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Abstract—Rates of steady exchange of oxygens between bulk solution and the largest known aluminum
polyoxocation: ALOgAl,g(OH)se(H-0),68"(aq) (Alyy) are reported at pH4.7 and 32—-40°C. The 4)
molecule is a useful model for geochemists becausesifisim in length, comparable to the smallest colloidal
solids, and it has structural complexity greater than the surfaces of most aluminum (hydr)oxide minerals. The
Al5, molecule has 15 distinct hydroxyl sites and eight symmetrically distinct bound waters. Among the
hydroxyl bridges are two sets @f,-OH, which are not present in any of the other aluminum polyoxocations
that have yet been studied by NMR methods. Rates of isotopic equilibration qi#@H and u;-OH
hydroxyls and bound water molecules fall within the same range as we have determined for other aluminum
solutes, although it is impossible to determine rate laws for exchange at the large number of individual oxygen
sites. After injection of-’O-enriched water, growth of tH€O-NMR peak near 37 ppm, which is assigned to
1-OH andus-OH hydroxyl bridges, indicates that these bridges equilibrate within two weeks at temperatures
near 35°C. The peak at22 ppm in the' ‘O-NMR spectra, assigned to bound water molecule®H.), varies

in width with temperature in a similar fashion as for other aluminum solutes, suggesting that most of the
1n-OH, sites exchange with bulk solution at rates that fall within the range observed for other aluminum
complexes. Signal from one anomalous group of fg®H, sites is not observed, indicating that these sites
exchange at least a factor of ten more rapidly than the ofh®H, sites on the Al,. Copyright © 2003

Elsevier Ltd

1. INTRODUCTION bonds away from the.,-OH also dramatically affect the rates
o ) ) ) of oxygen-isotope exchange (Phillips et al., 2000; Casey et al.,
Earth scientists will come to rely heavily on computer sim- 2000: Casey and Phillips, 2001; Lee et al., 2002), yet the rates

ulations of geochemical reactions because so many environ- ¢ oy change of bound water molecules with the bulk vary only
ments are either in geologic settings that are impossible to by a factor of about five and fall into the same range as

sample or because th_e time scal_es are too Iarge_for experimentaluminum monomers. Furthermore, for the, Anolecule, the
MethO(_js of computational chemistry are advancing rapldly_but bridging hydroxyls exchange many times before a molecule
they simulate molecular-scale processes, not bulk reactions. yisso1ves and dissolution appears to be controlled by reactions
There is relatively little |nfqrmat|0n on geochem!cally IMpor- o+ highly coordinated interior oxygens (i.eu,-O). Similar
tant molecular-scale reactions, yet understanding these Pro-penavior might be expected for minerals, such as boehmite, that

cesses is essenti_al fpr improving our computer methods. exposew,-O andu,-OH, particularly if they are exposed at the
To advance this field, we are determining rates of oxygen edges of crystallites and steps.

exchange at different sites in simple aluminum molecules using In the present work, we extend our work to the largest

NMR spectroscopy. The r;?‘lzecules range in size from simple 4,minum polyoxocation for which the structure is known, the

agueous monomers.(e.g., 3 Yu.et a]., 2001) to multimeric ~ Alg (Alsg = AlLOALL(OH).(H,0),c8" (aq)) molecule. The

complexes that are intermediate in size between a MONOMENIC A~ "ic ~2 nmin length and exposes oxygens in many different
30

solute and a colloidal solid (Philips et al., 2000; Casey et al., ;qorgination environments to the aqueous solution. Although
2000; _Casgy and Ehllllps, 200_1’ Lee et al., 2002). the polymer was first identified iA’AI-NMR spectra several
Multimeric species are particularly important because they years ago (Fu et al., 1991), it was only recently crystallized by

expose distinct sets of bridging oxygens to the aqueous solu- Allouche et al. (2000) and Rowsell and Nazar (2000) for X-ray
tion, which our studies show can have surprisingly different determination of the structure and stoichiometry
reactivities. For example, there are two types of bridging hy-

droxyls in the MAI,, e-Keggin complexes MAI,, = Al

GaAl,,, GeAl,,) that differ principally in their position relative ~ 1.1. Structure of the Al;, Molecule

to the uw,-O. For any one of these molecules, these two sets of

u,-OH exchange oxygens with bulk solution at rates that differ ~ The structure of the A}, is best understood by first exam-

by a factor of at least 44. Substitutions at metal sites several iNing the smallere- and 5-Keggin isomers of the Ak mole-
cules (Figure 1) because they are building blocks for the larger

Al The Al,; molecule that is most familiar to geochemists is

*Author to whom correspondence should be addressed thee-isomer of the Keggin family of structures (see Pope 1983,
(whcasey@ucdavis.edu). p. 27). The Al; version of thee-MAI,, molecules has been
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rotated trimeric group
with corner-shared Al(O) g

