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Abstract—We report rates of oxygen exchange with bulk solution for an aqueous complex,
VGeQAIl,(OH),,(OH,)85(aq) (GeAl,), that is similar in structure to both the
VAIO Al 5(OH),,(OH,)15 (aq) (Al and"™ GaQAl,(OH),,(OH,)7(aq) (GaA}.) molecules studied pre-
viously. All of these molecules haweKeggin-like structures, but in the GeAlmolecule, occupancy of the
central tetrahedral metal site by Ge(IV) results in a molecular chargeopfather thant+7, as in the Aj;and

GaAl,,. Rates of exchange between oxygen sites in this molecule and bulk solution were measured over a
temperature range of 274.5 to 289.5 K and 29%H < 4.58 using'’O-NMR.

Apparent rate parameters for exchange of the bound water moleep@8.) arek228 = 200 (+100) s %,

AH* = 46 (=8) kJ- mol™%, andAS* = —46 (+24) J- mol~* K~ and are similar to those we measured
previously for the GaA|l, and Al,; complexes. In contrast to the Aland GaAl, molecules, we observe a
small but significant pH dependence on rates of solvolysis that is not yet fully constrained and that indicates
a contribution from the partly deprotonated GeA$pecies.

The two topologically distincf,-OH sites in the GeAL molecule exchange at greatly differing rates. The
more labile set of1,-OH sites in the GeAL molecule exchange at a rate that is faster than can be measured
by the’O-NMR isotopic-equilibration technique. The second sgigOH sites have rate parametersk@f®
= 6.6 (+0.2)- 10 *s™, AH* = 82 (+2) kJ- mol™*, andAS" = —29 (=7) J- mol~* - K™%, corresponding
to exchanges=40 and~1550 times, respectively, more rapid than the less lgbjl©H sites in the Al; and
GaAl,, molecules. We find evidence of nearly first-order pH dependence on the rate of exchange of this
wo-OH site with bulk solution for the GeAl molecule, which contrasts with Al and GaAl,
molecules. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION geochemical problems, such as mineral growth and dissolution
and adsorbate uptake and decomposition.

Problems that interest Earth scientists are commonly difficult ~ We are measuring the rates of exchange of oxygens between
to approach experimentally, and there is an acute need for sites in multimeric cations of aluminum and bulk solution (e.g.,
accurate methods of predicting reaction rates. For aqueousPhillips et al., 2000; Casey and Phillips, 2001) with the goal of
geochemists, the most important classes of reactions are thosainderstanding<Al-O> bond dissociation at a fundamental
that break and form metal-oxygen bonds in water. One effec- level. The oxygen-exchange reactions described in these papers
tive way to predict rate parameters is to identify key steps at a reflect bond-breaking processes at tdementary or near-
molecular scale that are common to a wide class of reactions elementary level that underlie more complex, multistep reac-
and then correlate these rates to simple properties, such as bondions, such as mineral dissolution. These reactions involve a
lengths or Brgnsted acidities, that vary systematically as well. few molecular motions and are therefore suitable for transition
Another approach is to simulate elementary steps in the reac- state theory. The molecules chosen for study contain structural
tion usingab initio electronic structure calculations and tran-  sjtes that resemble those found in common aluminum (hydr)ox-
sition state theory. ide mineral surfaces and are amenable to spectroscopic study.

In either case, the predictive model must be compared with of  particular  interest is the polyoxocation
experimental data at a very fundamental scale before it can be p|0 Al (OH),(H,0)73 (Al,.) because it exposes both bridg-
reliably applied to reactions in complicated geological settings. ing hydroxyl and terminal water groups to the bulk solution. In
Furthermore, if transition state theory is employed, then the aqgition, single-atom substitutions can be made for the central
reactions must belementary; that is, they must involve the v a| ¢ form, for example, the Ga(lll) analog, Gaal which is
motion of a few atoms in a single activated step. Ideally these gy cturally similar to the Al, molecule but differs consider-
fundamental data are needed at increasing scales of size an%bly in oxygen exchange rates (Casey and Phillips, 2001). We
complexity, leading to simulations that can be applied to real ;e recently synthesized a Ge(IV)-substituted analog, GeAl

(Lee et al., 2001), and report here the reaction rates.

. The Al,; GaAl,,, and GeAl, molecules are isostructural
Author  to  whom correspondence — should be addressed 5,4 congist of a central tetrahedral M(Q)nit that is sur-
(whcasey@ucdavis.edu).

T Present address. Geosciences Dept., State University of New York, rounded by 12 edge-sharing Al(©pctahedra arranged in a
Stony Brook, NY 11794-2100. structure similar to the Baker-FiggisKeggin isomer (Fig. 1).
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a) Ge(O)y

Al(2)

Fig. 1. (a) Polyhedral representation and (b) ball-and-stick model of
the GeO,Al;5(OH).,(H,0)85 (ag) complex (GeAl,,). The molecule
contains a tetrahedral GeO, unit surrounded by 12 AlOg4 octahedra
Each GeAl,, unit contains 12 terminal water sites (n-OH,) and two
distinct sets of 12 shared u,-OH sites that are distinguished by their
positions relative to the w,-O. The w,-OH? site (8) is cis to two pu,-O,
and the u,-OHP is cis to one u,-O sites. For the GeAl,, molecule, each
of these two setsis split into two crystallographically distinct positions
by atetrahedral distortion caused by the introduction of the more highly
charged Ge(lV) ion. The ball-and-stick model (b) identifies distinct
aluminum sites (Al, and Al,) created by the distortion (Lee et al.,
2001).

Both the GaAl,, and Al,; cations exhibit cubic symmetry
within their respective selenate and sulfate salts and have 12
equivalent bonded water molecules (n-OH,), two structurally
distinct sets of 12 hydroxyl bridges (u,-OH?; u,-OHP), and one
set of 4 equivalent four-coordinated oxo groups (w,-O). Of
these oxygen sites, only the u,-O groups are inert with respect
to exchange with the bulk solution. The 'VGe(IV) ion can be
substituted for "VAI(I11) in the Al structure because these two
ions have the same ionic radius (0.53 nm; Cotton et a., 1999),
even though they differ in charge.

