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Abstract—Activation volumes for exchange of oxygen between bulk aqueous solution and sites in the
GaQ,Al,,(OH),,(H,0)74 (aq) (GaAl,) complex were measured by variable-pressd@ NMR techniques.

Near 322 K, rates of exchange for the less labile set of bridging hydroxyls in the, Gdedrease by a factor

of about two with increasing pressure from 0.1 to 350 MPa. These data indicate a substantially positive
activation volume ofAV* = +7 + 1 cn?/mol, which is the first activation volume measured for a bridging
hydroxyl in a polynuclear complex. This result suggests significant bond-lengthening in the activation step.
Electrostriction effects should be small because exchange occurs via a pH-independent path under the
experimental conditions. The second, more labile set of bridging hydroxyls exchange too rapidly for the
variable-pressure techniques employed here. The exchange of bound-water molecules on {hev&aAl
observed at P= 350 MPa using the'’O-NMR line-broadening technique. Comparison with previous
measurements at 0.1 MPa indicates decreasing line width from 0.1 to 350 MPa for temperatures at which
exchange dominates, yielding an activation volumegf = +3(= 1) cnP/mol. This activation volume is
smaller than the value for the Alg®)" complex, suggesting that water exchange on the larger GaAl
complex has less dissociative character although the average charge density is Bapgright © 2004

Elsevier Ltd

1. INTRODUCTION Casey and Swaddle, 200®ur hypothesis is that the concepts
developed to understand reactions of dissolved species can be
applied to reactions occurring at mineral/fluid interfaces, after
appropriate compensation is made for different charge densities
and associated solvent-ordering effects. Even metal detachment

Information from quantum chemical calculations is likely to
become an essential aid for interpreting variations in rates of
geochemically important reactions, particularly those between

minerals and aqueous fluids. Such computational models are . - . .
from a dissolving mineral surface, for example, can be viewed

attractive because they provide both a physical picture of as the proaressive replacement of bridaing by nonbridain
structures and motions of reacting species at the molecular . prog P ging by ging

. ligands.
scale .and also allqw .hypOtheseS to be tested quickly apd SYS" “solvent exchange is the simplest of all ligand-substitution
tematically. Establishing the accuracy of these calculations is . .

. reactions, e.g.:
key and, unfortunately, there are very few reactions that are
directly accessible to both experimental and computational
methodologies. Computational models are limited in size and
rarely include the detail needed to explicitly handle solvation,
hydrogen bonding, and proton-transfer effects. On the other
hand, it is nearly impossible to measure rates and activation
parameters for elementary reaction steps in complex geochemi-

cal systems that involve mineral surfaces. Macroscopic reac- . the t ” ¢t f solvent h " .
tions, such as those at mineral surfaces, proceed via compli-Ing € transition states of solvent-exchange reactions using

cated networks that include many elementary reaction steps. purely ab initio methodsRotzinger, 1996, 1997, 2000; Hart-

In order to help bridge this gap between computational mann et al., 1997_’ 1999; Kowall et al., 1998].(1 in the use_ of
models and experimentally accessible systems, we have mea_molecular dynamics methods for systems with weakly ligated
ater Obst and Bradaczek, 1996; Spangberg, 19%bm-

sured water exchange rates and activation parameters for a\évined ab initio and molecular-dynamic methods, such as the

number of monomeric and multimeric complexes of Al(lll : . :

(seelee et al., 2002and references thereinF)). Many surf(ac)e Car-Parinello techniquesMarx et al., 1997; Geissler et al.,

reactions can be viewed as ligand-substitution reactions (see2001; Schwenk et al., 2001; _Inada et al, ZDOQre_able to .
model solvent-exchange reactions on the most labile metals in

aqueous solution (e.gSchwenk et al., 2001 although these
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M(OH,)g" + H,0* <> M(OH,)5(*OH"" + H,0

because there is no net Gibbs energy driving this reaction and
the products and reactants are identical. The relatively small
number of atoms involved make reactions of this type compu-
tationally attractive and much progress is being made simulat-
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Among the distinguishing characteristics of the exchange
reaction, only the activation volume can be related unambigu-
ously to a mechanism. The activation volume can be deter-
mined from the pressure-dependence of reaction rates and
severa studies have attempted to either calculate volumes of
activation or relate other parameters, such as M-O distances, to
experimentally derived volumes for water exchange reactions
(Rotzinger, 1996, 1997; Hartmann et a., 1997; Spangberg et
a., 1997; Kowall et a., 1998). For example, using ab initio
DFT techniques Rotzinger (1996) found almost identical acti-
vation energies for water exchange on the V(Il) hexaagua
complex via associative interchange (I, see below) and disso-
ciative mechanisms. However, comparison of the calculated
sums of the V(I1)-O distances (including that of the incoming
water) with the experimentally measured activation volume
allowed the authors to identify the most reasonable computa-
tional model.