\

Hz-OHc\;! E ; 3

2-OH?

trimeric group with
edge-shared Al(O)g

Fig. 1. Polyhedra representation of two known isomers of the Al 5
polyoxocations: a) The e-Keggin isomer has four distinct types of
oxygens (see Phillips et a., 2000). There are twelve identical bound
water molecules (n-OH,), four identical w,-O and two sets of twelve
w,-OH (labeled p,-OH? and w,-OHP) that are distinguished by their
position relative to the u,-O. b) The 8-Keggin Al,; moleculeis similar
to the e-Keggin, but has one trimeric group rotated 60° so that it links
to other trimeric groups by corner-shared Al(O)s, not edge-shared
Al(O)g as in the e-Keggin isomer. The rotated cap gives rise to an
additional topologically distinct u,-OH (labeled p,-OH®) that links two
corner-shared Al(O)g and reduces the symmetry to C,,, producing
additional symmetrically distinct sites for p,-OH? and p,-OHP.

found in nature (Hunter and Ross, 1991; Rao and Rao, 1992)
and has long been used as an experimental model for mineral
surfaces (e.g., Wehrli et a., 1990; Bradley et a., 1993; Phillips
et al., 2000). The e-Al,; exhibits T4 symmetry and contains
four types of oxygens (Fig. 1-a.): (i) bound water molecules
hydroxyl bridges (u,-OH? u,-OHP; twelve each), and (iv)
four-coordinated oxo groups (w,-O; multiplicity four). The
structure can be viewed as consisting of four (Al;0,5) trimeric
groups, each containing the u,-OHP-u,-O edges. These trimers
are connected to one another through the w,-OH® u,-OH*
edges (Fig. 1-a).

The &-isomer of the Al,; molecule differs from the e-isomer
by rotation of one of the four (Al;0,3) trimeric groups by 60°
so that it links to the rest of the molecule through six shared
apices, not edges (Fig. 1-b). The 8-Al,5 structure has more
types of oxygens than the e-Al,5; molecule because of the
introduction of the corner-shared w,-OH® and the resulting
reduction in symmetry from T4 to C,,,. For example, the 8-Al 5
contains three distinct sets of n-OH, and two types of u,-O,
based upon their positionsrelative to the rotated trimer (see Fig.
1-b).

The Al;, molecule can be viewed as two 8-Al,; molecules
that face one another at the rotated trimers and are bonded via
two distinct Al(O)g linkages (Fig. 2.)

1. Linkage Set #1 consists of Al(O)g groups that share three
edges at the apices of the 8-Al 5 units, forming a nonplanar
tetrameric cap on each of the two 8-Al,5-like molecules.
These linkages form three adjacent u;-OH groups on each
tetrameric subunit.

2. Linkage Set #2 consists of Al(O)g groups that connect the
two modified 8-Keggin molecules to one another at the
tetramer caps, via four corner-shared w,-OH bridges.

Although there are 15 inequivalent hydroxyls in the Alg,,
assuming C,, symmetry, it is useful to identify a smaller
number of topologicaly distinct groups (Fig. 3, Table 1) that
contain sites of similar structural positions, but are symmetri-
caly inequivalent:

1. Eighteen u,-OH linking edges of Al(O)g together within the
unrotated Al;O,; trimers. These u,-OH(1) sites are analo-
gous to u,-OHP of the e-Keggin Al (Fig. 1) and lie
adjacent to one p,-O.

2. Twelve u,-OH linking the edges of (Al;0,3) trimers to-
gether in the 8-Al  5-like subunits. These u,-OH(2) sites are
analogous to the u,-OH?in Figure 1 and are adjacent to two
pg-O.

3. Twelve corner-linking u,-OH(3) formed by rotation of one
of the (Al;0,5) trimers in the two 8-Al,5-like moieties.

rotatad trimeric group
with cornar-shared A!(O)s
:. o ‘. Linkage Set #1
Linkage Set 42 “.'7 - “:‘. Linkage Set #1
/‘1 '-mo-'l"i- 3 \

molecule

B teframeric cap
on a 8-Keggin

Fig. 2. The Al 5, structure viewed with the two 6-Keggin Al,; moieties separated (left) and two sets of connecting Al(O)g
polyhedra identified as Linkage Set #1 and Linkage Set #2. The same molecule in unexploded view is on the right. Solid
symbols (@) are placed on the edge-shared (Al;0;5) trimeric groups to emphasize the similarity of this structure with the

e-Keggin isomer (Figure 1-a).
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Fig. 3. Sets of topologically distinct w,-OH (left) and n-OH,, (right) discussed in the text. The two sets of equatorial

Al(O)g linkages are also identified, as in Figure 2.

4. Four p,-OH(4) that link corner-shared Al(O) in the equa-
torial region of the Al,,, which lie between Linkage Sets #1
and #2 (Fig. 3), and are cis to two u,-OH.

