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The rates of a wide variety of reactions in aqueous coordination
compounds can be correlated with lifetimes of water molecules in
the inner-coordination shell of the metal. For simple octahedral
metal ions, these lifetimes span ~10% but are unknown, and
experimentally inaccessible, for reactive sites in interfacial environ-
ments. Using recent data on nanometer-sized aqueous aluminum
clusters, we show that lifetimes can be calculated from reactive-
flux molecular dynamics simulations. Rates scale with the calculated
metal-water bond lengths. Surprisingly, on all aluminum(lll) mineral
surface sites investigated, waters have lifetimes in the range of
1078-1071 s, making the surface sites as fast as the most reactive
ions in the solution.

Here we use molecular dynamics calculations to estimate
the water-exchange rates for a series of aluminum (oxy)-
hydroxide compounds. These include the AltHs** mono-
mer, thee-Keggin ion [AIOAl 15(OH)24(H20)12 78F (Al 13),
the [AlL,OgAl 26(OH)s6(H20)2¢] 18+ (Al 30) aqueous polyoxoca-
tion, the surfaces of aluminum oxyhydroxide minerals
boehmite (AIOOH) and gibbsite (Al(OH), and the alumi-
nosilicate mineral kaolinite (ABi,Os(OH),) (Figure 1 and
Table 1). For boehmite and gibbsite, five bridging oxygen
atoms coordinate the metal centers. For gibbsite, the surface
sites are coordinated to four oxo/hydroxo bridges and have
one free hydroxyl. The surface terminations are unknown at
the site-specific level and are offered here only as plausible
representative structures. Like the minerals, the nanometer-
sized polyoxocations (A4 and Agg) have waters bound at

Water-exchange rates are key indicators of chemical active sites that are separated by sets of relatively rigid

reactivity in agueous coordination compouid& the
Eigen—Wilkins mechanism, for example, aqueous metal

hydroxyl bridges. In contrast to the mineral surfaces, the
polyoxocations have active sites whose arrangements are

ligand complexation reactions proceed via the rapid forma- known from X-ray diffraction studies on hydrated salts of
tion of an electrostatic ion pair, followed by slow elimination these ions. The molecular dynamics calculations here tie
of a water molecule bound to the metal center. This latter these structurally diverse systems together into a simple
step scales as the intrinsic water-exchange rate at the metastructure-reactivity trend based on AIOH, bond lengths
center. Once the rate of water detachment is known, the ratesand highlight the role of the A} and Ak ions in systemati-

of other ligand-exchange reactions usually can be estimatedcally bridging the structural gap between the hexaaquo ion

to within a factor of 2-1021bc

and the oxide surfaces.

Rates of surface complexation reactions in environments  The Al(H0)s** ion has the highest average charge per
characteristic of large aqueous polyoxocations and solid aluminum and should be the least reactive complex in the
water interfaces are intimately involved in diverse phenom- series. At 298 K, the Al(kD)¢*" ion exchanges waters with
ena such as adsorption, electron transfer, and surfaced characteristic time**®of 1.2 s!2The 12 bound waters on
charging. There is no doubt that water-exchange rates arethe Al class of complexes are all equivalent and have
as fundamental to the reactivity of these systems as they ared.0009 s< 72 < 0.005 s, depending on the identity of the
to coordination compounds, but, thus far, experimental central tetrahedral ion (aluminum, gallium, and germanium;
determination of rates has been possible only for the simplestcf. Figure 1ay: For Alz, there are six distinct types of bound

polynuclear systems.

waters. Separate®® values cannot be assigned from #@
NMR experiments, although, in aggregate, the time scales
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COMMUNICATION

Figure 1. Aluminum(lll) cationic clusters and mineral fragments used in these calculations. (a) Themdlecule is part of a class with stoichiometry
[MOJAI 15(OH)24(H20)12 78 (M = AI'M, Gd'', GEY) and similar rates of solvent exchange from the 12 equivalent bound waters. (b) FHAIADsAI g
(OH)s6(H20)2¢] ** cation has six structurally distinct bound-water sites identified;asSs (c) Boehmite §-AIOOH] (001). (d) Gibbsite §-Al(OH)3] (100).
(e) Kaolinite [ALSi;Os(OH)4] (110).

Table 1. Calculated Rates (at 300 K) and Activation Parameters for the Species in Figure 1

Site (Al—OH,[), A log krst(s71) log « logk(s™h AH¥ (kJmol~1) AS (Imol~1-K~1)
Al3* 1,900, 1,843l —-1.9 —-1.0£0.1 —2.94+ 0.1 (0.08) 101.5t 0.25 (84.7+ 3) 38+ 7(42+9)
Al131.92%p, 1 gZalc 3.2 —2.3£0.3 0.9+ 0.3 (2.6+0.4) 64.3+ 1.4 (53+ 12) 13+ 4 (=7 £ 25)
Al3 S;, 1.93*0, 1,983l 4.3 —2.44+0.3 1.9+ 0.3 58.0+ 0.25
Alzp Sy, 1.93%0, 1,992 4.8 —1.6+0.2 3.2+0.2
Alzp Sz, 1.93%0, 2,002 4.7 —25+04 22+ 04
Alzp Sy, 1.88P, 1,942l 1.9 —2.3£0.3 —0.4+£0.3 79.6+ 1.7
Al Ss, 1.84%P, 1,9Zalk 2.0 —2.44+0.3 —0.4+0.3
Al Sp, 1.95%0, 2,042 7.5 —1.7+£0.2 5.8+0.2 43.2+4.3 21+ 12
AIOOH 9.1 —-1.2+0.1 79+0.1 17.7+£ 1.5 —34+4
Al(OH)3 9.4 —0.5+0.05 8.9+ 0.05 19.8+1.6 —-18+5
Al3Si,Os(OH)4 10.3 —0.6£0.05 9.7+ 0.05 134+ 19 —21+6

a Experimental values are listed in parentheses. Uncertainties are based on criteria discussed in the text. Bond lengths are from source®¢ied in refs
and 8.

