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Abstract—Rates of steady exchange of oxygens between bulk solution and sites in the
GaQAl,(OH),,(H,0)74 (aq) (GaAl,,) aqueous complex were determined over the temperature range of 301
to 317 K and 4.1< pH < 4.9 using'’O-nuclear magnetic resonance (NMR). The Gaolecule, like the

AlO Al (OH),(H,0)77 (aqg) (Al,s) molecule studied previously, has 12 equivalent bonded water molecules
(n*-OH, sites), two structurally distinct sets of 12 hydroxyl bridges,-OH; wu,-OH' sites), and four
four-coordinated oxo groupgug-O sites).

The GaAl, molecule is much less reactive than the Amolecule, and this decreased reactivity is not
associated with any clear changes in the structural chemistry at the sites of exchange. The rate coefficients for
exchange of the water molecules bonded to the complex with bulk water are as fofg%s: 227(+40) s %,

AH* = 63(+7) kJ mol?, andAS* = 13(+x21) J mol'* K. The rate at 298 K is=5 times slower than the
corresponding exchange reaction on thg Aholecule, but it falls within the range measured for dissolved
aluminum monomers. These data support our earlier speculation that rates of exchgh@aHgfsites at fully
charged aluminum (hydr)oxide mineral surfaces are similar to rates for aqueous aluminum complexes in acids.

The rates of isotopic exchange of the two hydroxyl bridges in the Gadimplex differ from one another,
as we also observed for the Alcomplex, but to a much smaller extent. Likewise, the activation parameters
for exchange at the two sites are much more similar to one another in thg Gadlecule than in the AL
The rate coefficients for exchange of the more reactive hydroxyl bridge are as fokgfis: 1.8(=-0.1) -

107 °s %, AHI = 98(+3) kJ mol %, AS = —8(+9) J mol'* K™%, and for the less labile bridge, they are
298 = 4.1(x0.2)- 10 “ s %, with AH} = 125(+4) kJ mol * andAS} = 54(+12) J mol * K%, There is no
strong pH dependence to rate€opyright © 2001 Elsevier Science Ltd

1. INTRODUCTION show that this single-atom substitution, which is three bonds
away from the exchanging oxygens, has surprisingly large
We are attempting to characterize the rates of some geo- effects on the rates. These effects cannot simply be explained
chemically useful molecular reactions and recently reported py differences in structure of the Gaaland Al,; molecules in
rate coefficients for steady exchange of oxygens in the crystals.
AlO Al ,(OH),(H,0)7 (ag) complex (Al) with bulk solu-
tion (Casey et al., 2000; Phillips et al., 2000). This structure, 2. MATERIALS AND METHODS
which resembles a-Keggin molecule (Fig. 1), shares impor-
tant structural features with mineral surfaces. The molecule 2.1. Crystalline Solids and Preparation of Solutions
polymerizes in solution to form larger polyoxocomplexes (e.g.,

. . . We synthesized pure crystals of Na[G#D,,(OH),,
Fuetal., 1991; Allouche et al., 2000; Rowsell and Nazar, 2000; (H,0),(S6Q)J(H,0), by fitrating an AICL solution with

see also Michot et al., 2000) and ultimately forms amorphous NaoH+GaCy, at 85°C. After precipitation, the solutions were cooled
aluminum (hydr)oxide solids that recrystallize to bayerite and diluted with deionized water, followed by addition of an excess of
(Bradley et al., 1993). Through the efforts of several research NaSeQ, to induce crystallization (see Furrer et al., 1992b). The

groups (e.g., Johansson, 1960, 1962a,b; Johansson et al., 19e%gllﬁﬂ%”m%exiféiqcuoﬂgsﬁ't/ffrti?égﬂﬁ%ﬂ%ﬁ ?:rr];/s?gljsr,n vlvr:el;g] ;i(érved

Bradley et al., 1990, 1993; Furrer et al., 1992a,b, 1999; Amir- under the mother liquor, distilled water, and then methanol to separate

bahman et al., 2000), we know much about the agueous chem-25. 1o 75um-sized crystals.

istry of this molecule and can employ it as a model for alumi-  The identity of the crystalline product was determined by nuclear

num-—(hydr)oxide mineral surfaces. magnetic resonance (NMR) and by comparing the X-ray structure of a
In this article, we extend our earlier work on the,Al  Single Na[GaQAl,(OH),,(H;0),(SeQ).(H-0), crystal with the re-

' ; sults of Parker et al. (1997). The crystals were then examined with
complex to report the rates of oxygen exchanges in the 27| \R to determine the amount of A impurities. These spectra
GaQAl, 5(OH),,(H,0)15 (aq) (GaAl,) molecule, which dif- are shown in Figure 2 and indicate that the GgAldrystals contain
fers from Al,; by a single substitution of Ga(lll) for Al(Ill) in ~0.3% of the aluminum as Al impurities.

the central tetrahedral site (see Bradley et al., 1992). Here we Quantitative solution-stat€Ga-NMR was employed to confirm that

the gallium occurs primarily in the tetrahedral site of the GaAl
molecule and does not substitute appreciably for aluminum in the
octahedral sites. To accomplish this analysis, we prepared a monospe-
*Author to whom correspondence should be addressed cific solution of GaAl, by dissolving crystals with an }0+BaCl,
(whcasey@ucdavis.edu). solution (see Bradley et al., 1992), followed by filtering the solution
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Fig. 1. (Top) Polyhedral representation of the GaQ,
(OH),,(H,0)77 (aq) complex (GaAlL), which has a tetrahedral Ga(Q)
unit surrounded by 12 Al(Q)octahedra. There are 12 equivalent
1*-OH, sites and two distinct sets of }2-OH at the shared edges of
AlO4 octahedra. These two sets differ in their positions relative to the
,-O groups. One site, labelgd,-OH', lies cis two w,-O groups. The
other site, labeledu,-OH, lies cis to one u,-O site. (Bottom) A
ball-and-stick representation of the GaAbtructure with the atoms
given crystallographic labels (consistent with Parker et al., 1997).

