;; brucite packing [see ref 96]. The thermodynamically stable
in excised synaptosomes from rat brains. Entry into the structure of aluminum hydroxide is gibbsite, which has six-
toxicology literature is found in the November 2001 issue membered rings of edge-shared Al{@ctahedra and no
of Inorganic Biochemistryand review article'd-15° dealing us-OH. This gibbsite structural arrangement is central to
with aluminum biochemistry and speciation in body fluids dioctahedral clays of trivalent metals [e.qg., ref 213]. The fact

[see also ref 160]. that the flat-Al ;3 and Alg molecules form quickly in
concentrated aqueous solutions and that hydrotalcite phases
4.1. Water Treatment form in dilute solutions suggests that the cubane-like

structures may be stabilized in nature by substitution of

Polymeric aluminum hydroxide reagents are essential to 7. ; .
industries, such as paper production, that release Iarged|valent metals for aluminum. Synthesis of a model complex

amounts of tannins, phenols, and organic acids to wastewateFf,:"":‘:j."S metalséagle n sqlutlog and could be used for kinetic
[e.g., refs 13, 161, and 162]. Aluminum chlorohydrate is studies would be a major advance.

added to maintain large concentrationg-@fl 13 in solution, 5. Conclusions

which then flocculates to form cationic sols that adsorb the
organic solutes. As the flocs settle, the water is clarified,
thereby improving color and taste [e.g., refs 163 and 164],
and this treatment can even inactivate viruses [e.g., ref 165].
Alumino-silicate polymers are also used; although the
polymer structures are unknown, they probably contain a
silicate—e-Al 3 ternary complex [e.g., refs 166.68].

In the five decades since Johans®%oft isolated and
crystallized thes-Al 13 polyoxocation, hundreds of scientific
studies have been conducted on aqueous aluminum hydroxide
polyoxocations, largely because of their use as clay pillars.
Interest in these aluminum clusters is resurging now because
of their use as kinetic models for understanding agueous
environmental reactions. The field is reinvigorated by the

MNari persistent effort by a handful of research groups that have
4.2. Pillaring Agents isolated and separated the large polymers that have long been

Thee-Al;3 molecule is among the most common pillaring  suspected to exist in hydrolyzed aluminum solutions. The
agent for clays [see refs 16473] and anionic layered solids, isolation and structural characterization of Il 3, Alsg,
including titanates, manganat€$!’®> and molybdate%’® and cubane-like clusters (e.g., tiat-Al 13) provide new
Briefly, the e-Al13 molecule props open the interlayer spacing kinetic models for experiments in aqueous solutions. Fur-
of the material, which increases the microporosity [e.g., ref thermore, the rate at which these molecules are being found
177], and affects the Lewis and Brgnsted acidity and proton is accelerating, as the new methods of supramolecular
conduction of the material [e.g., refs 178 and 179] and the complexation and separation help uncover clusters such as
ion-exchange properties [e.g., ref 179; see ref 172 for review). the Gag.
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(26) Johansson, G.; Lundgren, G.; Sill&. G.; Salerquist, RActa Chem.

This work is important because these 2 nm aqueous
Scand.196Q 14, 769.

cIusters_prowde windows into the compllcatgd processes that (27) Johansson, Girk. Kemi1963 20, 305.

affect minerals and the world around us. Using the aluminum (2g) johansson, Grk. Kemi1963 20, 321.

hydroxide clusters and modern spectroscopies, scientists can(29) Akitt, J. W.; Farthing, AJ. Chem. Soc., Dalton Tran$981, 1981,
now follow isotope-exchange and hydrolysis reactions in 20 %362“4- Ly M- Fiess £ poitior 18N
ways that are impossible with aluminum hydroxide colloids, % Cﬁeﬁﬁ’%d G poga L IeSSINgen T FOMEn, FLEYS.
and they are uncovering surprising reactivity trends. Fur- (31) Ait, J. w. Prog. NMR Spectrosd.989 21, 1.

thermore, the experimental results are at an appropriate scale(32) Bertsch, P. M.; Layton, W. J.; Barnhisel, R.$oil Sci. Soc. Am. J.

to test algorithms of computational chemistry. Thus, experi- 1986 50, 1449.
mental probing of these 12 nm aluminum hydroxide

molecules advances our ability to predict reactive properties

for many materials in water. In this sense, the aluminum

(33) Bertsch, P. M.; Thomas, G. W.; Barnhisel, RSail Sci. Soc. Am. J.
1986 50, 825.

(34) Kloprogge, J. T.; Seykens, D.; Jansen, J. B. H.; Geus, J. Won-
Cryst. Solids1992 142 94.

(35) Kloprogge, J. T.; Seykens, D.; Geus, J. W.; Jansen, J. B. Non-
Cryst. Solids1992 142, 87.
(36) Simpson, S. L.; Powell, K. J.; Nilsson, Nils H. Snal. Chim. Acta

polyoxocations are distinct from other polyoxometalates (e.g.,
tungstates) that have limited similarity to natural materials.

Aluminum hydroxide substrates are everywhere in our lives, 1997 343 19.
and we have little quantitative understanding as to how the ©7) fggg%@ F;s'\?f'-? Anderson, M. A.; Layton, W.Magn. Reson. Chem.

form, dissolve, and react with other solutes in natural waters. (3g) Ferguson, J. H.; Kustin, K.; Phipps, lorg. Chim. Actal9gq 43
49.

(39) Parker, D. R.; Bertsch, P. NEnviron. Sci. Technol1992 26, 908.
(40) Parker, D. R.; Bertsch, P. NEnviron. Sci. Technol1992 26, 914.
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