milliseconds® Four of the bound waters, however, react so between the outgoing/incoming water molecule and the
quickly that they could not be detected’i®© NMR, which aluminum site to which it is attached. The potential of mean
means that they exchange at least a factor of 10 more rapidlyforce along the reaction coordinatd/r), was calculated
than the others. using umbrella sampling, with 280 windows and a

Molecular dynamics simulations were carried out on each harmonic biasing potential. Individual windows are con-
of these species using the CLAYFF force field that operates nected using the weighted histogram analysis technique.
in conjunction with the SPC/E water model and was The rate constant is taken &g = rkrst; krst IS the
developed for simulating aluminum hydroxide minerals and transition-state rate constant calculated fravr):®
clays? For the Ak and Akg'®" ions, charges on each of .

. . . —BW(rY)

the aluminum ions were adjusted to reproduce the net charge P /1 e 1)
on the complex (see the Supporting Information for GRO- ST 2muf ff* e AWM gy
MACS.top files). 0

The force field was implemented in the GROMACS where the reaction coordinatés the distance between the
molecular dynamics programWater-exchange rates were target metal ion and the exchanging water molectilés
calculated for each species using the reactive-flux method. the position of the maximum in thé(r), « is the reduced
In this method, an arbitrary reaction coordinate is expressedmass (with respect to aluminum and water), gne 1/k,T.
The transmission coefficientis obtained by starting a series

@) %’Sal”és@l T, Liang, J.-J.; Kalinichev, A. G. Phys. Chem. 2004 of simulations €10 000) withr constrained at*, integrating
(5) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Model 2001, 7, 306. forward and backward in time and counting the fraction of
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The temperature dependence of the rate constants was used
to determine the activation parametaid* andAS" (Figure
2). Activation parameters have been measured for both Al-
(H20)s*" and Als. The calculated value afH* for the Al-
(H20)s*" ion (101.5+ 2.6 kImol ™) is somewhat larger than
the experimental value (8% 3 k¥mol~%; Table 1), which
again reflects the shofAl —OH,[bond length predicted by
CLAYFF. The ability of the umbrella-sampling approach to
relateAH* to both the reaction coordinagmdits associated
transmission coefficient provides information complementary
the quantum mechanical studies, which completely neglect
the transmission contributidi®. The relationship between
AH* and the temperature dependence of the exchange rate
is much clearer in the umbrella-sampling reactive-flux
approach AH* of 64 kkmol~! calculated for the Ak ion
agrees well with the experimental values of 5312, 63+
7, and 564 8 kFmol™* for the Aliz, GaAl,, and GeAl,
ions, respectively?
Overall, the estimates af® for the aluminous minerals
are surprisingly short, falling within the range of108—
1020 s, close to those for alkali and alkaline-earth metal
ions. Waters bound at the edges of the minerals will exchange
Figure 2. Activation enthalpies (A) and rate coefficients (B) correlated rapidly with bulk waters and with other ligands. The fast
to calculated bond lengths. Rate coefficients for water exchangp4se rates for these surface sites are consistent with the lorg Al
estimated using eq 1 and transmission coefficients listed in Table 1. OH, bond Iengths and also follow the general trend that rates
increase, and\H* values decrease, with increasing size and
decreasing charge per aluminum ion of the complex. Such
large increases in reactivity with increased polymerization
were anticipated® where it was shown that rates of ligand-
of the number of successful barrier-crossing events versus,eXChange reacUong n c_hrom|um(lll) lons and oligomers
time. increase exponentially with the OH/Cr ratio.

The calculated rates are in reasonable agreement with the This framework provides, for the first time, a means for
measured rates and, as shown in Figure 2, correlate well withestimating kinetic parameters for sites at aqueous polynuclear
calculated AOH, bond lengths on the exchanging sites. ions and oxyhydroxide surfaces. This result is enormously
Our calculated rate for the hexaaquo ion is slow, consistentimportant for environmental chemistry, where treatment of
with the short bond length for the hexaaquo complex by reactions at the aqueoumineral interface is a long-standing
CLAYFF (1.83 A [calcd] vs 1.90 A [exptl]). Calculations ~ problem. The structurereactivity relationship presented here
on the Ako, molecule reflect the site heterogeneity present places the ligand-exchange properties of extended interfacial
in the Al ion. The slowest rates are for the8hd § sites, ~ Systems on a new quantitative footing.

which have very short AtOH, bond lengths both in the .
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successful barrier crossings. Contributions friepgr and «
are given in Table 1 along with the calculated rates.
Uncertainties irkrst are taken from Monte Carlo bootstrap
analysis’ The indicated errors ir are given by regression
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