(0.2 um) into an NMR sample tube. An internal coaxial sample of
0.096 mol/L Ga(OH)(ag) was included to provide a peak in the
spectrum of constant intensity at 223 ppm. The intensity of #ea-
NMR peak corresponding to th¥Ga(O), in the dissolved GaAk
complex (138 ppm) could then be compared with the intensity of the
Ga**(aq) peak (0 ppm) formed by subsequent digestion of the mole
cule in acid. For an ideal Gapl stoichiometry, the intensity of the
peak corresponding to tHéGa(0), should equal the intensity of the
peak at 0 ppm after acidification. We measured a ratio of intensities for
these peaks of 1.03(0.09;n = 3) after correction for dilution (Fig. 3)
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Fig. 2. ?’A-MAS-NMR spectra of the Na[GagAl,,(OH),,
(H,0),(SeQ)J(H,0), crystals used to prepare experimental solu
tions. The inset shows the very small peak at 62 ppm that corresponds
to tetrahedrally coordinated aluminum in impurity,Alin the solid,
which are present at concentrations of less than 0.5%. Asterisks denote
spinning sidebands.

We began art’O-NMR experiment using the method described in
Phillips et al. (2000) and Casey et al. (2000). Briefly, crystals were
ground with BaCJ} and then extracted with 2 mL of isotopically normal
water, followed by agitation and filtration. This extraction causes the
crystals to dissolve and release GgAholecules to solution but retains
the selenate as a barium-selenate precipitate. This solution, and a
solution containing 0.5 mol/L MnGHH3’0 (35%, Isotec Laborato
ries) were separately brought into thermal equilibrium in a water bath
at the desired temperature before we mixed together 1.0 mL of the
filtrate with 1.0 mL of the B’O-enriched solution. This procedure
resulted in~0.010 mol/L solution of isotopically normal Gaglin a
0.25 mol/L solution of MnCJ] at pH ~ 4.8 = 0.1 (Table ] that was
enriched to~17% in H’O. After measuring pH, we transferred the
mixture to a thermally equilibrated NMR tube and then into the
spectrometer. The time from mixing of the solutions to collection of the
first spectrum was usually10 min.

The pH of the solution was heavily buffered, and all experiments
gave similar initial pH values (Table 1). With time, the pH drifted to
lower values as the molecule decomposed slightly. The drift during a
single day, which covered measurement of exchange rates of the more
labile hydroxyl site, was generally less than 0.2 units, and commonly
~0.1 units, of pH (Table 1). Drift continued over several days to weeks
during exchange of the less reactive hydroxyl site, and some samples
exhibited a total drift of 0.7 pH units. Therefore, the pH control for
exchange of the first hydroxyl site was much better than for the second,
less reactive site. The solution pH was determined with a combination
electrode that was calibrated on the concentration scale by titrating
solutions of 0.25 mol/L MnCl + 0.25 mol/L BaC} with a strong acid.

The apparent ionic strength_) of each experimental solution was
~1.7 mol/L.

2.2. Temperature Control

Temperatures were monitored by placing a copper-constantan ther-
mocouple into the coaxial insert of a sample tube and inserting this
apparatus into the spectrometer. The precision and accuracy of the
spectrometer temperature setting is equal to or bettertttab K. For
experiments to determine the rates of exchange of the less labile
hydroxyl site in the GaAl, complex, we placed the samples in a
constant-temperature bath with a temperature uncertaintyo2 K.

and concluded that there was no appreciable excess of gallium in the For calculating rate coefficients, we used a valuezdi.5 K as a

structure. Virtually all the gallium occurred in théGa(O), site of the
molecule.

standard deviation ) for temperature variations in a single experi-
ment, which is very conservative.
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Fig. 3.7*Ga-NMR spectra of an aqueous solution after extraction of
GaAl,, molecules by dissolution of Na[Ga@l,,(OH),4(H,0):,
(SeQ),]J(H,0), crystals (bottom) and after subsequent acid digestion
of the dissolved GaAlL complexes (top). In both, the peak in the
spectrum at 223 ppm corresponds to Ga(P(d}y) in an external
coaxial standard. The ratios of the integrated intensity of ‘fia-
NMR peak at 138 ppm (bottom) or at O ppm (top), divided by the
intensity of the Ga(OH)(aq) standard, are similar in both cases. The
peak at 138 ppm (bottom) corresponds to the Ga@up in the
dissolved GaAJ, complex and that at 0 ppm (top) corresponds to
Ga*(ag). The similar ratio of intensities observed before and after
digestion indicates that the Ga(3jte of the GaA], complex contains
virtually all the dissolved gallium in the extracted solutions.

2.3. NMR Spectroscopy

The solution-staté’O-, 2’Al-, and "*Ga-NMR experiments were
conducted at conditions similar to our previous experiments on the Al
complex (Phillips et al., 2000). Briefly, NMR measurements were made
with a Bruker Avance spectrometer that is based on an 11.7 T magnet
(vo = 67.8 MHz for’0; v, = 130.3 MHz for®’Al; v, = 152.5 MHz
for "*Ga) fitted with a 10-mm broadband probe. T®-NMR spectra
were taken with single-pulse excitation with 2@-pulses /2 ~ 40
ns) and recycle delays of 6 ms. Depending on the sample, 20,000 to

80,000 acquisitions were required to establish an adequate signal-to-

noise ratio. The'*Ga and®’Al spectra were taken with longer relax
ation delays (0.15 and 1 s, respectively), but under broadly similar
conditions.