Substitution of Ge(1V) for Al(I11) causes a dlight tetragonal

distortion from the cubic symmetry exhibited by the Al,; and
GaAl,, molecules in their selenate and sulfate salts. The Al 5
and GaAl,, e-Keggin-like molecules each have octahedral alu-
minums in equivalent sites surrounding the central tetrahedral
metal. Substitution of 'VGe(1V) into the central position pro-
duces a dlight differential expansion in the axial and equatorial
directions that produces two distinct sets of octahedral alumi-
num sites in the GeAl,, molecule in crystals: the axial Al(2)
positions with multiplicity of four and the equatorial Al(1)
positions with multiplicity of eight (Fig. 1b). The cubic Al
and GaAl,, molecules contain only four distinct oxygen posi-
tions, corresponding to the n-OH,, .,-O, and the topologically
distinct w,-OH® and p,-OHP. The symmetry reduction upon
VGe(1V) for 'VAI(I11) substitution splits each of the two topo-
logically distinct sets of u,-OH and the n-OH, into two crys-
tallographic positions, but not the w,-oxo sites. These distor-
tions are apparent in single-crystal X-ray structures and the
solid-state NMR spectra of the GeAl ,, selenate salt (Lee et a.,
2001) but are not observed in the solution-state 2’Al or 17O-
NMR spectra presented below. The distortions are slight rela-
tive to the topological differences between the p,-OH? and
u,-OHP sites shown in Figure 1a and are probably dynamically
averaged for the dissolved molecule on the NMR time scale.

2. MATERIALS AND METHODS

2.1. Synthesis of GeAl,, Salts and Preparation of
Solutions

The GeAl,, polyoxocation was synthesized by the titration
of a300-mL volume of 0.26 mol/L AICI; solution against 178
mL of 1.125 mol/L NaOH solution containing 0.058 mol of
GeO, at 85°C. The resulting solution was filtered hot and then
quenched in deionized water before adding 0.2 mol/L
Na,Se0,(H,0),, solution to give an 8:1 SeO, excess. The
resulting solution was then diluted to a total volume of 1200
mL with cold 18 M water. Colorless tetrahedral crystals of
GeO Al 15(OH)24(H20)12(Se0,)4(H20), (x ~ 10) form after
~1 week and were harvested after 10 d. All batches were
characterized by single-crystal X-ray diffraction and solid-state
2’Al-NMR and were found to contain less than 1% impurity
Al,5. A full description of this new polyoxocation is given
elsewhere (Lee et al., 2001).

The solution-state NMR experiments were conducted on
samples extracted from the GeAl,, selenate salt according to
the methods established by Phillips et a. (2000) and Casey et
a. (2000). Accurately weighed samples of ~0.067 g (3.5 X
10~ *mol) of GeAl,, crystals were ground with ~0.14 g (5.5 X
10™“ mol) of BaCl,(H,0),, after which 2 mL of isotopically
normal water were added and the mixture shaken vigorously
for 10 min. The extracted solution of GeAl,, was separated
from the barium-selenate precipitate by aspiration through a
0.2-um filter. This extracted solution and a sample of 36%
170-enriched water (Isotec Laboratories) that was 0.5 mol/L in
manganous chloride were separately thermally equilibrated at
the desired temperature. At a precisely determined time t,, 1
mL of the 1"O-labeled Mn(I1) solution was added rapidly to 1
mL GeAl,, filtrate in a thermally equilibrated glass cell that
alowed for immediate measurement of pH, then transferred
into athermally equilibrated NMR tube and introduced into the
spectrometer. Typically, the time between introduction of the
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Table 1. Experimental results.

(a) Exchange of u,-OH sites; 7, is too short to measure.

Sample T (K) PHinitia PHfina/? (h) 7 () (x10)
H56 2825 4.85 10,500 (+500)
H53 278.8 4.92 Not measured
H44 288 4.68 5100 (+300)
H62 297 4.53 1580 (*=80)
H65 303 46 950 (+60)
H68b 2925 4.48 2400 (*+100)
H70c 2925 4.22 1700 (*=100)
H74 2925 3.95 990 (+70)
H75 2925 412 4.19/2 h 1350 (*=80)
H76b 2925 411 4112 h 2100 (*+100)
H94 335.5 3.63 2.96

2 Elapsed time between pH measurements.
(b) Exchange of the n-OH, sites.
Sample k28 (s AH* (kJ- mol™) ASF (J- K™t mol™) W, 205 (S7) E, (kJ- mol™)
3259 191 (*80) 46 (£8) —48 (+24) 1030 (*=95) 21 (=3)
H44 340 (+90) 34 (x5) -81(*14) 800 (+100) 25(x4)
H48 180 (*=60) 46 (£7) —46 (+22) 970 (+80) 23(x3)
H56a 210 (+60) 48 (*6) -39 (*14) —
All data 200 (*+100) 46 (£8) —46 (+24) 1027 (+88) 21(£3)

isotopically enriched water and the conclusion of thefirst NMR
experiment was 5 min or less.

A parald set of experiments in isotopically normal water
was run to determine the acid needed to reach atarget pH value
and the drift in the solution pH with time. From this series,
samples H70-H76 were made by adding 0.1 mol/L HCI to the
0.5 mol/L MnCl,, solution containing *”O-enriched water.

2.2. Temperature Control

Temperature stability and accuracy of settings were deter-
mined by the same method used in our previous studies of Al 5
and GaAl,, (Casey et d., 2000; Casey and Phillips, 2001).
Stability of the spectrometer temperature controller and water
bath was better than +0.2 K, but as in our previous studies of
Al,5 and GaAl,,, we employed a more conservative =0.5 K
standard deviation for temperature variation to calculate rate
coefficients. Temperatures were measured with a Cu-constan-
tan thermocouple located in the center of a sample assembly
identical to that used for the NMR experiments.