1.1. Volumes of Activation

Constraints on a ligand-exchange mechanism can be ob-
tained from the pressure dependence of reaction rates and the
volume of activation (Merbach and Akitt, 1990). The variation
in reaction rate with pressure is described by:

aIn (k) AV#
( aP )f TRT @

where AV* is the difference in volume between reactants and a
trangition state. The pressure dependence of the exchange rate
is described by integrating Eqgn. 1:

PAV' PAB*
In (ke[P]) = In(Kexo) = 57~ + Rt 2

The integration constant (k. o) is given by the Eyring equa-
tion:

AH*-TAS!
Kexo = kBTT e’( RT ) ©)]
where Kk, o represents the exchange rate coefficient at atmo-
spheric pressure, and the exponential term includes the entropy
[ASY] and enthalpy [AH"] of activation for chemical exchange;
the parameters kg, T, R, and h are Boltzmann's constant,
absolute temperature, the gas constant, and Planck’s constant,
respectively (e.g., Kelm and Palmer, 1978). Eqgn. 2 contains the
experimental pressure (P), the activation volume [AV?#], and the
compressibility of activation [AB*], which describes the pres-
sure-dependence of AV* and is usually very small for aqueous
complexes (e.g., Richens, 1997).

For an elementary water exchange reaction, the measured
activation volume corresponds to the difference in molar vol-
ume between reactants (solvated complex plus solvated water
molecule) and the activated complex and is usually assumed to
contain contributions from two main effects: AV, due to the
intrinsic geometrical volume changes of the complex arising,
for example, from changes in bond lengths associated with
formation of a transition state for exchange, and AV, due to
electrogtriction effects in the solvent (e.g., Lincoln and Mer-
bach, 1995). Electrostrictive effects are usually neglected when

a neutral species is exchanged, such as for water exchange in
aqueous solution. We argue below that AV isalso likely to be
small for oxygen exchange between hydroxyl bridges and
solvent waters if the charge on the complex remains constant.

In the limiting cases, associative (A) and dissociative (D)
mechanisms of ligand substitution involve a metal complex that
gains or loses aligand, respectively, to form an intermediate of
expanded or reduced coordination number. Reactions with D
mechanisms have a strongly positive activation volume (AV*
> 0) and, conversely, reactions via A mechanisms have AV¥
< 0 (Langford and Gray, 1966). In these cases, the volume
change corresponds approximately to that of moving a water
molecule into or out of the solution, the absolute volume of
which has been estimated to be approximately 13 + 1 cm?®
mol ~* (Swaddle, 1983a). Activation volumes for solvent ex-
change on many metal aquo (Helm and Merbach, 2002) and
monohydroxo (Jordan, 1998, p. 74) complexes have been mea-
sured, including those for the agueous complexes of geochemi-
caly important metals. Most of these measured activation
volumes are less than one half of these limiting values, which
has been interpreted as indicating concerted motions leading to
arange of degrees of bond breaking with the leaving group and
bond making to the entering groups (Swaddle, 1983b, 1991).
These intermediate cases are designated as interchange mech-
anismslg, or |, or |, depending on the relative amounts of bond
breaking vs. bond making, and, operationally, on the sign of
experimentally measured AV* (Richens, 1997). We should note
that no computational study has yet succeeded in obtaining a
transition state for an |4 reaction, which suggests that more than
one second-sphere water is necessary to model these reactions
(Erras-Hanauer et al., 2002).