2.4. Y70-NMR Measurements

A coaxial insert of 0.3 mol/L TbGlin isotopically normal water was
included in all*’O-NMR experiments. This insert gives a peak near
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—100 ppm in thé"O-NMR spectra that corresponds to bulk waters and
waters bound to the T ion that are in rapid-exchange equilibrium
(see Cossy et al., 1988). This peak corresponds to a constant number of
170 nuclei throughout the experiment so that changes in the absolute
concentrations of’O in the various peaks could be assessed during an
experiment with dissolved Gapl We also obtained line-shape param
eters from least-squares fits of the frequency-domain data to a sum of
Lorentzian curves. Usually, three curves could adequately fit the data
(including the peak corresponding to the Th@isert), except at long
times where two curves are needed to fit the bound-hydroxyl peak, as
we discuss below.

The rates of exchange of the,-OH sites were measured from the
rate of change in intensity of the peaks in #®-NMR spectra. These
changes in intensity are fit to a form of the McKay equation (see Casey
et al., 2000) to derive rate coefficients. Rates of exchangg-@H,
sites between the Gaplcomplex and solvent were measured with the
dynamic *"O-NMR line-broadening technique (Swift and Connick,
1962; Hugi-Cleary et al., 1985, 1987) on isotopically equilibrated
samples. In this method’O-NMR transverse relaxation timds were
obtained directly from the NMR line width, = 1/(7 - FWHM), where
FWHM is the full width at half maximum of thé’O-NMR resonance.
The ?O-NMR resonance from bulk water was broadened beyond
detection by interaction with Mn(ll) species present in the solution.

In estimating rate coefficients, we assigned uncertainties in the peak
intensities of 0.02 absolute ¢l total intensity normalized to unity) and
10% in the raw peak widths. These values comfortably span the range
of values that are consistent with reasonable adjustments in spectrum
phasing and baseline correction. In samples containing MA() and
“1Ga peaks for all complexed species exhibited a downfield shift of
about +12 to +22 ppm from their expected positions relative to
external frequency standards. THO-NMR peak positions for sotu
tions that contained Mn(ll) were referenced internally to the bound
waters §*-OH,), which were taken to be-22 ppm, similar to the Al
complex (Thompson et al., 1987). Th¥Ga-NMR peak positions are
reported relative to Ga@®)z"(aq) at 0 ppm.

2.5. 27Al and "*Ga-NMR Measurements

To demonstrate that the GaAlmolecule is kinetically stable over a
typical experiment and that our extraction procedure provides a mono-
specific solution, we monitored the intensity of the peak corresponding
to the VGa(O), site in the GaAJ, molecule relative to the peak
corresponding to Ga(Offi (aq) in a coaxial standard in experiments at
313 K. We observed no measurable changes in the relative intensities
or peak positions over 3 weeks, which spans the duration of a typical
experiment at this temperature. We also saw no evidence for formation
of high-molecular-weight polyoxocations, such as the gallium equiva-
lent of the “Al,," polymer found by Fu et al. (1991) at higher temper
atures and assigned the stoichiometry ®k(OH)s4(H,0)25" (aq) by
Rowsell and Nazar (2000). To produce thissAbolymer, the authors
created Al; from forced titration of AICk solutions at high tempera
ture. In our method, we dissolve crystals containing the molecule at low
temperatures, which generates a kinetically stable, monospecific solu-
tion of GaAl,,.

The solid-state?’AI-NMR spectra (Fig. 2) were collected on a
Chemagnetics CMX-400 NMR spectrometer at 104.3 MHz. Tia¢-

NMR spectra were taken with single-pulse excitation with @s5-
pulses (nonselective = 12 us), relaxation delay of 0.2 s, and 4000
acquisitions. There was no change in relative intensity upon increasing
the relaxation delay to 2 s. The samples were spun at 15.4 kHz with 4
mm outer diameter Zr@rotors, and all resonances are reported relative
to 8%’Al = 0 ppm for Al(H,0):"(aq) in an external dilute solution of
AI(NO3)s.

3. RESULTS

3.1. *0-NMR Peak Assignments

The present results are broadly similar to those of our pre-
vious study of Al (Phillips et al., 2000). The’O-NMR
spectrum exhibits a relatively narrow peak ne&0 ppm (Fig.

4) in our first spectrum of a solution. This peak exhibits a
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Table 1. Experimental results for exchange of the jueOH sites in GaA|,. The pH values were measured shortly after mixing the Gaaid
H,"0 solutions (initial) and after the experiment (final) at the indicated total elapsed time since mixing. The characteristic times for exchange of the
hydroxyl oxygens are derived from least-squares fits of the data to Eqn. 4. Sample 30-80 was used to determine rates of water exchange only. Th
uncertainties are based on Monte Carlo error analysis witfiritensity) = 0.02.