5. Four w,-OH(5) linking corner-shared Al(O)g in the rotated
trimeric (Al;0,5) and Linkage Set #2 (Fig. 3) that are also
Cis to two pus;-OH.

6. Six us-OH(6) within the tetrameric cap formed by connect-
ing Linkage Set #1 to the rotated trimeric group.

The w,-O sites in the Al (eight total) are very similar to
those in the 6-Al,; molecules and link the two tetrahedrally
coordinated aluminums (Al(O),) to the outer part of the mol-
ecule. These u,-O comprise two distinct sets based upon their
positions relative to the rotated trimer.

There are 24 bound water molecules (n-OH,) on the Alg,
that comprise eight distinct sitesin C,, and can be grouped into
five topological sets (Fig. 3):

1. Twelve n-OH, that are on the basal rings of the 5-Al5-like
moieties.

2. The remaining six n-OH, on the 8-Al, ;-like moieties that
are adjacent to the rotated (Al;0,3) trimeric group.

3. Two 1-OH, in the tetrameric caps that are trans to a w,-O.

4. Two n-OH, in the tetrameric caps that are on Linkage Set
#1 of Al(O)e.

5. Four n-OH, on Linkage Set #2 in the equatorial region.

These groupings are convenient for discussion of the NMR
results below, which cannot resolve all of the distinct oxygen
sites. We note that Allouche et a., (2001) found evidence that
the Al 5, sulfate salt exhibits C_ symmetry, which would require
all 88 oxygens be inequivalent. For the Al;, aqueous complex,
we believe any distortion from the topochemical symmetry is
likely to be averaged to C,, on the NMR time scales.

A qualitative guide to the reactivity of different oxygensin

Table 1. Structurally distinct oxygen sites on the Al;, complex.

OH-site? type polyhedral linkage total symmetrically distinct®
1 mo-OH edge 18 4; 4:8:2:4
2 u-OH edge 12 4; 2:4:2:4
3 mo-OH corner 12 3, 444
4 u-OH corner 4 1
5 mo-OH corner 4 1
6 mg-OH 3-edges 6 2; 4:2
n-OH, site® adjacent OH-sites total symmetrically distinct”
1 11,22 12 3, 444
2 11,33 6 2; 4:2
3 3,3,6,6 2 1
4 4,4,6,6 2 1
5 455 4 1

2Label numbers refer to Figure 3.

b Assuming C,,, symmetry. These numbers list the number of types of sitesin the set (e.g., ‘4’), followed by the multiplicity of each (e.g., 4:8:2:4).
When added, the number of positions sums to the total (e.g., 18).
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Table 2. Solution compositions. The composition of sample 36_53 was measured by wet-chemical analysis and the solute concentrations in other
samples, except pH, were calculated from the mass of salts and the volume of H,, 2’0 added. The total dissolved concentrations are in molar units.

Precisions (triplicate analyses) for measurements are given in parentheses. n. d. = not detected; d. |. = at or below detection limit.
Sample pH* SAl SNa 3Se SMn 3Cl 3Ba
Stock Solution
36_53 4.67 0.997 43 1073 2.210°¢ e 0.574 0.0455
(+0.039) (x1.6 - 1079 (+0.003) (x11-10°% (+0.026) (+0.026)
1’O-injection samples
35 18 4.69 0.499 2.15 103 d. . 0.2498 0.787 0.0228
35 21 461 as 35 18
35 24 4.64 “r
35 27 4.70 .
35 297
170-equilibrated sample
35 422 0.095 0.215 0.296 0.878

125°C, electrode calibrated in 2.0 M NaCl 2 pH not measured; calculated concentrations

the Al can be found in studies of other aluminum multimers
and inert-metal complexes (e.g., Springborg, 1988; Richens,
1997). Generally, lability decreases with the number of similar
metals bonded to the oxygen. For example, at 25°C the char-
acteristic time (7,9g) for exchange of the n-OH, in the Al 5
multimer is T,gg~1 ms, for the two sets of p,-OH T,55~17 h
(mo-OHgow) and mog5~1 min (u,-OH;.o), et the w,-O do not
exchange with the solvent unless the Al,; molecules dissolve
and then reassemble (Phillips et al., 2000).

2. METHODS
2.1. Composition of Experimental Solutions

The Al 4, salt was prepared using a method similar to that described
by Allouche et al. (2000) and its purity was determined by 2’Al-MAS
NMR. Crystals of the Al;y-selenate salt were ground with BaCl, and
extracted with ~12 mL of isotopically norma water, followed by
ultrasonic agitation and filtration. This extraction causes the crystals to
dissolve and release Als, molecules to solution, but the selenate is
retained as a barium-selenate precipitate. The concentration of Al in
the resulting stock solution (36_53) was 0.033(=10%) M and the
agueous Al, complex accounts for virtualy all of the dissolved alu-
minum. The analytica aluminum concentration in 36_53 was
0.997,(+0.04)M and the analytica chloride concentration was
0.574,(£0.0026) (Table 2). Assuming that al dissolved auminum
were present as Aly, complex, as indicated by the 2’Al-NMR spectra,
the calculated cationic charge concentration is 0.598 mol/L, within 5%
of the measured anionic concentration of the CI— counter ion (Table 2).