Based on a model for volume changes upon coordination
change and electrostriction of solvent, Swaddle (1983a) pro-
vides estimates for limiting volumes of activation for many
hydrated metal cations. It is now clear (e.g., Swaddle, 1991)
that all water substitution reactions in agueous solvent require
a significant amount of solvent reorganization and that a com-
plete gradation might be expected between |, and |, mecha
nisms. The observation that most activation volumes differ
significantly from zero suggests that certain subsets of config-
urations dominate the exchange reactions, so that AV* remains
an important physical parameter describing the reaction and the
subset of exchanging configurations, in terms of degree of
interaction between entering and leaving groups. For example,
the activation volume measured for water exchange on
Al(H,0)" (+5.7 cm® mol % Hugi-Cleary et al., 1985) is
much smaller than that estimated for limiting dissociative ex-
change on Al(l11), +14.3 cm® mol ~* (Swaddle, 1983a). Thus,
oxygen exchange even for a hard, coordinatively saturated
cation involves concerted motions of the entering and leav-
ing groups and most geochemical reaction mechanisms will
range from |, to |4 (see discussion in Casey and Swaddle,
2003).

1.2. The GaAl,, Experimental Model

Of particular use to geochemists is a group of auminum
polyoxocations having the e-Keggin-like structures (Fig. 1).
These e-Keggin molecules have the stoichiometry: MAI,,=
MO,Al15(OH),4(H-0)1 (aa); [M = Al(IlN) for Alys, n = 7,
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pp-OH’
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Fig. 1. Polyhedra representation of the GaAl,, polyoxocation
(Parker et al., 1997) with exchangeable oxygens labeled. By stoichi-
ometry, each molecule contains 12 each of the u,-OH, w,-OH’, and
1n-OH,.

M = Ga(lll) for GaAl,, n = 7; M = Ge(IV) for GeAl,, n =
8] and can polymerize into larger molecules and solids (e.g.,
Bradley et al., 1993; Allouche et al., 2000; Rowsell and Nazar,
2000; Furrer et al., 2002). These molecules expose bridging
hydroxyl (u,-OH) and terminal bound-water (n-OH,) type
sites to the agueous solution that are structurally similar to
those expected to occur on the surfaces of Al-oxyhydroxides
and 1:1 dioctahedral clay minerals, such as kaolinite. Further-
more, the formal surface-charge density of these molecules is
similar to that of Al-oxyhydroxides at near-neutral to slightly
acidic conditions (Hiemstra et al., 1999; Phillips et al., 2000).
The overal similarity of oxygen exchange rates of the
GaAl,, molecule to those of the much larger Al polyoxoca
tion (Al,OgAlg(OH)ss(H,0)22" (ag); Allouche et al., 2000;
Rowsell and Nazar, 2000) suggests that sites on these mole-
cules could be good models for reactive edge- and kink-siteson
Al-oxyhydroxide surfaces in terms of structure and reactivity
(Phillips et al., 2003). Pseudo-first-order rate constants and
activation enthalpies and entropies for steady-state oxygen ex-
change on the GaAl,, molecule were measured previously at
atmospheric pressure by O NMR techniques (Casey and
Phillips, 2001). This GaAl,, molecule (Fig. 1) contains two
types of exchangeable hydroxyls, denoted structurally as
t-OH and p,-OH' and kinetically as u,-OH® (slow) and
uw,-OH' (fast), and one type of bound water (n-OH,). The
hydroxyl bridges react at dramatically different rates; the char-
acteristic times for exchange of u,-OHS and p,-OH' from sites
on the GaAl,, molecule to bulk solution are 7, = 677 h and =
= 15.4 h, respectively, at 298 K and ambient pressure. The
central u,-O groups appear to be inert, exchanging with solvent
only when the molecule is broken apart and reassembl ed.
Here we present variable-pressure kinetic data for exchange
of oxygen between bulk solution and both the bound-water site
and one of the sets of bridging hydroxyls on the GaAl,,
molecule, using a new pressurizing NMR probe assembly with
170 NMR techniques described previously (Casey and Phillips,
2001). The results show that the oxygen exchange reactions at
both the bound waters and the measurable hydroxyl site de-

crease with increasing pressure, corresponding to positive vol-
umes of activation. The volume change during hydroxyl ex-
change is particularly large and suggests significant bond
lengthening to form the activated complex.

2. MATERIALS AND METHODS
2.1. Preparation of Solutions

Solutions of GaAl,, were prepared by dissolving crystals of
Na[GaO,Al;,(OH),,(H,0),,(Se0,).,] (H,0),into solutions containing a
slight excess of BaCl, in deionized water. Dissolution in the presence
of BaCl, causes the GaAl,, molecule to release intact into the solution
and to precipitate the selenate counterion as a BaSeO, solid that is
filtered away by a 0.2 um filter, resulting in a metastable chloride
solution a pH = 4.7 containing dissolved GaAl,,. Synthesis of the
crystalline GaAl,,-selenate salt and characterization of the solid and
solution phases is discussed in Casey and Phillips (2001) and derives
from Bradley et a. (1992).