Temperature

(K)

pH
initial

pH

Sample final

Time

(h)

7, (£1o)
(1000 s)

7, (x10)
(1000 s)

30-80
30-94
32-13
32-15
32-17
32-18
32-27
32-33
32-37
32-40
32-20

4.90
4.73
4.83
4.84
4.71
4.71
4.46
4.92
4.15
4.29
4.54

4.32
4.17
4.26
4.10
4.12
4.23
4.19
3.98
3.975
4.04

1128
960
840
696
385

7
624
432
385
217

43.50.5)
16.9:0.2)
12.6:0.1)
12.30.1)
7.80.1)
9.0:0.1)
5.40.1)
8.40.1)
8.50.1)
5.68:0.1)

1394 (-40)
623 (-20)
428 ¢-12)
450 (-12)
192 (-5)

ND
102 (=3)
214 (:7)
221 (£5)
100 (=3)

ND, not done.
t (1000 s)
1241

600

169

JL
|
|

4

Intensity (arb. units)

-
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4.30
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Fig. 4.’O-NMR spectra at 313 K as a function of time for#®.010
mol/L solution of GaA|; with 0.25 mol/L Mn(ll) added to remove the
bulk water peak. Vertical scaling is normalized to the integrated inten-
sity of the peak near-100 ppm, which corresponds to an external,
coaxial TbCl(aq) insert that was used as an intensity standard. The
peak near+22 ppm corresponds to water moleculeg-QOH, sites)
bound to the GaAl, complex. The broader, downfield peak that in
creases in intensity with time arises from the tywg-OH sites in the
molecule, which react at different rates.

-200

constant intensity relative to that of the peak nedr00 ppm

that arises from the aqueous Th@baxial insert. Throughout
the course of an experiment, the intensity ratio of these peaks
at +22 and—100 ppm varies less than a few percent (Fig. 5,
bottom). These results are consistent with our assignment of the
narrower peak at20 ppm to the 12 equivalenf*-OH, groups

in the GaAl,, complex (see Phillips et al., 2000). These termi
nal water molecules isotopically equilibrate with thé-en
riched bulk solutions in fractions of a second (vide infra), so the
peak at-+22 ppm appears virtually instantaneously in our
experiments and maintains a constant absolute intensity.

After a period of reaction that varies with temperature, a
broader shoulder develops that is centered re&B ppm (Fig.

4). This peak increases in intensity until it eventually attains an
intensity equal to the peak at22 ppm; at this point, the ratio

of intensities are equali{t) ~ 1; R(t) = (I5_34ls-22)], where
ls_»5 is the integral of the curve fit to the peak near 22
ppm). The amount of time needed to reach the condRigh=

1 varies considerably with temperature, as does the width of the
peak at+35 ppm. After attainind(t) = 1, the rate of intensity
increase att35 ppm then slows considerably (Fig. 5, top), and
the width of this peak appears to decrease significantly until an
intensity ratio ofR(t) ~ 2 is reached.

Fits of the®”O-NMR spectra of GaAl at long equilibration
times [1.5< R(t) = 2] were improved by addition of a fourth
curve also neart35 ppm but having a width-56% of that
initially fit to the broad peak at conditions early in an experi-
ment [0< R(t) = 1]. When fit to a single curve, the width of
the peak near+35 ppm appears to remain approximately
constant from the start of the experimeR(t) = 0] to near
R(t) = 1, then decreases significantly until isotopic equilibra-
tion is reachedR(t) = 2], which is consistent with increasing
intensity with time of a more narrow component-a85 ppm
betweenR(t) = 1 and 2.

All the spectral changes that occur betwdg() = 1 and
R(t) = 2 can be attributed solely to an exponential increase in
the intensity of the second, narrower component-86 ppm
that eventually reaches a value approximately equal to that of
the peak at+22 ppm. After reachindR(t) = 2, the absolute
intensities of the peak at22 ppm and the broader component
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5 Fig. 6. Arrhenius plot of the transverse relaxation rate$Ifor the
two hydroxyl resonances of Gapl TheT, values were obtained from
the widths of two Lorentzian curves fit to the peak ne®5 ppm [T, =
4 . —e 1/( - FWHM)] for isotopically equilibrated samples with the constraint
that the intensity of the broader curve equal that of the peak2i
el 4.2 ppm, due to the bound waters. This interpretation accounts for the
e 3] a0 observation that the peak at35 ppm appears to narrow d(t)
2 : increases from 1 to 2 (Fig. 4). Lines are linear least-squares fits to the
g 2 3.8 4 data and represent the temperature dependence of quadrupolar relax-
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= 36 4 ation for the two distinct hydroxyl sites.
1 34
32 & T T T - .
0 : ‘ o 4 8 12 16 20 Al 5 (Phillips et al., 2000), which was undertaken at lower
0 200 400 600 800 1000 1200 1400 temperatures because of the much faster rates of oxygen ex-
time (1000 s) change for Al,. At lower temperatures, the peak-a85 ppm

is much broader and more difficult to measure accurately.

Fig. 5. (Top) The intensity ratioR(t), of the peaks at+35 ppm . .
9 (Top) y RO P bp Recent instrumental improvements have also enhanced our

(assigned tqu,-OH sites) and at-22 ppm (assigned tg*-OH, sites)

as a function of time after addition of water enriched~47% in*’O ability to measure large peak widths. We assign the two kinet-
at 313 K. The biexponential behavior indicates differing rates of jcally distinct resonances at35 ppm to the two structurally
exchange for the wo types of bound hydroxyl,-OH and p,-OH' distinct u,-OH sites within the GaAl molecule, consistent

identified in Figure 1. The lines correspond to least-squares fits of Eqn.
4 to the data, and the inset diagram shows the early part of the curve at
an expanded scale. (Bottom) Z?Fg the same experiment, the ratio of
intensities of peaks assigned to thieOH, sites in the GaAl, complex 1 .
(+22 ppm) divided by the intensity of the Th{Aq) coaxial standard 3.2. Rates of Exchange ofy’-OH, Sites
(=100 ppm) as a function of time. The inset diagram shows the ratio
for the early part of the experiment at an expanded scale.

with our previous work (Phillips et al., 2000).