2.3. pH and Solution Chemistry

The pH of the GeAl,, solutions stabilizes quickly after
extraction. This stability is due to partial dissociation of the
molecule and self-buffering of the solution pH; however, the
pH value of this extracted solution varies significantly with
temperature (Table 1), indicating that the molecule is more
dissociated at higher temperature than at room temperature.
The pH of an unacidified sample does not drift significantly
over the length of the NMR experiments, typicaly 4 to 10 h.
Acidified solutions slowly equilibrated back to original solution
pH. This pH drift limits the conditions accessible for measure-
ment of the pH dependence of exchange rates for oxygens in
wo-OH sites. Therefore we conducted these experiments at

higher temperatures, at which isotopic equilibration is complete
before the pH drifted.

We collected 2’Al-NMR spectra before and after experi-
ments to monitor the extent to which the molecule dissolved
over the lifetime of the ’O-NMR experiment. In most cases,
the concentration of monomeric aluminum released by hydro-
lysis of the GeAl,, was negligible. An exception was sample
H74 (Table 1), in which the solution was acidified to pH =
3.95, which was the lowest pH value used in the rate study. In
this sample, 41% of the GeAl,, molecule decomposed to re-
lease auminum monomers during the rate measurement.

The solution pH was determined using a combination elec-
trode at temperature that had been calibrated on the concentra-
tion scale. Calibration was accomplished by titrating standard
solutions containing 0.25 mol/L BaCl, and 0.25 mol/L MnCl,
against 0.100 mol/L hydrochloric acid, also at temperature. The
apparent ionic strength of each solution is ~1.7. To make this
caculation we assume that the molecular weight of the
Na[GeO Al 5(OH);4(H20)12(Se0,) ] (H0)  crystals  dis-
solved into the aqueous solution is 1813 g mol ~*. There can be
small deviation from this value depending upon the hydration
state of the salt.

2.4. NMR Spectroscopy

Solution-state *’O and 2’Al-NMR experiments were con-
ducted using a 10-mm broadband probe on a Bruker Avance
spectrometer based on an 11.7-T magnet and operating at 67.8
MHz for 7O and 130.3 MHz for 2’Al. The *”O-NMR spectra
were measured with single-pulse excitation of 20 us (w/2
pulse =~ 40 us) with arecycle delay of 6 ms. Depending upon
temperature, between 10,000 and 40,000 acquisitions were
required to achieve an adequate signal-to-noise ratio yet till
allow adequate time resolution. Time domain data were digi-
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tized at 100 kHz, and baselines were corrected by recalculating
the first seven points by a linear prediction algorithm before
Fourier transformation (Cavanagh et al., 1996). The 2’Al-NMR
spectra were measured under broadly similar conditions (see
Casey et a., 2000) but with recycle delays of 1 s and typically
no more than 256 acquisitions. Quantitative >Al-NMR exper-
iments indicate that no significant dissolution of the GeAl,,
complex occurred during the longest experiments on unacidi-
fied samples.

In common with our previous studies (e.g., Phillips et a.,
2000; Casey and Phillips, 2001), we included a coaxial insert of
isotopically normal 0.3 mol/L ThCl; as an intensity standard in
the O-NMR experiments. This insert gives a peak at ~—100
ppm that corresponds to bulk waters and waters of hydration on
the Tb(lll) ion that are in rapid-exchange equilibrium. The
intensity of this peak represents a constant number of 'O
nuclei, allowing changes in the absolute *’O-NMR intensities
from the GeAl,, molecule to be determined. Line shape pa-
rameters were determined for all peaks in the *O-NMR spec-
trum from least squares fits of the frequency domain datato a
sum of Lorentzian curves. Conservatively estimated uncertain-
ties of 10% in the raw line width and 0.02 in relative intensity
(total intensity normalized to unity) were propagated through
the calculations of rate parameters using Monte Carlo tech-
niques.

3. RESULTS
3.1. YYO-NMR Peak Assignments

The essential features of the "O-NMR spectra for the
GeAl,, complex (Fig. 2) closely resemble those for the struc-
turally similar Al,5; and GaAl,, molecules (see Phillips et al.,
2000). The spectrum exhibits a relatively narrow peak near
—100 ppm that corresponds to the agueous ThCl; coaxia
insert. Downfield of the standard peak at —100 ppm is another
relatively narrow peak near 22 ppm that exhibits near-constant
intensity relative to the standard. On the basis of our previous
work (e.g., Phillips et al., 2000), this peak at 22 ppm is assigned
to the n-OH, groups in the GeAl,, complex. These bound
water molecules are isotopically equilibrated with the solution
in fractions of a second (see below). Throughout the course of
an experiment, the intensity ratio of these peaks at 22 and —100
ppm varies by less than a few percent.

Further downfield from the pesk at 22 ppm is a broad
shoulder that is centered near 35 ppm. The intensity of this peak
at 35 ppm increases with time, as we observed previously for
similar experiments on GaAl,, and Al,; molecules, however,
unlike the previous studies, the shoulder is observed in the very
first spectrum at temperatures where it is narrow enough to be
observed easily (Fig. 2). The pesk intensity increases with time
to asymptotically approach a constant value at rates that vary
with temperature and solution pH. The peak near 35 ppmisa
sum of contributions from the two structurally distinct p,-OH
sitesin the molecule, for reasons detailed below and by Phillips
et al. (2000).