2.2. NMR Spectroscopy
2.2.1. High-Pressure NMR Probe Assembly

All of the NMR spectra taken for this study were acquired with a
pressurizing sample probe assembly similar to that described by Jonas
et al. (1993). The body of the probe comprises a titanium pressure
chamber with an outside diameter of 61.5 mm and inner bore of 20 mm
diameter, encased in an integral thermostating water jacket. Its calcu-
lated bursting strength is 1000 MPa. The end plugs are composed of
Berylco-25, with a c-seal at the top plug, which accommodates the RF
feed-throughs, and a Bridgman-type seal at the bottom plug, containing
a feed-through for the thermocouple. The pressure was generated
manually with a large-volume syringe pump (High Pressure Research
Inc.), using water, and transferred to the sample with n-hexanes. The
experimental pressures were measured with an electronic gauge (High-
Pressure Research Inc.).

The sample solution was contained in an 8 mm (outside diameter)
glasstube that is connected viaacapillary to areservoir which is sealed
by a doubly o-ring-seated PTFE piston to transmit pressure to the
sample. The active length of the three-turn Helmholtz NMR transmit-
ter/receiver coil (Doty Scientific) is about 1 cm. The sample tempera-
ture was controlled by circulating water from a constant-tempera-
ture bath (Neslab Inc.) through the thermostating jacket. Sample
temperature was continuously monitored with a Cu-constantan thermo-
couple symmetrically disposed from the sample inside the pressure
chamber.

2.2.2. Hydroxyl Exchange

The exchange rate for the less labile hydroxyl on the GaAl,, com-
plex was measured at 322 K by an oxygen-isotope equilibration tech-
nique, using *O-NMR spectroscopy for detection as described by
Casey and Phillips (2001). The experiment was begun by mixing 1.5
mL of the isotopically normal GaAl,, stock solution with 1 mL of 40%
0-enriched water that was 0.5 M in Mn(I1) and pH-adjusted to match
that of the stock solution. After mixing, the sample was quickly loaded
into the NMR pressure vessel, which was then sealed and brought to the
desired pressure and temperature (322 K). Typically, the elapsed time
from mixing (t,) to acquisition of the first NMR spectrum was about
1 h. The *O-NMR spectra were acquired periodically over a period of
about 1 week. Temperature was constant within =0.5 K, controlled by
the temperature controller of the water bath and the pressure was
maintained constant to within =5 MPa by periodic manual adjustment.
Both pressure and temperature were logged electronically throughout
the course of the experiment.

2.2.3. Water Exchange

Rates of exchange of the bound waters were measured using a
1’0-NMR line-broadening technique similar to that described by Hugi-
Cleary et a. (1985), but in an isobaric variable-temperature series. We
used samples for which the hydroxyls and bound waters had been
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Fig. 2. O-NMR spectra of sample 3706, taken at 350 MPa and 322
K. Timesindicate elapsed time since addition of the *’O-enriched water
(to); t = tagq — o, Where t, is the midpoint of the spectral acquisition
period. Spectra represent 36,0000 acquisitions taken at 54.2 MHz with
single-pulse excitation of 20 us pulse duration, 5 ms recycle delay, and
100 kHz digitization rate.

isotopically equilibrated with “O-enriched solvent in a previous hy-
droxyl-exchange experiment. In consideration of the large thermal
mass of the probe assembly, acquisition of the NMR spectrum was
begun at least 45 min after the temperature reading from the thermo-
couple had stabilized.

2.2.4. NMR Data Acquisition

All YO-NMR spectra were taken at 54.2 MHz with a Chemagnetics
CMX-400 spectrometer, based on a 9.4 T magnet having 89 mm bore
diameter. The NMR spectra were acquired using 20 us pulses (~/3)
separated by a 5 ms interpulse delay for a total of 160,000—320,000
acquisitions. For the water exchange measurements, the *’O NMR T,
values were obtained from least-squares fits of the frequency domain
spectra to a sum of Lorentzian-shaped curves, from the relation T, =
(7 - FWHM) ™%, where FWHM is the full-width at half-maximum. The
acoustic ring-down period of the NMR probe precluded measurement
of thefirst 80 us of the free-induction decay (FID). To remove baseline
roll, these points were recal culated from the remainder of the FID using
a linear-prediction algorithm. The time-domain data were digitized at
100 kHz, with the acquisition timing adjusted such that only a frequen-
cy-independent (zero-order) phase correction was needed to obtain
pure absorption-mode spectra.