The chemical exchange rates of th&OH, sites were ob
tained by fitting the*’O-T,, values for the peak at 22 ppm (Fig.
7) to Eqn. 1, which incorporates the contributions from chem-

at +35 ppm remain constant (Fig. 5). Likewise, all peak widths ical exchange and quadrupolar relaxation

remain constant. 1 1 1

Our interpretation that the apparent narrowing of the peak at —=—+—_—, Q)
+35 ppm with time is due to increasing intensity of a narrower To 7 Tag
component is substantiated by the temperature dependence Ofyherer is the mean lifetime of a water molecule in the inner
th_e fitted peak widths for isot_opically e_quilibrated samples. In qqrdination sphere and T, is the intrinsic quadrupolar
Figure 6, we show an Arrhenius plot with the transverse relax- rg|axation rate. An Arrhenius-like relation is used to approxi-

ation rates determined from the fitted peak widths £ 1/(m - mate the rates of quadrupolar relaxation,

FWHM)] for the two components. Under these conditions, the

peak width is dominated by quadrupolar relaxation. The fact 1 Eor1 1

that the slopes for these two peaks have different intercepts Toa Wo20€R [?ﬁg]v )

indicates that the two corresponding sites have distinct quadru-

polar coupling constants. The identical slopes reflect the tem- where E;, and W, ,q¢ are fitting parameters (see Casey et al.,

perature dependence of the molecular rotational correlation 2000; Phillips et al., 2000).

time, 7. (see below), which should be the same for two sites in ~ The temperature dependencekgf (s~ %), the first-order rate

the same molecule, as we observe (Fig. 6). coefficient for exchange of water molecules from the inner
The ability to distinguish two components in the peak-85 coordination sphere to the bulk solution, takes the form of the

ppm contrasts these results with those of our earlier study of Eyring equation,
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Table 2. Rate parameters for exchangg®bDH, sites on the GaAl,
molecule with water molecules in the bulk solution, derived from a
least-squares fit of the temperature variation of the peak widthat
ppm to Eqgns. 1 to 3 (Fig. 7). Rate parameters and uncertaintigs)(
for the aggregated data are assigned from Monte Carlo simulation
assuming a 0.5°C uncertainty in temperature and 10% in the raw line

o~ N

£ —= — Fit width, which are conservative.
A - N — — chemical exchange term

= 6 = quadrupolar term

0% K ane ASH W

32-13 q,298 Ea,q
247 Sample (s} (kImorY) K tmol™Y) (s (kIJmol?Y
N 30-80 224.4 67 24
4 30-94 2285 64 65
' ' ' ' ' ‘ 32-13 206.3 65 19
30 31 32 33 34 35 36 37 32-17 1882 69 29
1000/T All data 227 ¢-40) 63 (7)  13(+21) 891 (61) 20 (:3)

/
evo0

9 t t
R(t) = o) _ 5 _ et en ()

I-rﬁOHz

AP*(aq) GaAlj,
-1
8 k, %298~ 1.4s

€

Alyg; gy p05= 1100 571 In Eqn. 4,t is the time elapsed since addition 0£%O to the
solution, andr, andr, are the characteristic times for exchange
of the hydroxyl sites, withr; < 7,. The constant 2 in Eqn. 4
derives from the stoichiometry of the complex; that is, there are
two sets of 12u,-OH sites in a single molecule and one set of
12 n*-OH, sites. A least-squares fit d&¥(t) values to Eqn. 4
yields values of the characteristic timesand, as a function

of temperature and solution pH (Table 1; Fig. 5, top). The
characteristic times;;, andr,, can be reduced to first-order rate
coefficients for chemical exchange by applying the McKay
equation (see Casey et al., 2000) so that

-1
Kex208= 227'8

6 T T T T T T
26 2.8 3.0 3.2 34 3.6 3.8

1000/T

Fig. 7. (Top) Arrhenius plot of thé’O NMR transverse relaxation 1 1
rate (17,) values for bound waters in the GaAlcomplex. Different k= — k, = —. (5)

symbols correspond to distinct samples for chemical conditions re- B T’ T,
ported in Table 1. Values of T} are obtained from the width of the ] o ]
peak at+22 ppm returned from unconstrained least-squares fits of the These pseudo—first-order rate coefficients are numerically

spectra to a sum of Lorentzian curves. The solid line is a least-squares equivalent to first-order rate coefficients for oxygen exchange
fit of the data to Eqns. 1 to 3, comprising contributions from chemical between the agueous solution and fheOH sites

exchange (coarse-dashed line) and quadrupolar relaxation (dotted line). o th . tal t ¢ th | ¢
(Bottom) Temperature variations of theTi/values for the GaAl Vver the experimental temperature range, the va u_d§ 0
complex compared with values determined for the AHE"(aq) andk, vary considerably in accordance with the Arrhenius rate

complex (Hugi-Cleary et al., 1985) and the,Atomplex (Casey et al., law (Fig. 8):
2000; Phillips et al., 2000).