3.2. Rates of Exchange of Bound and Bulk Water
Molecules

The methods of determining rate coefficients were presented
by Phillips et al. (2000) and will not be reviewed extensively

0 NMR
intensity std.

t (1000 s)

Normalized Intensity (arb. units)

0.26

200 100 0 -100 -200
ppm from tap water

Fig. 2. O nuclear magnetic resonance spectra as a function of time
for sample H68b, temperature = 292.5 K. Intensities are normalized to
the peak at —120 ppm that arises from the external Tb®* (ag) intensity
standard.

here. Briefly, the rates of exchange with bulk solution of water
molecules bound to the GeAl,, ion were determined via the
dynamic 7O line-broadening technique (Swift and Connick,
1962). Transverse relaxation times (T,) may be measured di-
rectly from the line width of the NMR spectrum by the rela-
tionship T, = 1/7 - FWHM where FWHM is the full width at
half maximum of the *’O-NMR peak at 22 ppm obtained from
least squares fits of the spectra. The signal from bulk water was
eliminated by the addition of Mn(ll) into the solution, which
forms aqueous complexes that broaden this peak beyond de-
tection under the experimental conditions used here (Hugi-
Cleary et al., 1985).

Two processes with opposite temperature dependencies con-
trol the *’O-NMR line widths of the bound water molecules. At
low temperatures, quadrupolar relaxation dominates T, relax-
ation and causes line widths to decrease as temperature in-
creases from 274 to ~304 K. The line widths reach a minimum
near 304 K (Fig. 3) and increase with temperature thereafter as
chemical exchange of bound and bulk waters becomes increas-
ingly important to T, relaxation.

The net rates of *?O-NMR transverse relaxation (1/T,) con-
tain contributions from both of these relaxation mechanisms:

11, 1 .
TZ_T TZ,CI’ ()

where 1 is the mean lifetime of a water molecule in the inner
coordination sphere, and 1/T,, is the intrinsic quadrupolar
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Fig. 3. Vaues of In(1/T,) as afunction of temperature for the bound
waters (n-OH,) of GeAl,,. Egn. 1 to 3 were fit to these data to derive
the rates of exchange of bound waters from sitesin the GeAl ;, complex
to bulk solution. Different symbols correspond to different samplesin
Table 1. Values of 1/T, are obtained from the width of the peak at 22
ppm returned from an unconstrained least squares fit of the spectra to
asum of Lorentzian curves. The dotted line is the contribution to the
line width from quadrupolar relaxation (Egn. 2), and the dashed line is
the contribution from chemica exchange (Egn. 3) in the least squares
fit.

relaxation rate. The rates for quadrupolar relaxation are approx-
imated using an Arrhenius function:

1 E[Li]
i = Wq’zgseR T 298 |, 2
2}
where E, and W, »og are fitting parameters.
The temperature dependence of k. (s~ %), the first-order rate
coefficient for exchange of water molecules from the inner

coordination sphere to the bulk solution, takes the form of the
Eyring equation:

1 Kk, - T ase ane
= p ER eRT, (©)]

where Kk, is Boltzmann’s constant, and the exponential terms
include the activation entropy (ASY) and activation enthalpy
(AH®) for chemical exchange. The parameters T, R, and h are
absolute temperature, the gas constant, and Planck’s constant,
respectively. The results of least squares fits of Eqn. 1 to 3 to
the data are given in Table 1b, and a fit to all of the data is
presented graphically in Figure 3.

The T, values were measured as a function of temperature
for four samples that had been isotopically equilibrated during
an OH-exchange measurement (Fig. 3). These data yield an
apparent pseudo-first-order exchange rate coefficient of ~175
s™1 at 298 K (Table 2), which is similar to those measured for
the Al,5 and GaAl,, complexes of 1100 and 227 s™*, respec-
tively (see Phillips et al., 2000; Casey and Phillips, 2001).

However, these results show much more scatter than previ-
ous measurements for GaAl,, and Al, 5, which would indicate
a contribution from a pH-dependent process. This hypothesisis
supported by changes in the width of the peak near 22 ppm
upon addition of small amounts of acid at temperatures at
which the peak width is dominated by chemical exchange
effects (Fig. 4). For these experiments, GeAl,, was extracted
directly into ~15% *"O-enriched water, which yielded widths
that varied from 800 to 1000 Hz, depending on the sample (Fig.
43). Upon addition of small amounts of acid, the width de-
creased to 420 + 20 Hz (62°C) and did not change with further
acid addition (Figs. 4a and 4b). This result suggests that the
420-Hz value corresponds to the contribution from the pH-
independent path. After acidification, a peak near 76 ppm
appears gradually (Fig. 4c) that can be tentatively assigned to
the w,-O groups (Thompson et al., 1987), suggesting that the
GeAl,, is dissociating and reforming at this pH of 2.96.

The pH dependence arises from the presence at higher pH of
apartialy deprotonated GeAl ,, species, which probably exhib-
its much faster water exchange rates than the fully protonated

Table 2. A compilation of rate coefficients and activation parameters for exchange of water molecules from the inner-coordination sphere of
Al(I11) complexes to the bulk solution, as determined from *’O nuclear magnetic resonance.

Species k228 (s) (x10) AH* (kJ- mol™) ASE (J- K™ - mol™) Source
Monomeric complexes
Al(H,0)¢*3 1.29 (+.03) 85(+3) 42 (+9) Hugi-Cleary et al. (1985)
Al(H,0);0H** 31,000 (*=7750) 36 (£5) —-36 (=15) Nordin et al. (1999)
AIF(H,0)s** 240 (=34) 79 (£3) 17 (£10) Yu et a. (2001)
AlF,(H,0)," 16,500 (+980) 65(*2) 53 (+6) Yu et a. (2001)
Al(ssal)* 3000 (+240) 37(x3) 54 (*9) Sullivan et al. (1999)
Al(sal)* 4900 (+340) 35(x3) -57(*x11) Sullivan et a. (1999)
Al(mMal)™* 660 (+120) 66 (+1) 31(x2) Casey et d. (1998)
Al(mMal),— 6900 (+140) 55 (£3) 13 (+11) Casey et d. (1998)
Al(ox)™" 109 (+14) 69 (£2) 25(x7) Phillips et al. (1997b)
Multimeric complexes
Alyg 1100 (+100) 53(*12) —7(%25) Phillips et al. (2000), Casey et a. (2001)
GaAl,, 227 (x43) 63 (£7) 29 (x21) Casey and Phillips (2001)
GeAl,, 190 (+43) 56 (+7) 20 (+21) This paper