3. RESULTS
3.1. Pressure Dependence of Hydroxyl Exchange

Hydroxyl exchange experiments were undertaken at T = 322
K and pressures of 10, 175, and 350 MPa. For al experiments,
the *’O-NMR spectra at short times contain a relatively narrow
peak due to the bound waters on the complex, which isotopi-
cally equilibrate within 1 s (Casey and Phillips, 2001), and a
broader peak about 10 ppm downfield that initialy arises

® 3709; 350 MPa
o 3708; 10 MPa

:35pp|||/ I 5‘422]»pm)

R

0.8 -

0.6

T T T
0 200000 400000 600000 800000

time (s)

Fig. 3. Variation of the intensity ratio (R(t); Eqn. 4) of the *’O-NMR
peak at +35 ppm to that at +22 ppm, with elapsed time since addition
of O-enriched water for samples 3708 (open symbols; 322 K, 10
MPa) and 3709 (closed symboals; 322 K, 350 MPa). Intensities were
obtained from constrained |east-squares fits to the *’O-NMR spectra as
described in the text. Lines are weighted |east-squares fits to Egn. 5,
with indicated best-fit values for 7. Error bars represent estimated 1o
uncertainties in the R(t) values, obtained by propagation of an esti-
mated =10% uncertainty in the fitted raw intensities from the NMR
spectra. One set of hydroxyl bridges (designated u.,-OH) isotopically
equilibrates during pressure and temperature equilibration. The num-
bers in the inset box identify individual experiments.

primarily from the more labile hydroxyl site (Fig. 2). The
intensity of this broader, downfield peak gradually increases
with time elapsed since mixing (t = t,., — to, Where t,, isthe
midpoint of the spectral-acquisition period; t, is the time of
mixing) and reaches a constant value within about 3-5 d,
depending on the pressure, after which no significant changes
occur in the spectra (Fig. 3).

These results are consistent with our previous hydroxyl-
exchange measurements at 0.1 MPa (Casey and Phillips, 2001),
extrapolation of which to the present experimental temperature
yields average lifetimes (0.1 MPa) of 7, = 51 min for the more
labile hydroxyl site (AHF = 98 kJmol and ASf = —8 Jmol ~*
K™% and 7, =~ 12 h for the more slowly exchanging hydroxy!
site (AHZ = 125 kImol ~* and AS} = 54 Jmol ~* K~%). Under
the present experimental conditions (322 K), we expect the
labile hydroxyl to isotopically equilibrate relatively quickly,
during the initial temperature and pressure equilibration, and
we attempt to measure the exchange rate only for the moreinert
hydroxyl.

The pseudo-first-order rate coefficient for exchange of the
w-OH® (ko o Was determined for each equilibration experi-
ment from the increase in integrated *’O-NMR intensity of the
hydroxyl peak at 35 ppm (Is_35) as a function of time,
measured as the ratio of the intensities for the peaks at 22 and
35 ppm:

R(t) = |8=35 ppm/|5=22 ppm- (4)