—Eai
ki(t) = A - er-T, (6)

1 Ky T as —awe from which activation energie&() are derived for each & 1,
Kex = = €R €RT, 3) 2) site and converted into activation enthalpies and entropies
via the Eyring equation (Eqn. 3). Extrapolation of the rate
wherek, is Boltzmann’s constant and the exponential terms coefficients in Table 1 to 298 K vyield&;y§ = 1.8(-0.11)-
include the activation entropyAB*] and activation enthalpy 107 °s *andkZ33 = 4.1(+0.2)- 10"’ s~ *. The corresponding
[AH7] for chemical exchange. The paramet&sR,andh are activation parameters are as follows:1] = 98(+3) kJ mol*
absolute temperature, the gas constant, and Planck’s constantandAS; = —8.1(+9) I mol * K% AH} = 125(+-4) kJ mol ?,
respectively. The results of least-squares fits to the data areand ASh = 54(+12) I mol * K2,
presented in Table 2 and are presented graphically in Figure 7.
3.4. Variation in Rates with pH

3.3. Rates of Exchange oft,OH Sites We observed no significant pH dependence to exchange

To account for the nonlinear variation of the intensity of the rates, although the data extend over only a small range. Over
peak near 35 ppm with time, the ratio of the intensities relative the range of~0.75 pH units in experiments at 313 K (Table 1),
to the peak at-22 ppm (assigned to the*-OH, sites) were fit we observed less thas30% variation in the rates. Over this
to a rate law that is the sum of two exponential terms. Physi- range in pH values, a first-order dependence of rate on dis-
cally, each of these terms represents exchange of one of the twosolved proton concentration would cause rates to vary by a
sets of structurally distingt,-OH sites: factor greater than five.
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In(k)

3.24 3.28 3.32

1000/T(K)

3.16 3.20

Fig. 8. An Arrhenius plot of Ik, ) against 1T (K) for exchange of
the two u,-OH sites in the GaAl, molecule. Uncertainties af 0.5 K
were assigned to temperature ah@.2 to Ink,, ) in the plot. Both of
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the molecular rotational correlation time (measured in seconds)
(Abragam, 1961). The temperature dependence of the line
width arises from changes if.

On this basis, we can assign the more labile hydroxyl to that
site on GaA], with the larger electric-field gradient. The ratio
of line widths (~1.8) suggests that the more labile site exhibits
a C, value ~35% larger than that of the less reactive site.
Thompson et al. (1987) estimated = 130 ps for the Al;
molecule at 296 K from measurements of the octahedysll
NMR peak width and of theC, value of the same site in the
crystal by solid-state NMR. Use of this, value for GaAl,,
which is identical in size to Ak, yieldsC, values of 8.7 MHz
for the more labile hydroxyl and 6.5 MHz for the more slowly
exchanging site. However, we are unable to distinguish the two
u,-OH sites in solid-state’O-NMR spectra of selectively
enriched crystals, suggesting that dynamic and/or structural
differences between the crystalline and dissolved forms might
affect theC, values.

Reexamination of our earliéfO-NMR data for Al ; (Casey

these uncertainties are conservative. The lines correspond to full least-gt a|., 2000; Phillips et al., 2000) also shows an apparent

squares fits of the data to Eqn. 3.

The experimentally accessible pH range in the acid direction
is limited by decomposition of the Gapl molecule so that it
was impossible to maintain pH 4.0 long enough to conduct
an experiment. After adjusting the pH in the basic direction, we
found that the extent of exchange of the twg-OH sites
deviated considerably from double-exponential growth. We
interpret the result to indicate partial polymerization of the
GaAl;, molecule during transient periods of high pH as the
titrant mixed (for comparison with AL, see Furrer et al.,

decrease in the width of the peak neaB5 ppm between
R(t) = 1 andR(t) = 2, although these widths are larger and
more difficult to measure accurately because of the lower
temperatures employed. This result suggests a similar assign-
ment for Al 5, as discussed above for GaAl

4. DISCUSSION

4.1. Comparison of Oxygen-Exchange Rates in the Al
and GaAl,, Molecules

There are clear differences in oxygen labilities between the
Al zand GaAl, molecules, even at sites that are well removed

1992b). For this reason, we did not use rate data from solutions from the site of'V Ga(lll) substitution for'V Al(Ill). For exam-

where the pH was raised (sample 32-33) to estimate activation ple, the pseudo-first-order rate coefficient for exchange of
parameters. We find no evidence for steady exchange of the y'.OH, sites on the GaAl molecule k228 = 227(+40) s ] is

170 into thepu,-O sites in the GaAl, as we also observed for
the Al,; molecule (Phillips et al., 2000). Although the-O in
GaAl,, should exhibit a larget’O peak width than for Al,, on

the basis of its larger quadrupolar coupling in the solid state,
3.25 MHz; (our unpublished data) vs. 1.2 MHz for ,Al
(Thompson et al., 1987), it should be easily resolved if signif-
icant exchange occurred.

3.5. Assignment of the Hydroxyl Resonances

The observed parallel temperature variation of the line
widths fit to the two hydroxyl components (Fig. 6) is consistent
with two sites having differenC, values but the same;
variation with temperature. FdrO in the regime of extreme
narrowing but slow chemical exchange, the NMR peak widths
are dominated by quadrupolar relaxation:

1
— =7 FWHM=

3 21+3 n?
T,

sgore-n|tt 3] Gl
(7)

wherel is the spin quantum number € 5/2 for*’0), C, is the

nuclear quadrupolar coupling constant (the product of the nu-

~5 times smaller than that for the Al molecule k228

1100(300) s ] (Phillips et al., 2000). One can see in Figure
7 (bottom) that the differences in the raw data are much larger
than the experimental uncertainties. On the other hand, the
activation enthalpies fon™-OH, site exchange [AL: 53(+12)

kJ - mol~*and GaAl,: 63(+ 7) kJ- mol~] are probably iden

tical to within the experimental uncertainties.