Abbreviations: ox = oxalate; ssal = sulfosdicylate; sal = salicylate; mMal = methylmalonate; Al,; = AlO,AlL(OH),,(H,0)14 (ag); GaAl,, =

Ga0,Al;5(0OH),,(H,0)75 (20); and GeAly, = GeO4Al5(OH),4(H,0)35 (ad).
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c) pH = 2.96 (1 h)

b) pH = 2.95

Normalized Intensity (arb. units)

a)pH =3.63

Bl

T

200 100 0 -100 -200
ppm from tap water

Fig. 4. "0 nuclear magnetic resonance spectra of sample H94 at a
temperature of 335.5 K (a) as extracted, (b) immediately after addition
of acid, and (c) 1 h after acid addition. Spectra are scaled to constant
intensity for the external standard near § = —95 ppm. Frequencies are
referenced to the hydration waters at 22 ppm.

complex (e.g., Nordin et al., 1998). Further investigation of this
aspect requires measurement of the Bregnsted acidity of this
complex. By analogy with the Al;; molecule, the dissociation
probably occurs in the range 5.5 < pH < 6.5 (Furrer et a.,
1992), although the pH dependence of exchange rate may
indicate that the GeAl,, molecule is a somewhat stronger acid
than either the Al,; or GaAl,, molecules, for which no pH
dependence was observed. Regardless, the k., value given by
the present data is likely to be within a factor of two of the
exchange coefficient for the fully protonated GeAl,, complex,
since the variation in line width with pH is small.

3.3. Oxygen Exchange between Bulk Solution and u,-OH
Sites

As we observed for the Al,; and GaAl,, molecules, the rate
of increase in *"O-NMR intensity for the 35 ppm pesk provides
evidence for two kinetically distinct time scales for oxygen
exchange at the u.,-OH sites. The two time scales are evident in
the plots of the ratio of intensities for the peak at 35 ppm
relative to that for the peak at 22 ppm, which exhibits approx-
imately constant intensity as a function of time and is assigned
to the bound water molecules (1n-OH,) in the complex. Briefly,
we define the ratio of peak intensities: R(t)=1s_35/l5- 25,
where t is the time elapsed since addition of the *’O-enriched
water, and l;_55 and l5_,, are the integrals of the single
Lorentzian curve fit to the peak near 6 = 35 ppm and 6§ = 22
ppm, respectively (Fig. 5a).

For GeAl,, solutions, the time constant for exchange of the
more labile w,-OH site could not be measured with the current
techniques because R(t) ~ 1 in the very first 1’O-NMR spec-
trum (t =~ 300 ) in the temperature range of 274 to 303 K. In

2.0
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1.8

1.6 ® H68b
m H75
14 -

1.2
1.0 —fe
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0.8 -
0.6 —
04 -
0.2 +

0.0 H

| 1 | |
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time (1000 s)
4.4

b
e

4.0 4 ‘b " .o - o °

3.8 A

2

I o (arb. units)

3.6 T T T
0 5 10 15 20

time (1000 s)

Fig. 5. (8) Theintensity ratio R(t)=15_35/l 5, asafunction of time
after adding H3"O to the extracted solution at 292.5 K. R(t) ~ 1.0 for
the very first spectrum (t =~ 300 s), indicating that the more reactive of
the two u.,-OH sites isotopically equilibrated with bulk solution by this
time. The rate at which R(t) — 2.0 varies with pH and temperature.
Data are shown for two pH conditions: sample H68b (pH = 4.48, 7, =
2400 (+100) s) and sample H75 (4.12 < pH < 4.19, 7, = 1350 (+80)
s, Table 1). The r; < 60 s at this temperature. (b) For the same two
samples, theratio of the intensity of the peak at 22 ppm, assigned to the
bound waters, relative to the peak that corresponds to the external
standard solution. The values are constant to within experimental error.

the temperature range 278.8 to 303 K, R(t) increases from
R(t) =~ 1 to asymptotically approach R(t) = 2 at arate that is
sufficiently slow to measure (Fig. 5). (Please note that 7, and 7,
denote the characteristic times for exchange of the hydroxyl
bridges, which were determined by the isotope-equilibration
method, not by the *’O-NMR line-broadening method and Egn.
1. t0 3).

In experiments with the Al ;5 and GaAl ;, molecules, theratio
of intensities reached a value of R(t) = 2.0 upon isotopic
equilibration, consistent with the stoichiometry of these mole-
cules, as they each contain two distinct sets of 12 w,-OH sites
(24 total) and 12 bound water molecules. For the GeAl,,
molecule, least squares fits to the spectra of isotopically equil-
ibrated samples yielded R values somewhat less than 2 (1.8 <
R < 2.0) and remained constant thereafter. Deviation of R from
2.0 upon isotopic equilibration does not indicate a change in the
reaction stoichiometry but is likely an artifact of the NMR
data reduction process that makes it difficult to measure the
intensity of broad peaks. Corruption of the initial data points
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in the time domain causes baseline distortion that becomes
increasingly difficult to distinguish from intensity for broad
peaks, which also decays quickly in the time domain. The
NMR peaks corresponding to the u,-OH sites in the GeAl,,
molecule are significantly broader relative to those in the
Al 5 and GaAl ,. For example, at equilibrium and 301 K, the
widths for peaks assigned to the rapidly and slowly exchang-
ing w,-OH sitesin the GaAl;, molecule were 2700 and 1600
Hz, respectively, whereas the corresponding peaks from
GeAl,, are 3200 and 2000 Hz. The value R(t) = 1.8 iswithin
experimental error of R(t) = 2.0, corresponding to a differ-
ence of ~2% in the relative intensities of the peaks at 6 =
35 ppm and 6 = 22 ppm.