We assume that the intensity of the bound-water peak (22 ppm)
does not change significantly during the course of an equili-
bration experiment, as we found for experiments at 0.1 MPa
which included a separate intensity standard (Casey and Phil-
lips, 2001).
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The relative integrated intensities were obtained from con-
strained |east-squares fits of the frequency-domain spectrato
a sum of three Lorentzian-shaped curves. The spectra at
intermediate to long equilibration times cannot be modeled
adequately by unconstrained fits to two Lorentzian curves,
because the broader peak contains distinct contributions
from the two types of hydroxyl sites (Casey and Phillips,
2001). Compared to previous studies undertaken at 11.7 T,
the present data (9.4 T) are less resolved by about 20%,
which necessitated addition of constraints to obtain physi-
cally realistic results. For each spectrum, we required that
the intensity of the broader peak at 35 ppm equal that for the
peak at 22 ppm and fixed the value for the width of the
second curve near 35 ppm. The intensity constraint is con-
sistent with the stoichiometry of the complex, assuming that
the more labile hydroxy! isotopically equilibrates during P-
and T-equilibration. The constrained peak width was deter-
mined for each equilibration experiment by fitting the spec-
tra at three or four of the longest equilibration times (judged
to be isotopically equilibrated by visual comparison of these
spectra) to three curves of equal intensity. This constrained
width decreased slightly with pressure, but did not differ
significantly between experiments repeated at the same pres-
sure nor among the set of spectra at long equilibration times.
A decreased width with increasing pressure is expected if
quadrupolar relaxation dominates the line width, due to
increasing rotational correlation times. The spectra at long
equilibration times were then refit with these constraints to
give the experimental R(t) values. With these constraints,
the only significant change with time across an isotopic
equilibration series was the intensity of the second, narrower
peak at 35 ppm, which we attribute to isotopic equilibration
of the w,-OHS with the *"O-enriched bulk water.

The values of R(t) werefit to aform of the McKay equation,
taking into account the stoichiometry of the complex:

R(t) = 2.0 — aexp (—t/1y) 5)

where t is the elapsed time since mixing, the constant a was
allowed to vary to compensate for systematic errorsin the fitted
intensities, and 7 is the time constant for oxygen exchange on
the more dowly reacting hydroxyl bridge at the pressure of
interest, corresponding to the average lifetime of an oxygen
atom on p,-OHS®. The pseudo-first-order rate constant for this
site (Ke s(P)) was then obtained from the relation:

Kees = 75 (6)

The best-fit values for a varied only dightly from the stoi-
chiometric value of unity (a = 1.00 * 0.05), whereas imposing
the constraint a = 1.0 resulted in, at most, a 10% decrease in
the fitted value for 7. Reduced data sets and resulting fits to
Eqn. 5 are shown in Figure 3 for experiments undertaken at 10
and 350 MPa.

The experimentally derived values of 1 increase with pres-
sure over the experimental range (Fig. 4), from about 12 h at 10
MPa to about 25 h at 350 MPa. The value at 10 MPa is in
reasonable agreement with that extrapolated from our previous
results, plotted as the filled symbol on Figure 4, which were
obtained at 0.1 MPa over atemperature range of 301 to 317 K.
Using the formally derived uncertainties in the activation pa-

-10.2
-10.4
-10.6
0
-10.8

-11.0

In[k,, (5)]

-11.2 A

-11.4 -

116

-11.8 = T T T
0 100 200 300 400

P (MPa)

Fig. 4. Pressure-dependence of the pseudo-first-order rate coefficient
for exchange of the less |abile set of hydroxyls (designated p.,-OH®) in
the GaAl,, polyoxocation, obtained from fits of the R(t) values to Eqn.
4 and 5. The line is a least-squares fit to Eqn. 2, assuming AB* = 0,
which yields an activation volume of AV = +7 = 1 cm® mol ™.

rameters (Casey and Phillips, 2001) yields an uncertainty in this
extrapolated value of 7, of over afactor of two.

The activation volume for exchange of oxygen between
solvent waters and the slowly exchanging hydroxyl bridge
(AV¥ corresponds to the slope of a line fit to the pressure
dependence of In(k,, o a constant temperature (Egn. 2). As-
suming that the compressibility of activation is negligible (ABE
= 0), the dope of the best-fit line yields a substantially positive
activation volume of AVE = +7 = 1 cm®mol~*. The uncer-
tainty was estimated by propagating a 10% uncertainty (1o) in
the raw relative integrated intensities through Egns. 4, 5, and 2.
Including the AB* term in the fit yields fitting coefficients
corresponding to AVY = +14 cm®mol—* and ABY = 0.034
cm®mol %, athough the additional parameter cannot be justi-
fied because of the large estimated uncertainties in the rates.
Previous measurements on monomeric complexes in agueous
systems have generally found values of AB* too small to
significantly affect the fitted activation volume. For example,
Hugi Cleary et al. (1985) found for Al-hexaaqua that including
the second-order term gave AB* = 0.01 cm®mol~* and in-
creased the fitted AV* by 0.9 cm®mol ~2, but the fit was not
significantly improved over the linear fit to the pressure vari-
ation. By comparison, the second-order fit to the present data
yields extreme values for AV* and AB*¥, and does not im-
prove the fit within uncertainty, so we will use the smaller
value for subsequent discussion. It is possible that compress-
ibility of transition states of large complexes, such as the
GaAl,,, is more significant than for monomeric complexes
because of the ability of larger complexes to compress by
changing bridging bond angles in addition to bond lengths.
However, measurements more precise than was possible in
this study would be required to observe such effects. In either
case, the volume of activation is substantially positive and at
least as large as the largest activation volumes that have been
measured for oxygen exchange in agueous solution, e.g., +7.2
cm®mol ~* for the Ni(H,0)2* complex (Ducommun et al.,
1980).
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Fig. 5. Arrhenius plot of the O-NMR transverse relaxation rate
(T, 1) for the bound waters in the GaAl,, complex. Open symbols are
data from Casey and Phillips (2001), taken at 0.1 MPa, with the dashed
line corresponding to a least-squares fit to Eqgns. 2, 7, and 8. Solid
symbols are data from this study, taken at 350 MPa, with a line
corresponding to a least squares fit to Egns. 2, 3, 7, and 8, assuming
ABE = 0, and that AHZ, and AS}, are equal to those fit to the 0.1 MPa
data. The numbers in the inset box identify individual experiments.