Oxygen-exchange rates were measured by an injection technique
with 7O-NMR detection. Injection experiments were begun by mixing
1.2 mL of *O-enriched water (35%, Isotec Laboratories) with 1.2 mL
of the isotopically normal Alg, stock solution (sample 36_53), then
acquiring *’O NMR spectra as a function of time over several weeks.
The initial *’O-solution contained 0.5 mol/L MnCl, and the stock
solution contained ~0.033 mol/L in Alg, (Table 2). This procedure
resulted in ~0.017 mol/L solution of isotopically normal Alg,ina0.25
mol/L solution of MnCl, at pH~4.65-0.05 that was enriched to ~17%
in H,"0. before mixing, all of these solutions were separately brought
into thermal equilibrium with a water bath at selected constant tem-
peratures between 32 and 40°C. The time from mixing of the solutions
to collection of the first spectrum was usualy ~7 min.

The pH is highly buffered by the Al;, and was nearly constant with
time and temperature, so that pH measurements could be confidently
completed after an experiment. The solution pH was determined using
a combination electrode that was calibrated on the concentration scale
by ftitrating solutions of 2.0 mol/L NaCl with a strong acid. The
apparent ionic strength (1,) of the experimental solution is extremely
high (1.>13 mol/L) because the +18 charge of the Al ion is squared
in the equation for apparent ionic strength. Because of this high ionic

strength, the uncertainty in the pH measurement arises from the junc-
tion-potential corrections and is probably on the order of =0.2 units,
which is much larger than the experimental precision of =0.05 units.

The *’O-equilibrated sample, 35_42, was prepared by adding 1.0 mL
of 0.539 mol/L AIClto 4.0 mL 8% H,*"O and titrating with 0.110 mL
of 10.0 mol/L NaOH solution a 75°C. The resulting solution had
SOH"

Al

nation via 2’Al-NMR, until the sample contained mostly Al,, as the
dominant aluminum species.

= 2.04 and was aged for several weeks, with periodic exami-

3. RESULTS
3.1. Spectra of Isotopically Equilibrated Al

The Al NMR spectrum of sample 35 42 (Fig. 4, top)
indicates it contains the Al 5, polyoxocation as the predominant
aluminum-containing species, consistent with the bulk compo-
sition of the solution. The broad peak near +70 ppm arises
from the central Al(O), sites of Al, (Rowsell and Nazar, 2000;
Allouche et a., 2000) and corresponds to about 92% of the
integrated intensity in the tetrahedral region. This sample also
contains a small amount of Al 5, which yields the small, sharp
peak near +63 ppm, and a polyoxocation of unknown structure
that gives a shoulder near +76 ppm (the “Algg" of Fu et a.,
1991). The absence of a peak near O ppm indicates very low
concentration of monomeric aluminum species (AlI**(ag) +
AIOH2*. .. in rapid exchange equilibrium). The large peak
near +10 ppm is the unresolved signal from all the octahedral
aluminum in the polyoxocations.

The O NMR spectra of the isotopically equilibrated sample
(35_42) at 40°C (Fig. 5 -a) are broadly similar to those of other
polyoxocations of aluminum (Thompson et a., 1987; Phillips
et al., 2000; Casey et al., 2000; Casey and Phillips, 2001; Lee
et al., 2002) and contain a sharp peak that we assign to bound
water molecules near +22 ppm, a broader peak near +37 ppm
and a narrow peak near +55 ppm. Signal from the solvent
waters is broadened beyond detection by interaction with para-
magnetic Mn(I1) that was added to the solution before record-
ing the NMR spectra. The appearance of this spectrum changes
with temperature, primarily due to changes in peak widths. The
peaks at +37 and +55 ppm narrow with increasing tempera-
ture, consistent with peak width dominated by quadrupolar
relaxation, whereas the peak at +22 ppm broadens with in-
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Fig. 4. Al NMR spectra of Aly, samples used for this study, at
70°C. Bottom: 36_53 stock solution used as starting materia for the
oxygen isotopic equilibration experiments; Middle (two spectra): typ-
ical spectra during an oxygen exchange experiment, with elapsed time
since addition of the *"O-enriched Mn(Il) solution. Top: 35 42 Al
solution prepared in *’O-enriched water. Peak at +70 ppm arises from
the Al(O), centers of the Al complex. Sample 35_42 contains asmall
amount of Al,5 (8 = 63 ppm) and all samples contain a small amount
of Alpg impurity (8 = 76 ppm). Spectra acquired at 130.3 MHz with
single-pulse excitation.

creasing temperature due to the influence of chemical exchange
of these bound waters with solvent. Widths of the peaks at +37
and +22 ppm could not be quantified in any meaningful way
because they comprise signals from many distinct sites and
cannot be adequately fit by single Lorentzian-shaped curves
(see Appendix 1).

