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Trivalent lon Hydrolysis Reactions: A Linear reaction. In our study, density functional electronic structure
Free-Energy Relationship Based on Density calculations are used to correlati;p for a series of trivalent
Functional Electronic Structure Calculations ions. Density functional theory (DFfhas been shown to reliably

reproduce the structures, frequencies and energetics of a broad
range of transition metal clusté#d3and has also been used with
success in the study of aquo iolsThe deprotonation of the
trivalent M(H,0)s*" ion in the gas phase is chosen as a structural
William R. Wiley Emironmental model for the hydrolysis reaction in solution. Calculated depro-
Molecular Sciences Laboratory ~ tonation energies are correlated against the measutad This
Pacific Northwest National Laboratory ~ energy is a more sensitive indicator of hydrolyzing tendency than
PO Box 999, Richland, Washington 99352 the total energy of the aquo complex which has been used in a
. previous study® There are two hypotheses to be tested through
_ __Receied December 7, 1998 thege calculations. The first is that solvent effects will tend to
Revised Manuscript Receed February 17, 1999 c5ncel for the series of trivalent ions. Neglect of differential

Metal ion hydrolysis is fundamental in aqueous chemistry solvatlon_ effects is also implicit in previous empirical approaches,
because of the influence of coordinating hydroxide ions on @l of which have focused on aspects of the me@H, metat-
reaction rates; examples include enhanced labilization of coor- H20 bonding as revealed through the electronic structure of the
dinating water molecules in hydrolyzed complexasd stabiliza- metal. The second hypothesis is that electronic structural effects,
tion of oxidized products in electron-transfer reactions involving Such as covalency, hardness, and partial filling of d shells, will
hydrolyzed reductanfMoreover, the role of metal hydrolysis b€ accounted for in the DFT calculations, eliminating the need
reactions in defining a baseline for establishing trends in metal 0 sort ions into groups having similar electronic structural
ligand binding has motivated efforts toward comprehensive characteristics before a good correlation of relative hydrolysis
integration of M*,OH, stability constantg.® constants can be obtained. To test these hypotheses, DFT

The hydrolyzing ability of a metal ion is roughly proportional ~ calculations were performed on M{€l):*" and M(OH)(HO)s**
to the charge to ionic radius rati@{r"),* however, charge/size complexes for the trivalent metals listed above. The ions are, for
ratios are often poor indicators oKp,,” especially for the trivalent  the most part, hexacoordinated in aqueous solutiott. &ud Y**
ions. Charge/size correlations can be improved by grouping have coordination numbers higher than$ikut they are treated
cations into categories based on criteria such as hardnessas M(HO)?" ions to eliminate the systematic size-dependence
electronegativity, or the presence of partly filled d orbif&i%. for removal of a proton from a gas-phase cluster and to maintain
These criteria are to some extent ad hoc, and, furthermore, noneequality in the cancellation of solvent effects.
of these approaches has completely succeeded in correlating the The calculations were done using the program system D&auss
hydrolysis constants of all the trivalent ioffsin addition, it is on Silicon Graphics computers. The geometries were optimized
not obvious how to extend many of the more sophisticated ysing analytic gradient methods at the local level with the potential
empirical methods to polynuclear species or oxide surfades. it of Vosko, Wilk, and Nusaif® Second derivatives were
this study, density functional electronic structure calculations of cajculated analytically at the same level. Final energies for the
the acidities of trivalent metal ions are used to develop a linear optimal LDFT structures were calculated at the gradient-corrected
free energy relationship which correlates the relative values of jeve| with Becke'’s exchange functiofénd Perdew’s correlation
the hyd_roly5|s constants of the common trivalent metal ionS*, Al ¢,nctional2’ The optimizations were done with the DZVP2 basis
S¢, Tist, Mn®", V3F, CrY, Fe’', Ga', and Y'. . sets where possible (Al, Fe, Ti, V, Sc, Cr, Mn, O, H) and with
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This approach depends on successful calculation of the balance (129)'50561, C.: Andzelm, J.: Elkin, B. C.: Wimmer, E.: Dobbs, K. D.: Dixon,
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Table 1. Calculated Acidities (kcal/mol) and Experimenta{ ; ; ; ; -
AEp+ pK]_]_ R(M*OHz) Q(MOH) f_ Y