3.2. Pressure Dependence of Water Exchange

We collected a single isobaric series of variable-temperature
NMR spectra at a pressure of 350 MPa. An estimate for the
activation volume of the water exchange reaction between
GaAl,, and solvent can be obtained from comparison of the
peak widths (full-width at half-maximum; FWHM) measured
for the bound-water resonance (22 ppm) at 350 MPawith those
previously measured at 0.1 MPa (Casey and Phillips, 2001).
The variations in peak width correspond to changes in the 'O
spin-spin relaxation rate (T,”* = o - FWHM), which are
shown in Figure 5. Two principal processes contribute to the
70 T, relaxation constant of the bound waters: (i) chemical
exchange of oxygen between the complex and the solvent,
which is characterized by 7,,, the mean lifetime for a bound
water molecule on the complex; and (ii) intrinsic relaxation due
to modulation of the coupling of the nuclear quadrupole mo-
ment to the electric field gradient by molecular motions, de-
scribed by time constant T, . The observed relaxation rate is a
sum of the component rates:

11,1 .
TZ_TW T2,q. ()

The pseudo-first-order rate coefficient for water-exchange,
Kexw: COrresponds to the inverse of the average lifetime of a
water molecule in the inner-coordination sphere of the com-
plex; Kecw = 7w With a temperature dependence described
by Egn. 2. An Arrhenius-type relation is used to model the
temperature dependence of the quadrupolar relaxation rate:

1 E, (1 1
E—Wq,zgs &P\ g7 | T~ 208 (8)

where the W, »55 and E, are fitting terms on which we place no

physical significance in this context. The combination of Egns.
3, 7, and 8 results in the typical U-shaped curve (Fig. 5) due to
a crossover in the dominant relaxation mechanism from the
quadrupolar term at low temperatures to chemical exchange
effects at high temperature.

The data taken at 350 MPa (closed symbols in Fig. 5) were
fit by modifying the chemical exchange term according to Eqgn.
2, assuming that AB* = 0 and constraining the activation
entropy and enthalpy to equal the best fit valuesto the 0.1 MPa
data: AS}, = 13JK " * mol~* and AH{, = 63.1 kJmol %, The
quadrupolar terms were alowed to vary freely. The best-fit
valueis AVY, = 3 = 1 cm® mol 2, but it should be noted that
this result amounts essentially to a series of linear fits of the
pressure dependence of the water-exchange rate, each compris-
ing points at two pressures.