The relative intensity (integrated area) of the pesk at +22
ppm decreases significantly with increasing temperature over
the interval 50—70°C as the exchange rate for distinct sets of
bound waters become fast enough to broaden the corresponding
resonance into the baseline. We were unable to measure the
exchange rates of the bound waters with the line-broadening
technique due to the unresolved contributions from the eight
distinct sets of bound waters. However, the temperature range
over which the signal could be observed suggests that the
exchange rates for most of the bound waters are similar to those
of the Al 5 and GaAl,, molecules (Phillips et al., 2000; Casey
and Phillips, 2001).

Relative integrated intensities for the three peaks in the *’O
NMR spectrum of 35_42 were obtained from a least-squares fit
to a sum of five Lorentzian curves. For an acceptable fit, the
peaks at +37 and +22 ppm each required two curves, differing
primarily in peak width, due to the large number of distinct
sites (for C,, symmetry, eight n-OH, and 15 u-OH) on the
Al 5, complex (see Appendix 1). To compare the relative 'O
peak intensities to the stoichiometric ratios for Al,, we nor-

a) 35_42

F

b) 35_24

21.9

11.4

Intensity (arb. units)

il

6.9

2.5

0.1
frrrprrrrprr e rerrprrTivTr

120 80 40 0 -40 -80
ppm from tap water

Fig. 5. YO NMR spectraat 40°C of Al,, samples; a) Sample 35_42,
prepared with uniform *’O-enrichment at all oxygen sites; b) Spectra
from a typical oxygen isotope equilibration experiment (35 24, T =
313 K). Times are elapsed time since addition of *’O-enriched water.

malized the pesk intensities such that the narrow, well-resolved
peak at +55 ppm corresponds to the eight w,-O on the com-
plex. The normalized intensities for the other peaks correspond
to 56(*1) hydroxyls (+37 ppm) and 22(*+1) bound waters
(+22 ppm) at 40°C (estimated to 1o uncertainties). These
values indicate that all the Al hydroxyls are observed (56 by
stoichiometry), but that about four of the 26 bound waters are
not observed at these temperatures, most likely due to large
peak width arising from very rapid exchange with the bulk
waters. The concentrations of the other species (Al; and Al 3)
are too low to significantly affect these intensity ratios. Any
isotopic fractionation among the oxygens on the complex
should be too small to detect by NMR, because solution 35_42
was prepared directly from ’O-enriched water.

3.2. Rates of *"O Isotopic Equilibration

The 2’Al NMR spectrum of the 36_53 (Fig. 4 bottom) shows
the presence of Algg, from the peak near +70 ppm that arises
from its two unresolved Al(O), sites, with a small amount of
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the “Algy" species (corresponding to less than 5% of the
Al(O),) that contributes a slight asymmetry to the tetrahedral
Al peak that can befitted by a peak centered near +76 ppm (Fu
et a., 1991). No changes in the 2’Al-NMR spectra or pH were
observed upon mixing with the *’O-enriched Mn(I1) solutions
or over the subsequent course of any of the oxygen-exchange
experiments (Fig. 4 middle), except for a constant downfield
shift of peak positions in the Mn(l1)-containing solutions. This
shift arises from magnetic susceptibility effectsand is corrected
in Figure 4. Differences in peak widths between the 36_53
stock solution and sample 35_42 (Fig. 4 top and bottom) are
due to differences in quadrupolar relaxation rates related to the
much different ionic strengths of these solutions (Table 2).

The variations in the Y"O-NMR spectra with time after
mixing the isotopically normal 36_53 solution with *’O-en-
riched water (Fig. 5-b) are very similar to those observed for
similar experiments with the MAI,, e-Keggin molecules (Phil-
lips et al., 2000; Casey and Phillips, 2001; Lee et a., 2002).
Thefirst spectrum taken shortly after mixing (=7 min) contains
a large peak near +22 ppm, assigned to the bound water
molecules (Fig. 5-b bottom). Compared with the signal from an
external coaxial solution (peak near —100 ppm is not shown in
Fig. 5), the intensity of the peak at +22 ppm shows no signif-
icant change as a function of time throughout the experiment,
indicating that isotopic equilibration of the bound waters is
very rapid.