AlRT 322 5.6 190.7/187.8% 138.0 P

SEt 29.6 (43.3) 4.3-4.8 211.1/207% 177.4 r

Tist  18.7 1.35-2.23 200.1/20238b 179.9

V3t 20.3 2.3 204.8x 2/200.73%¢ 135.0

204.9x 2/200.7

N WA OO N
T

v b b b b b b ey

205.0x 2/200.7 - .
Cr’t 2438 3.65-4.33 196.5/19632 128.6 Y E
Mn3* 8.9 0.7 192.6x 2/199.%32 122.1 Q 3
193.4x 2/199.1 E
211.0x 2/199.1 1B
Fe* 15.8 2.2 201.3/199.33d 179.1 E
Ga* 315 2.6-4.327 197.4/194%2 124.0 ol o L L
Y3f 45.0(72.00 7.7 229.8/234x 6;252x 323  178.0 0 10 20 30 40 50
aM—0 bond distance in RBf(H,O)s calc/expt in pm; MOH bond
angle in M*(H,0)s(OH)~ in degreesP Values in parentheses refer to EH+ (kcaI/mOI)
AEy; for heptaaquo and octaaquo ions. Figure 1. pKi VS AEw; (AEns = E{M(OH)(H:0)>} — E{M(H:0)*?}).

the DZVP basis set (Ga, Y) otherwi&€! All calculations were
carried out for the high-spin case for complexes with occupied
orbitals and optimized without symmetry constraints.

Allions except for Mn(HO)s*" have nearlyT, symmetry. The
hexaaguo M#" ion has a significant distortion with four short
and two long bond lengths. The-MD bond lengths predicted by
LDFT are shorter than the Hartre€ock values previously
reported® and also shorter than those calculated using gradient-
corrected DFTo¢14b Perhaps fortuitously, they are in closer
agreement with experimental bond lengths as determined in
cesium alum® and, for AP, in agreement with core-valence
correlated MP2 calculatiorf4.To calculate the proton binding
energies, a proton was removed from the optimized p(jsf*
structure, and the M(OH)(@#D)s>" ion was optimized.

The proton binding energy\E,., is defined as

d effects are approximately constant and that the dominant effects
are the changes in energies of the isolated hexa-coordinated ions.
It also suggests that DFT theory is capturing whatever electronic
structural aspects are giving rise to the relative basicities of the
M3*—OH- interactions. The high values ofE,; for the higher
coordinated St and Y®" in Table 1 underscore the need to
choose the coordination spheres consistently in the gas phase.

Previous results include an HF/6-31G* valtitor Al®* of 46
kcal/mol without zero point effects as compared to our nonzero
point corrected value of 40.1 kcal/mol. For®FeMartin et alt0c
obtained values of 29.2 kcal/mol (B3LYP/6-31G*), 25.4 kcal/
mol (B3LYP/6-3HG*), and 28.1 kcal/mol (B3LYP/6-3t+G**)
as compared to our value of 23.8 kcal/mol. (We obtain 19.9 at
the B3LYP/DZVP2 level). Thus, it is important to use a consistent
level of calculation when making the correlations.

oy Over 20 years ago, Baes and Mesfhesuggested that if

AE, = (E{M(OH)(H,0)s""} + ZPE M(OH) quantum mechanics were at a more advanced state, it might be

(H20)52+}) — (K M(H20)63+} + ZPH M(H20)63+}) (1) possible to compute the stabilities of hydrolysis products directly,
rather than by relying on a comparative chemical approach. In
this work, we have shown that DFT calculations of the gas-phase
hexaaquo ion deprotonation energies do provide a reasonable basis
for understanding the relative aqueous acidities of the trivalent
ions. The DFT ab initio approach is probably the most successful
e o means of correlating trivalent hydrolysis reactions to date. The
the larger the va|131+e, the more difficult it is to remove the proton  ¢,nerence of the calculated values also lends additional credence
from the M(HO)s™" complex. to the measured experimental values which can be highly

Values for AEy are given in Table 1. Figure 1 shows the yncertain because of the interference of polynuclear species,
correlation between the calculated acidities and the solution among other reasons (See discussion d*M'rydro]ysis by Siskos
pK1,.340525 The correlation is good for all ions except Ga et al.)?’ This provides further confidence, motivation, and means
Experimental determinations of theKp for G&* show an  for developing a more fundamental understanding, through DFT
anomalously large ionic strength dependence, with values rangingcalculations, of the electronic structural effects which promote
between 0.4 to-4.3*4P The recent value of 3.8 taken from the o inhibit hydrolysis. In addition, the success of the calculations
compilation of Richerf§ is more consistent with our results than  performed here should carry over to the prediction of atidse
lower values previously reported. The correlation is 0.993 without reactions involving polynuclear species and surfaces where
Ga and 0.978 with Ga, showing that to a very high degree of bonding relationships are more complex.
consistency the hydrolysis constants correlate well with the gas-
phase acidity. This suggests that for these species the solvent Acknowledgment. This work was supported by the Office of Basic
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where E,ZPEYM(OH)(H,0)s>'}; (E,ZPEXM(H,0)s*"}are the
electronic energies and zero-point energies of the optimized
complexes, respectively. This yields an enefdsy,+ at 0 K which

is a positive quantity and corresponds to the acidity of Mi)#";
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