More striking are the differences in the rates of exchange of
the two w,-OH sites between the Al and GaAl, molecules.
First, the two u,-OH sites aregenerally less labile in the
GaAl,, complex than in Al5. Characteristic times for exchange
of the two w,-OH sites in the GaAL molecule at 298 K are
~15.5 and~680 h, respectively, whereas the corresponding
times are~1 min and~17 h for the Al,; molecule (see Casey
et al., 2000; Phillips et al., 2000). As discussed above, the line
width data indicate that rates for bofh,-OH sites change,
rather than a large difference for one site and little change in the
other. Second, the decrease in reactivity of the im@H sites
is not uniform as Ga(lll) substitutes for Al(lll) in the central
tetrahedral site. ThkZ.3 value for the Al; molecule is larger
thankZ3 for the GaAl, complex by a factor o/~900. Simi
larly, for the less labile hydroxyl site, thi€g5 value for the

clear quadrupolar moment and the maximum component of the Al,; molecule is=40 times larger than for the GaAlcom

electric-field gradient at the nucleus, measured in Hertz)rand
the asymmetry of the electric-field gradient (unitless), gnid

plex. The difference of labilities of the tw@,-OH sites within
each molecule is reduced considerably when Ga(lll) is substi-
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tuted for Al(Ill) in the structure. For the AL complex, &35/
k233) ~ 10° but for the GaAl, molecule, KZ39/kZ3) ~ 44.

This unequal change in labilities upb6fiGa(lll) substitution
for "AI(lll) is also manifested in the activation parameters.
One troubling result from our study of the Alcomplex was
that the AH* values for the two distinciu,-OH sites differ
considerably and that th&H¥ and AS} are much higher than
values reported for uncatalyzed dissociation of hydroxyl
bridges in other polyoxocations. Activation enthalpies for dis-
sociation ofu,-OH sites in inert transition-metal dimers tend to
fall in the rangeAH* = 100(+20) kJ mol"* with activation
entropies around zero (e.g., Springborg, 1988; Richens, 1997).
The activation parameters for exchange of the more labile
u,-OH site in the Al; were as followsAHT = 204(+12) kJ
mol~* and ASf = 403(=43) J mol'* K™%, compared with
AH3} = 104(+20) kJ mol * andAS} = 5(+4) I mol * K~ for
the less reactive,-OH site (Casey et al., 2000; Phillips et al.,
2000).

In contrast, the activation parameters fos-OH site ex-
change in the GaAL complex are similar to one another. The
more rapidly reactinge,-OH site in the GaAl, molecule has
AHF = 125(+12) kJ mol %, which is considerably smaller than
AH? in the Al ; molecule but similar taAH3 for both GaAl,
and Al ; [98 and 125f-4) kJ mol 2, respectively]. BothAH}
andAH} for GaAl, , are near the range observed for inert-metal
dimers.

4.2. Structural Differences Between the GaAl,
and Al,5; Molecules

The remarkable differences in oxygen-exchange rates be-
tween the GaAl, and Al,; are not reflected in any large
differences in the structures of these molecules in crystals.
Parker et al. (1997) presents a detailed comparison of the
structures of the GaA) and Al ; sulfate salts, and the impor-

W. H. Casey and B. L. Phillips

Table 3. Structural data for Al and GaAl, sulfate salts having the
nominal composition Na[MO,(Al 5)1,(OH),4(H,0),(S0,)4](H20) 0,
whereM = Al(lll) or Ga(lll). The data are from Parker et al. (1997),
and the atom numbering scheme is described there, in Johansson
(1962), and in Figure 1. The subscript abbreviations are t€trahedal
and O= octahedral. The standard deviation for each bond parameter
value is given in parentheses and corresponds to the last place in the
value. Theoxy site that is nearest the relevant bond is identified in the
right-hand column. See Figure 1.

M = Al(lIl) M = Ga(lll)

Moiety Bond length (A) Structural site
M-O(2)x4 1.831(4) 1.879(5) [e)
Alo-O(1)x2 1.857(6) 1.852(6) -OH'
Al5-0(2) 2.026(4) 2.009(6) [Ie)
Al5-O(3) 1.961(4) 1.962(6) 1*-OH,
Alo-O(4)x2 1.857(6) 1.869(7) 1-OH

Bond angles (degrees)
0O(2)-M-O(2')x6 109.5(2) 109.5(2)
O(1)-Al-O(1") 78.0(2) 77.5(2)
O(1)-Alo-O(2)x2 95.4(2) 95.4(2)
O(1)-Alo-O(3)x2 92.3(2) 92.7(2)
O(1)-Alo-O(4)x2 94.2(2) 94.5(2)
O(1)-Alo-O(4')x 2 171.6(2) 171.1(3)
0O(2)-Al5-O(3) 170.1(2) 169.6(3)
O(2)-Alo-O(4)x2 82.0(2) 81.5(2)
O(3)-Al-O(4)x2 91.3(2) 91.4(2)
O(4)-Alo-O(4') 93.3(2) 93.2(2)
Al-O(1)-Alg 101.4(2) 102.1(3)
Al5-0(2)-M; X3 123.6(2) 122.6(3)
Al5-0(2)-AlgX3 92.3(2) 93.7(2)
Al5-O(4)-AlpX3 103.7(2) 103.3(3)

neighbors of one proton and two aluminums. In the Al
molecule, Al-O bond lengths in both the,-OH and p,-OH’
bridges are 1.857(6) A (Table 3). Upon substitution of
VGa(lll) for "V AI(II), the Al-O bonds in theu,-OH bridges
apparently lengthen slightly to 1.869(7) A, but this small dif-
ference is probably insignificant. The,-OH’ bridges [Al-

taqt crystallograp.hic features are summarized in Table 3. By O(1)] are virtually unaffected by substitution, as the Al-O bond
using the numbering scheme of Johansson (1962a,b) and Parkefengths are 1.857(6) A in the /Al complex and 1.852(6) A in

et al. (1997), oxygens in the,-OH’ group are denoted O(1),
oxygens in thew,-OH are O(4), oxygens in the,-O are O(2),
and oxygens in the*-OH, are O(3). The bond angles in the
GaAl;, and Al,; are identical to within experimental uncer-
tainties (Table 3).