As was observed for the Al,; and GaAl,, molecules (see
Phillips et a., 2000), these data indicate that the rate of isotopic
equilibration for the peak at 35 ppm has contributions from two
reactions. one fast and the other relatively slow. From these
arguments, we assign the peak at 35 ppm to the two structurally
distinct but spectroscopically unresolved u,-OH sites in the
GeAl,, molecule. Structurally, one site (u,-OH?) is cis to two
4-O sites, and the other site (u,-OHP) is cisto a single w,-O
in the GeAl,, molecule (Fig. 1; Lee et d., 2001).

The simplest explanation of these data is that the two time
scales correspond to oxygen exchange into p,-OH? and -
OHP and that one of these sites isotopically equilibrates before
a single spectrum can be collected. Although the crystal struc-
ture of the GeAl,, selenate salt indicates that there are two
crystallographically distinct positions for both the p,-OH®* and
u,-OHP-type sites, the distortions from cubic symmetry are
small compared to the topological difference between the .-
OH? and p,-OHP sites. Furthermore, we expect that the tet-
ragonal distortion would be dynamically averaged in the solu-
tion state on atime scale much shorter than that for the oxygen
exchange.

With these peak assignments, the experimental R(t) values
were fit to arate law that is a sum of two exponential terms:

|5=35(t) _ t t

R(t) = C—emn—en (4

|5=22

where t is the elapsed time since the addition of *’O to an
extracted solution of GeAl,, complex, T, and 7, are the char-
acteristic times for exchange, and C = 2 from the stoichiometry
of the complex. Notethat | 5 _ 5, isassigned to the bound water
molecules, and |5 _ 55 corresponds to the intensities the sum of
uy-OH® + u,-OHP sites. Eqn. 4 is a form of the McKay
equation for isotopic equilibration kinetics, and numerical val-
ues for thefirst-order rate coefficients for chemical exchange at
the two sites can be derived directly: k; = 1/7; (see Casey et dl.,
2000). In the present case, T, is much shorter than 7, and could
not be measured. The value of C was alowed to vary to
compensate for systematic errors in the fitted intensity of the
peak at 6 = 35 ppm, reducing Eqgn. 4 to

R(t) = [C — 1.0] - e = ®)

Typical fits of Egn. 5 to the data are shown in Figure 5.

The fact that we could not measure a rate for the more
reactive component distinguishes the present results for the
GeAl,, molecule from those of the Al ,; and GaAl,, molecules,

-6.50

I =-1.35(x0.24
675 | Slope 35(+0.24)

-7.00

-7.25

IN(K, ope/s™)

-7.50

-7.75 A

-8.00

3.75 4.00 4.25 4.50
pH

Fig. 6. Variation in the observed exchangerate at 292.5K for the less
labile hydroxyl (k; s = 1/7,) as a function of proton concentration.
The uncertainties correspond to a single estimated standard deviation.

for which values of both 7, and 7, were obtained. However, al
of the spectral changes that occur as a function of time can be
attributed to an exponential increase in theintensity of a second
component at 35 ppm, corresponding to characteristic time .
Results from experiments at all temperatures are compiled in
Table 1a

3.4. Variation of Rates with Proton Concentration

In our studies of oxygen exchange in the Al,; and GaAl,,
molecules we found no evidence for a dependence of 7, or 7,
values with pH. Although the experimentally accessible pH
range was relatively narrow, afirst-order dependence of oxygen
exchange rate on proton concentration could be ruled out for
both the GaAl,, and Al ;. For the GeAl,, molecule, however,
we see clear evidence of a strong pH dependence on the
exchange rate (Fig. 6) that is close to first order in dissolved
proton concentration.

The slope of the regression shown in Figure 6 is —1.35
(£0.24) and is probably indistinguishable from first-order
dependence on proton concentration given the very narrow
range in accessible pH and the relatively large experimental
uncertainties. The range of pH accessible to study in this
molecule is limited to ~0.5 pH units. Acidification beyond
pH = 3.9 causes changes in the *’O-NMR spectra from
proton-enhanced decomposition of GeAl,, molecules that
are difficult to distinguish from those due to isotopic equil-
ibration reactions. This decomposition appears to occur
much more rapidly in the GeAl,, than in either the Al 5 or
GaAl,, complexes.

3.5. Variation with Temperature

The values of K, s = 1/7, vary exponentially with temper-
ature (Fig. 7). Application of the Arrhenius rate law to the
temperature variation yields apparent activation parameters of
AH* = 82 (=2) kJ- mol~* and ASF = =29 (+7) J- mol -
K ~*. The temperature dependence is compared with data for
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Fig. 7. Arrhenius plot of the observed oxygen exchange rates and average lifetimes (7, right-hand side) for the u,-OH
sitesin the Al 5, GaAl,,, and GeAl,,. The open and closed symbols correspond to fast- and slow-reacting u,-OH sitesin
the same molecule. Arrows link the values of 7, and 7, corresponding to each molecule. There is no vaue of 7, for the
GeAl,, because the rates are too fast to measure. Note that the slope of the values of 7, for the GeAl,, are significantly

different than for 7, in either the Al,5 or GaAl,, molecules.

the Al,, and GaAl,, molecules in Figure 7. The AH¥ value for
exchange of the u,-OH site in the GeAl,, molecule is smaller
than AH* values for either site in the Al,, (202 and 104 kJ -
mol ~%) or the GaAl,, molecules (98 and 125 kJ - mol ~%). The
smaller activation energy likely results from a contribution
from the enthalpy of protonating the bridging hydroxyls, as we
discuss in the next section.