At short times a shoulder is present downfield from the peak
at +22 ppm that appears initially as an asymmetry near the
baseline but gradually grows with time to a distinct peak
centered near +37 ppm. We assign this peak at +37 ppm to the
hydroxyl oxygens on the molecule, consistent with previous
work on the MAI,, e-Keggin molecules (Phillips et a., 2000;
Casey and Phillips, 2001; Lee et a., 2002). At all temperatures,
the intensity ratio for the peak assigned to hydroxyls to that
assigned to bound waters (R(t) = | 5_37ppmf! 5 22ppm) iNCreases
with time in several apparent steps (Fig. 6): an initial rapid
increase to about R(t) ~ 0.8 over the course of several hours,
followed by a slower rise to near R(t) ~ 1.7 over the first day,
followed by a much slower, asymptotic approach to R(t) ~
2.4,(=0.1) over a period of 1-2 weeks.

These relative intensities were obtained from least-squares
fits of the spectra as described above for sample 35_42, using
two curves each for the peaks at +37 and +22 ppm. The fitted
values are very sensitive to small phase adjustments (yielding
variations of several percent), which resultsin uncertainties that
are dominated by non-random errors and much greater than for
earlier studies of the e-Keggin MAI,, complexes. For these
experiments, R(t) represents the average number of hydroxyls
that have undergone exchange, normalized to the number of
observed bound waters, because the intensity of the bound
water peak does not change significantly with time and isotopic
equilibration of the cluster does not significantly alter the
isotopic composition of the reservoir.

After several weeks of equilibration, R(t) approaches avalue
very similar to that obtained for sample 35_42 (56(*1)/22(*1)
= 2.54(*0.1)), which was prepared with uniform isotopic
composition among the oxygen sites. None of the isotopic
equilibration experiments produced a peak near +55 ppm for
the w,-O groups (cf. Fig. 5-a and 5-b). Assuming our detection
limit is about one percent of the integrated intensity, this result

25

-
)]
L

=y
o
1

R [37 ppm]/I [22 ppm])

0.5

0.0

0 100 200 300 400 500
t(h)

Fig. 6. Typical plot of the ratio of integrated intensity for the O
NMR peak at +37 ppm, assigned to hydroxy! sites, to that for the peak
at +22 ppm due to bound water molecules with time elapsed since
addition of *“O-enriched water. Sample 35 24, T = 313 K. Line
represents aweighted least squaresfit of the datato Eqgn. 1, yielding the
coefficients and time constants in Table 3. Dashed line is a similar fit
employing two time constants (cf. three for Egn. 1), which yields low
vaues of R(t) at long times for all samples. Inset shows initial data at
expanded scale.

indicates that the characteristic time for steady-state exchange
of the u,-O with solvent is greater than about 33 weeks.

For comparison of the results at different temperatures, we fit
R(t) to a sum of three exponentials:

R(t) = a(1 — exp(m/t)) + ax(1 — exp(n/t))
+ a1 — exp(ri/t)) (1)

using weighted non-linear least-squares methods, where the
constants a, are proportiona to the number of sites in a stoi-
chiometric unit contributing to the peak intensity, and =, are
characteristic time constants (Table 3). Three time constants
could describe the observed changes in R(t) at all temperatures,
even though the Alz, complex contains 15 inequivalent hy-
droxyl positions in at least six topologically distinct groups
(Fig. 3, Table 1). Fits using two time constants modeled the
datareasonably well at short times, but gave systematically low
values for R(t) at long reaction times for all samples (Fig. 6).
Uncertainties in the fitted parameters listed in Table 3 are the
square root of the corresponding diagonal elements of the final
covariance matrix. These values resulted from weighting the
R(t) values according to an estimated uncertainty of =0.01 (1o)
in the absolute integrated intensities of the hydroxyl and bound
water peaks, normalized to a total spectral intensity of unity,
which yields increasing uncertainty in R(t) with reaction time
(Fig. 6). These uncertainties are given solely to illustrate min-
imum values, because the spectral data reduction and fitting are
subject to systematic and non-random errors due to the limited
resolution and sensitivity of fitted intensities to baseline and
phase corrections.

The variability in the fitted values a and 7, (Table 3) at
similar conditions (e.g., 32°C) is too large for detailed inter-
pretation. As a result, we do not attempt to derive activation
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Table 3. Results of |east-squares fits of integrated intensity ratios to Equation 1 for the isotopic-equilibration experiments.