Not surprisingly, substitution ofVGa(lll) for "VAI(lI)
causes a conspicuous increase in the bond length between th
tetrahedral cation and the,-O oxy site from 1.831(4) A in
Al to 1.879(5) A in GaAl, (Table 3). Lengthening of this
bond [VM;-O(2)] causes an associated contraction of the ad-
jacent A|-O(2) bond from 2.026(4) to 2.009(6) A, which is
significant. Because we see no evidence that gh€® ex-
changes with bulk solution in our experiments, the effect of
these structural changes on reaction rates cannot yet be as
sessed. Logically, the structural effects of gallium substitution
will be reflected in the dissolution rate of the GaAinolecule,
which has not been measured and is probably reflected in the
Brgnsted acidity of thig,-O site, which is crucial for disso-
lution (see Casey et al., 2000).

The two sets of hydroxyl bridgeg.(-OH andu,-OH'’; Fig.

1) differ in exchange rates by factorss#4 in the GaA], and
~1000 for the Al; yet the two sets of oxygens in these
hydroxyl bridges have identical inner coordination sphere

the GaAl,, molecule; these are identical to within experimental
uncertainties (Table 3). Apparently the difference in reactivity
of these various oxygen sites in the two molecules are associ-
ated with changes in structure that are too subtle to detect via
X-ray crystallography.

The lengths of bonds between aluminum and oxygens in the

er,l-OH2 groups are virtually identical (Table 3) at 1.961(4) A

for the Al,; and 1.962(6) A for the GaAl complex. This
similarity is striking, given that rates of exchange of the
OH, sites on the GaAl, are a factor of=5 times slower than
in the Al,; molecule. The difference in lability of*-OH, sites

on the Keggin-like molecule might be related to structural
differences in the solvated GaAland Al,; molecules that are

not present in the crystalline solid. Inclusion of the solvent

waters in any computational model of these reactions may be
essential.

4.3. Exchange ofp*-OH.,, Sites and Mineral Surfaces

Although the rates of exchange of'-OH, sites on the
GaAl,, molecule are considerably different than for the Al
molecule, they are well within the range of values reported for
other aluminum monomer and polyoxocation complexes (Table
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Table 4. Rate coefficients and activation parameters for exchange of water molecules from the inner coordination sphere of Al(lll) complexes to
the bulk solution, as determined frotfO-NMR. The estimated uncertainties kg2 are reported as logarithms.

k298 AH* AS*

Species (s +In(o) (kJ mol™%) (Kt mol™b Source
AlS* 1.29 84.7 (-3) 41.6 (+-9) Hugi-Cleary et al. (1985)
Al(ssal)* 3000 0.08 37£3) —54 (x9) Sullivan et al. (1999)
Al(sal)* 4900 0.07 35£3) —57 (+11) Sullivan et al. (1999)
Al(mMal) ™ 660 0.18 66 1) 31 (*2) Casey et al. (1998)
Al(mMal); 6900 0.02 55£3) 13 (=11) Casey et al. (1998)
Al(ox)* 109 0.13 68.942) 25.3 (£6.7) Phillips et al. (1997b)
AIFZ* 111 0.14 79 £3) 60 (+8) Phillips et al. (1997a)
AlFS 19,600 0.05 6945) 70 (£17) Phillips et al. (1997a)
AlIOHZ* 31,000 0.25 36.4%5) —36.4 (+15) Nordin et al. (1998)

Al 5 1100 0.09 53£12) —7(=25) Casey et al. (2000); Phillips et al. (2000)
GaAl,, 227 0.19 63£7) 29 (+21) This paper

ox, oxalate; ssal, sulfosalicylate; sal, salicylate; mMal, methylmalonate;; ARIO,AI,,(OH),,(H,0)i2(aq) complex; GaAl,
GaQAl,;,(OH),,(H,0)3 (aq) complex.

4). The fact that rates for such structurally dissimilar molecules the n*-OH, site. This internal proton transfer mechanism has
fall into a relatively narrow range is important because it the advantage that one neutral water molecule exchanges for
supports the idea that the rates of exchange)/®sOH, sites another, rather than for a hydroxyl ion, which must overcome
from the surface of a fully charged aluminum (hydr)oxide electrostatic attraction to exchange. The corresponding quan-
mineral also fall within this range of values<d k28 < 10*s™* tum chemical calculations to test these mechanisms are cur-
(Casey et al., 2000; Phillips et al., 2000). Two observations rently in progress at Stockholm University.

support this hypothesis. First, the charge density on the GaAl

and Al,; molecules is similar to that of a fully protonated  acknowledgmentsThe authors thank Marilyn Olmstead for discuss-
oxide—mineral surface, 1 to 3 proton charges/ifeg., Hiem ing the X-ray crystal structures and for determining the structure of our
stra et al., 1999; Nordin et al., 1999), so that electrostatic starting material and Tom Swaddle for discussions about bonding and
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is much smaller than the total rangek3f® for different metals
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