4. DISCUSSION

The lifetime of oxygen in the less-labile hydroxyl sites of
GaAl,, increases with increasing pressure, indicating that the
activated complex has a significantly larger volume than the
initial stable complex plus a solvated water molecule. To our
knowledge, this is the first measurement of the activation
volume for a bridging hydroxyl in a polynuclear complex,
athough there have been measurements of the pressure-depen-
dence for water exchange in polynuclear complexes (e.g.,
Drljaca et a., 1998). Part of the reason for lack of similar
measurements is the extreme experimental difficulty of resolv-
ing bridging sites, due to the large *’"O-NMR peak widths of
hydroxyl oxygens and the presence of multiple oxygen sitesin
multimeric complexes. A bigger issue, however, is probably
related to the difficulty in interpreting exchange results for
charged species. Most previous measurements of rates of ex-
change of bridging hydroxyls report pH-dependent pathways
that involve proton transfers between complex and the solution
(see examples in Springborg, 1988). Protonation of a hydroxyl
bridge by the solvent requires overcoming an electrostatic
barrier to exchange. Such exchange of charged species affects
the electrostrictive portion of the total activation volume
(AVE), whichis believed to be sizable compared to geometrical
effects (Lincoln and Merbach, 1995). Furthermore, rates of
reactions that occur by pH-dependent pathways will naturally
vary with pressure due simply to the change in the ionization
constants of water (Marshall and Franck, 1981) and that of the
molecule under investigation.

In our ambient-pressure measurements for the exchange of
oxygen on the GaAl,, hydroxyl sites (Casey and Phillips,
2001), we noted no pH-dependence to the exchange rate over
the range 4.1 = pH = 4.9. This lack of pH-dependence sug-
gests that proton transfer (to produce solvent water from a
bridging hydroxyl) occurs internal to the molecule so that the
charge on the complex does not change during the exchange
reaction. One possible pH-independent mechanism would in-
volve a proton transfer to the hydroxyl from a site within the
molecule (e.g., an adjacent n-OH,), followed by exchange of
the protonated bridge for a water molecule and back-transfer of
the proton to the donor site. An internal-proton transfer mech-
anism would allow one neutral water molecule to exchange for
another, rather than a hydroxyl ion. In this case any contribu-
tion from AV should be small because the charge on the
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complex remains constant with the reaction coordinate,
whereas proton transfer from the solution changes the charge
on both the donor and acceptor species. Therefore, our ob-
served AVE = +7 + 1 em®mol ~* reflects primarily the geo-
metrical change in volume between ground state (complex plus
water molecule) and activated complex.

If a proton-promoted exchange pathway were important, we
would expect the exchange rate to increase with pressure due to
the increase in proton concentration arising from the increased
ionization constant for water at pressure (~10~*2* at 400 MPa;
Johnson et a., 1992). Thus, our measured activation volume
would correspond to a minimum value for the geometrical
term, because the total pressure variation of rate would include
a positive contribution if the molecule partly deprotonates or if
the rates contain a significant contribution from a proton-
promoted pathway.

The activation volumes that we report can help constrain
computational models for the exchange of oxygen between the
complex and bulk water. The measured activation volume is
larger than for the Al(H,0)3*(ag) complex (+5.7 cm®mol ~%;
Hugi-Cleary et al., 1985), but may be similar given the uncer-
tainties of the data. Although the measured activation volume
represents only a 2% increase in the overall volume of the
complex, the volume change is about one-half that correspond-
ing to movement of a water molecule from solution to a metal
inner-coordination sphere. This volume change is likely to be
localized near the exchanging hydroxyl (one of twelve) and
result primarily from bond-lengthening, assuming the overall
charge of the complex does not change during the exchange
process.

These results complement a recent simulation of hydroxyl
exchange in Keggin-like molecules by Rustad et al. (2004),
who suggested that an intermediate molecule exists that has a
larger volume than the stable reactant (solvated water plus
GaAl,,). The intermediate forms by dissociation of bonds
between two outer hexacoordinated aluminums and two p,-O.
Shortly after dissociation of these bonds, water molecules hy-
drate the transient pentacoordinated aluminum to reform the
hexacoordinated aluminum. This dissociation and hydration
forms astructure in the GaAl ,, that resembles some features of
a double-hydroxy! bridged dimer [Al(w,-OH),Al]. This mole-
cule is not an activated complex, but is an intermediate of
equilibrium but low concentration. After an internal proton
transfer, oxygens in the u,-OH units form H;O, bridges and
exchange with bulk water molecules. After exchange, the in-
termediate collapses back into the stable e-Keggin structure of
the GaAl .

The important point in this pathway is that the volume of
reaction to form this intermediate is expected to be large and
positive. If the mechanism of Rustad et al. (2004) is correct,
then our value of +7 + 1 cm®mol ~* is a composite volume of
activation that includes a contribution from the equilibrium
between the stable GaAl , and the expanded intermediate mol-
ecule. The volume change for forming the transition-state com-
plex from this intermediate is superadded.
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