& 71(h) &% & A® n,° N, N3
Sample T (K) (£0.04) (=0.2) (x0.07) 75(h) (+0.10) 73(h) (=0.13) (r(n))° (=2 (£3) (=4
3518 305 0.42 0.3 0.73 3D 1.29 54 (10) 244 29 10 17 30
35 21 309 0.78 0.6 0.82 16 (5) 0.88 80 (30) 248 34 18 19 20
35 24 313 0.67 0.3 0.59 5(2) 1.10 28 (10) 2.36 14 16 14 26
35 27 305 0.56 0.3 0.51 3(2) 133 43 (10) 241 24 13 12 31
35 29 305 0.69 0.5 0.67 6(2) 1.20 89 (20) 2.56 43 15 15 26

aA = a + a + a; ° Weighted average time constant: (1) = A’lgam; °n =56 -a - A~% 9 Minimum uncertainties (see text); those for 7,

and 75 are given as last digits.

energies from changes in equilibration times with this small
range in experimentally accessible temperatures. However,
there is some broad agreement with respect to the numbers of
exchanging hydroxyls in each apparent step and the approxi-
mate corresponding timescales. Excluding sample 35 21,
which produced unusually large scatter in the kinetic curve, the
most labile group consists of about 14(+3) of the hydroxyls, a
similar number, 14(+3), have intermediate reactivity, whereas
a significantly larger number of the hydroxyls (28(*+4)) are
comparatively inert (Table 3). These values assume that al 56
hydroxyls exchange, as is suggested by comparison of the final
R(t) values attained at isotopic equilibrium (egual to the fitted
A values, Table 3) with the results for sample 35_42.

4. DISCUSSION

4.1. Comparison with other Aluminum Complexes

The structural complexity of the Al;, molecule precludes
evaluation of the full rate law for exchange reactions of each
individual oxygen site. Furthermore, it is difficult to substan-
tially lower pH for long periods of time without dissociating
some of the Al,, molecule into smaller multimers of unknown
stoichiometry and lifetimes, and raising pH causes gel to form.
However, even these partia results provide important conclu-
sions that relate to the reactivity of mineral/fluid interfaces.

First, it is clear that the rates of isotopic equilibration of
oxygens in hydroxyl bridges fall within the range observed for
other aluminum complexes, which suggests a strategy for as-
signing the kinetic results to groups of structura sites. Values
of 7, (Table 3) range from 3 to 6 h in this temperature range
(ignoring sample 35_21), compared to 2.5 to 7 h measured for
the p,-OH; . Of GaAl,, (at 40 and 32°C, respectively; Casey
and Phillips, 2001). Similarly, 75 ranges from about 30 to 90 h
for Al,,, compared to 47 to 169 h for u,-OHg,,, of GaAl,,
(40-32°C). In comparison, the hydroxyls of Al,; appear to be
anomalously labile (eg., lifetime less than one minute for
mo-OH; .« & 32°C; Casey et al., 2000), which might relate to
the strain caused by the unusually long bonds between the
Al(4) and the p,-O (see Table 4 in Lee et a., 2002).

Comparison of the fitted n; values (Table 3) to the stoichio-
metric ratios (Table 1) suggests that the least-labile group of
Al hydroxyls probably includes the w,-OH(1)-type sites (see
above), because there are more of these (18) than would be
consistent with fitted values of n; or n,. Considering the struc-
tural similarity of these u,-OH(1) sites to the u,-OHP of the

e-Keggin MAI,, molecules (cf. Fig. 1 and 3) and the similar
timescale of reaction of w,-OH(1) sites (represented by 75) and
mo-OHg,,, Of GaAl,,, these observations suggest assignment of
the w,-OHy.,, Site to the structural site u,-OHP (Fig. 1) in the
GaAl,, molecules; that is, the u,-OHg,,, iS within a trimeric
group in the GaAl,,, not between trimers, which makes intui-
tive sense. Likewise, assignment of the u,-OH(2) site in the
Aly, to the group of intermediate lability is suggested by its
structural and kinetic similarity to the p,-OH*and p,-OH;_ Of
GaAl ,,, respectively, and is consistent with the stoichiometric
ratios and fitted n, values. The presence of a group of about 10
to 16 very labile hydroxyls (7, of about 0.5 h) distinguishes the
present results for the Al,, from those for the GaAl,,. These
highly reactive sites probably correspond to hydroxyls in cor-
ner-linked configurations (e.g., w,-OH(3)), because there are
no analogous sites on the GaAl,,. To account for the large n,
values requires that some of the remaining sites (one or more of
to-OH(4); w,-OH(5); ns-OH(6)) belong to the more slowly
reacting group of hydroxyl sites. We speculate that the p,-OH
are probably less labile, considering that three bonds must be
broken to exchange this oxygen with solvent water. The total
number of w,-OH(1) and us-OH(6) hydroxyls per molecule
(18 + 6) approaches the fitted ng values.

Secondly, the ,-OH sites are observed to exchange with the
aqueous solution, which is important because minerals such as
boehmite expose highly coordinated oxygens to the aqueous
phase. We expect the u,-OH and w,-OH bridges near edge and
kink sites at mineral surfacesto exchange with water molecules
in bulk solution on a similar time scale. Using 100 kJ/mol as a
typical apparent activation energy for exchange of a hydroxyl
bridge (Springborg, 1988; Phillips et al., 2000; Casey and
Phillips, 2001), rates of exchange should proceed ~10? times
more slowly at field temperatures of ~5°C than at the experi-
mental temperatures of 40°C. Extrapolation of these results
suggests that w,-OH groups at the surface edges of aluminum
(hydr)oxide minerals will isotopically exchange with bulk so-
lution within a period of months at 5°C.