4. DISCUSSION
4.1. Activation Energies

In contrast to the Al,; and GaAl,, molecules, the rates of
exchange of both the bound waters and the u,-OH site for the
GeAl,, vary with pH. Aswith the GaAl,, and Al,; molecules,
we cannot assign the values of 7, or 7, to u,-OH? or u,-OHP
sites in the molecule, although it is clear that these two sites

react at dramatically different rates. By analogy with OH ex-
change for hydroxy-bridged dimers and other larger polyoxo-
cations (e.g., Springborg, 1988), there are probably two path-
ways for exchange of a single w,-OH site, of which both
contribute significantly to the rate coefficient (K, ops = 1/75)
observed for GeAl ,,:

kz,obsz kue + kpe[Kc] [H+] (6)

In Egn. 6, K, corresponds to the rate coefficient for oxygen
exchange that is enhanced by protonation of the u,-OH site, k.
isthe rate coefficient for the unenhanced pathway (i.e., uncata-
lyzed bridge dissociation), [H*] is the dissolved proton con-
centration, and K€ is the conditional equilibrium constant for
protonating a w,-OH bridge to form a bridging water molecule:
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Table 3. Structural data for Al,5, GaAl,,, and GeAl,, selenate or sulfate crystals.

Bond length (A)

Moiety M = Al (1) M = Ga(lll) M = Ge(IV) Structural site
MO 1.831 (4) 1.879(5) 1.809 1O

Al-O 2.026 (4) 2.009 (6) 2.103 w0

Al,-O 1.857 (6) 1.852 (6) 1.843 t0 1.854 po-OH?
Al-O 1.857 (6) 1.869 (7) 1.869 to 1.841 p,-OHP
Al,-O 1.961 (4) 1.962 (6) 1.928 1-OH, (bound water)

The subscript abbreviations are T = tetrahedral, O = octahedral. The standard deviation for each bond parameter, when available, is given in
parentheses and corresponds to the last place in the value. Data for Al,; and GaAl,, are from Parker et al. (1997), and data for the GeAl,, are from
Lee et al. (2001). A range of values is given for the u,—OH? and p,—OHP sites in the GeAl,, molecule because two crystallographically distinct
octahedral aluminum sites appear in the structure of this crystal, but not in the Al,; or GaAl,, salts.

COH+H = ppOHy; ke PO
He S [H'] - [po—OH]

@)

at our experimental conditions. We assume that a single mi-
croscopic equilibrium constant isvalid for al 12 p,-OH sites of
asingle type. This assumption may not be appropriate, in part
because of the crystallographic splitting observed in the solid
state, but values of K® are unknown in any case. Substitution of
Egn. 7 into Egn. 6 and differentiation with respect to 1T (see
Casey and Sposito, 1992) yields

Eobs:Xue . Eue+xpe . [AHc + Epe]: (8)

where E_, is the Arrhenius activation energy derived by plot-
ting In(k, ope) @ afunction of UT (Fig. 7), E,. isthe activation
energy for oxygen exchange via the unenhanced pathway, E,.
is the activation energy for exchange via a proton-enhanced
pathway, and AH® is the conditional enthalpy of protonation
that is derived from the temperature dependence of K The
factors X, and X, correspond to the fraction of the oxygen
exchanges that proceeds via the unenhanced and proton-en-
hanced pathway, respectively: X, .=k /K otkKye® K- [H™],
Xoe=Koe* K&+ [H /K et Koe* KE- [H'], and Xpo = 1 — Xe.

The E,.s value for oxygen exchange at the measurable
wo-OH site in the GeAl,, molecule is significantly smaller
(Egps = 82[*+2] kI mol %, and E,,. ~ AH¥) than correspond-
ing values the Al and GaAl,, (Fig. 7) because its E, < E,.
The activation parameters for exchange of the less reactive
hydroxyl bridge in the Al 5 and GaAl,, molecules are AH} =
104 (+20) kI mol~* and AH} = 125 (+4) kJ mol ~*, respec-
tively. By analogy with the Al,; and GaAl,, molecules, for
which rates of oxygen exchange do not depend on pH, the
values of E, for the observable site in the GeAl;, molecule are
probably near or over 100 kJ - mol ~*. Given the high positive
charge of the GeAl,, molecules, it islikely that AH® is positive,
which means that the sum AH® + E. in Eqn. 8 is probably
quite small.

4.2. Mechanisms of Reaction

Both pH-dependent and pH-independent mechanisms for
oxygen exchange at a u,-OH site can involve protonation so
that the exchanging moiety is a neutral water molecule. For the
reaction via the pH-independent pathway, the most reasonable

mechanism involves transfer of a proton from a position inter-
nal to the molecule to the p,-OH site, forming a bridging water
molecule: w,-OHJ . This site exchanges with bulk solution and
then back-transfers the proton to the original position in the
molecule, which is probably a bound water molecule. A similar
mechanism islikely for the proton-enhanced pathway, although
the proton transfers from the solution phase to the u,-OH,
yielding a first-order dependence of rate on [H™].

4.3. Reactivity Trends

The three molecules Al, 5, GaAl,,, and GeAl,, differ dra-
matically in reactivity (Fig. 7), even though the central site of
metal substitution is three bonds away from the oxygens that
exchange with bulk solution. Using rates of exchange of bridg-
ing hydroxyl oxygens as a guide, the general order of lability of
these molecules is GeAl,, > Al,; > GaAl,,. The causes of
these large differences in reactivity are not yet clear, but ex-
planations must address propagation of structural and/or elec-
tronic effects of bonding between the central metal and the
4-O, because these changes are the most conspicuous differ-
ence in the molecules. The changes in bond lengths and angles
at either the u,-OH sites or the n-OH, groups are not signifi-
cant across the series (Table 3).