Thirdly, most of the bound water molecules on the Al
appear to equilibrate with bulk solution at rates that are similar
to those observed for other aluminum complexes. Although
signal cannot be resolved for individual m-OH, sites on the
Al,, the composite *’O-NMR line width and the observation
that this peak becomes broader with increased temperature
suggests that the rates of exchange on the Aly, fal into a
similar range as for aluminum monomers and MAI,, e-Keggin
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species (28 ~ 0.01 — 0.0001s; Casey and Phillips, 2001
and references therein). This result is consistent with our pre-
vious work indicating a limited range for rates of exchange of
1-OH,, sites from aluminum complexes and supports our earlier
speculation that rates of exchange of n-OH, from the surfaces
of fully protonated aluminum (hydr)oxide minerals will fall
into a similar range as well.

Fourthly, four of the 26 bound waters react much faster than
the others. We speculate that these highly reactive waters
probably correspond to the set of four n-OH,, that are cisto two
5-OH in the tetrameric cap of the 8-Al 5-like moieties (Fig. 2)
in the Al ;5 molecule, which are formally overbonded. Based on
stoichiometry, they could aso correspond to the four n-OH,
associated with Linkage Set #2, which are cis to three u,-OH
and or trans to another. In other multimers (see Crimp et a.,
1994) rates of exchange of bound and bulk water molecules
increases with the number of inner-sphere hydroxyls.

These measurements are part of a series of experiments that
are intended to provide results for computational simulation.
The rate data presented in this study correspond to composites
of elementary or near-elementary reactions. It is our hope that,
by coupling simulation and experiment, we can evaluate our
ability to simulate reactions that affect oxygens in these mol-
ecules and then for hydrated mineral surfaces. In considering
this point one need remember that the proton charge densities
on these clusters fall in the same range as protonated aluminum
(hydr)oxide minerals. These agueous complexes also create
considerable electrostatic fields and solvent-ordering effects in
the agueous solution that are similar to those associated with
charged mineral surfaces. The Al;, moleculesin a0.033 mol/L
solution each have a +18 charge and are separated from one
another only by an average of about 12 bulk water molecules.
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APPENDIX
The relative integrated intensities of the 17O NMR peaks at +37 and
+22 ppm for the oxygen isotopic equilibration experiments and for the
uniformly *’O-enriched sample 35_42 were determined by non-linear
least-squares fits of the spectra to a sum of Lorentzian-shaped curves
(Fig. Al). Inall cases, fits employing one curve for each of these peaks

a) b)

observed

fit

components

residual

[ LI B B | 1 [ B T T
120 80 40 0 -40 -80120 80 40 0 -40 -80
ppm from tap water

yield residuals that are significantly larger than spectral noise, and that
display low-frequency oscillations indicating a poor model for the data
(Fig. Ala). This result is not surprising considering that the Al
molecule contains fifteen inequivalent hydroxyl positions and eight
inequivalent bound waters, all of which might exhibit different peak
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widths and positions. Lorentzian-shaped curves are appropriate for the
Fourier-transform of exponentially decaying signals in the time do-
main. Use of Voigt curves (convolution of Lorentzian and Gaussian
functions) did not significantly improve the fit.

We found that the model shown in Figure A1b produced much better
fits to the observed spectra under al conditions studied, with a mini-
mum number of additional components. Addition of two curves, one
near +37 and another near +22 ppm, with differing peak widths,
reduced x2 by afactor of about three. However, formal statistical tests
are not strictly valid because errors are not be distributed normally due
to the subjective nature of baseline and phase corrections. The physical
basis for this model is the observation in previous studies (see Casey
and Phillips, 2001 and references therein) that the peak positions for
1,-OH and bound waters exhibit little variation among agueous Al-
complexes but that peak widths vary with the nuclear quadrupolar
coupling constant and, for n-OH,, the rate of chemica exchange with

solvent. For the isotopic equilibration experiments at long reaction
times, the initial guess was similar to that shown in Figure Alb and all
parameters (area, width, and position) for each curve were alowed to
vary during minimization of x2. The principal change among fits to
spectra obtained at different reaction times was in the height of the
broader, more intense peak at +37 ppm. At short reaction times only a
single peak at +37 ppm was used, due to the low intensity of signal in
this region. The cross-over to a four-component fit was made at an
intermediate reaction time for which the three-component and four-
component fits gave asimilar ratio for the sums of integrated intensities
for curves centered near +37 vs. those at +22 ppm. These models were
used only to determine the relative areas of the peaks near +37 and
+22 ppm; no additional physical significance is implied. For fits to
sample 35_42, afifth curve was added, near +55 ppm, to account for
signal from the u,-O (cf. Fig. 5a).
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