Misfit of the tetrahedral meta into the molecule appears to
be important. For example, the Al+-O distances in the Al
molecule (1.831 A, Table 3) are intermediate between the
distances observed in oxide phases for aluminum coordinated
to four oxygens, such as k-Al,O5 (1.77 A for k-Al,O4; Table
4), and aluminum in octahedral coordination. The Ge(IV) metal
has an identical ionic radiusas Al(111) and asimilar bond length
to oxygensin tetrahedral (1.751 A) and octahedral (1.87 to 1.91
A) coordination to oxygens. In comparison, the Ge;-O bond
length in the GeAl,, molecule is 1.809 A, longer than Ge,O
bondsin other oxide minerals. Thus, Ge(1V) isas poorly fit into
the M+ sites of the GeAl,, e-Keggin structure as Al(lI1) isin
My sites of the Al,; molecule. The anomalous long M+-O
distances suggest that these molecules may be significantly
strained, which may correlate with the high reactivity.

In contrast, the GaAl,, moleculeis the least |abile anong all
of the e-Keggin molecules that we have studied, and the Ga(lll)
metal fits easily into the M+ site of the e-Keggin structure (Fig.
1). The Ga,-O distances in the GaAl,, molecule (1.88 A) are
similar to those observed other solids (1.83to 1.86 A, Table 4)
but much different than Ga,-O distances (1.935 to 2.074 A).
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Table 4. Bond lengths in oxides.

Site d(M-0) A Phase Source
Ge'v 1.751 (4) GeO,; quartz structure Yoshiasa et al. (1999)
Ge"! 1.866 to 1.914 GeO,; rutile structure Yoshiasa et al. (1999)
Al 177 K-AlLO, Ollivier et al. (1997)
AlV! 1.911 Kk-AlL0, Ollivier et a. (1997)
1.955 KAl,O, Ollivier et al. (1997)
1.950 KALO, Ollivier et a. (1997)
Al'Y 1777 v-Al,O4 Zhou and Snyder (1991)
Al 1.761 Y ;Al;0,, garnet Euler and Bruce (1965)
AIV! 1.941, 2.040 v-Al,O4 Zhou and Snyder (1991)
AIV! 1.937 Y ;Al;0,, garnet Euler and Bruce (1965)
AIV! 1.868 to 1.954 Aluminum (hydr)oxides Smyth and Bish (1988)
GaV 1.849 Y ;Ga0;, garnet Euler and Bruce (1965)
GaVv 1.837 10 1.863 B-Ga,0, Aahman et a. (1996)
Ga”! 1.995 Y ;Ga0;, garnet Euler and Bruce (1965)
Ga”! 1.935t02.074 B-Ga,05 Aahman et a. (1996)

Although these results are qualitative, they can be quantified
via molecular orbital calculations that assess the amount of
strain energy entered into the e-Keggin structures by each
metal substitution. The resulting strain energy, we suggest,
would correlate with the rate coefficients for exchange, partic-
ularly if the strain energy in the reactive bonds is calculable; it
may lead to a predictive model.

4.4. Significance to Geochemistry

Research on these small nanoclusters achieves severa goas
for Earth scientists. First, it provides molecular models for
structural sites at the surfaces of aluminum (hydr)oxide solids
in water and allows rates to be constrained for the key oxygen
sites. Reactions can be followed at individual oxygens in these
molecules, and we have documented both similarities and enor-
mous differences in reactivities that could not have been antic-
ipated from bulk studies of metal-oxide solids in water.

Second, these results provide clear test cases for models that
predict rates of molecular reactions in agueous geochemistry. A
model that derives quantitative information about reaction rates
from transition states in mineral dissolution, for example, must
also be able to account for the extraordinary differencesin rates
of oxygen exchange within a single e-Keggin (e.g., Al;3),
among the set of substituted polyoxocations (Al 5, GaAl,,, and
GeAl,,), and between the various Al(111) monomers (Table 2).
These reaction rates are well constrained.

The importance of this work is clear when one considers the
ubiquity of aluminum (hydr)oxide solids in the shallow Earth
and the role that they play in our daily lives. Aluminum
hydroxide solids account for much of the reactive properties of
soils (Huang, 1988) and metal cycling in streams (e.g., Yu and
Heo, 2001) but are also used in cosmetics (Fitzgerald and
Rosenberg, 1999), foods (Yokel and McNamara, 2001), as
reagents for eliminating pollutants (e.g., Lothenbach et al.,
1997; Badora et al., 1998), and in vaccines and medicines
(Seeber et a., 1991; Gupta, 1998).

5. CONCLUSIONS

The GeAl,, molecule is the third e-Keggin-like aluminum
molecule for which we have determined rates of oxygen ex-
change. The major difference among the Al,;, GaAl,,, and

GeAl,, moleculesisthe metal in the central tetrahedral position
in the molecule, which is three bonds away from the exchang-
ing oxygens. Although the changesin <AI-O> bond lengths at
the exchanging sites are relatively small, we observe large
differences in reactivities among the three e-Keggin-like mol-
ecules. Extrapolated to 298 K, the observed rates of exchange
of u,-OH sitesin these molecul es span afactor of ~10° and are
probably much larger because the most reactive set of w,-OH
sites in the GeAl,, molecule exchanges too quickly for us to
measure using our current apparatus. The less labile set of
wo-OH sites reacts at rates that are at least ~40 and ~1550
times more rapid than the corresponding w,-OH sites in the
Al;5 and GaAl,, molecules, respectively. We cannot yet assign
these reactive and less reactive u,-OH sites to the structurally
distinct u,-OH? and u,-OHP sites in the s-Keggin structure,
but the difference arises from the relative ease of breaking
bonds within, and between, the Al;O4 trimeric groups. We
suspect that the slowly reacting p,-OH are within the trimers
(u,-OH® in Fig. 1).

In contrast, the rate coefficients for exchange of the 12 bound
water molecules are broadly similar among the three molecules
and differ by a factor of ~6. As with the Al,5 and GaAl,,
molecules, we find no evidence that the w,-O site exchanges
with bulk solution, except under conditions in which the mol-
ecule is at least partialy dissociating and reforming, such as
after the addition of a strong acid.
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