8756 J. Phys. Chem. R001,105,8756-8762
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Reaction energies for the deprotonation ofA6(H,0), F€-6(H,0), and Si(OH) were calculated using
Hartree-Fock and density functional methods with 6-31G(d,p) (for AP* and St*) and 6-311G(d) (for

Fe*t) basis sets. Theoretical energies were calculated using a supermolecule approach (i.e., explicit hydration
of the solute) combined with the Integral Equation Formalism Polarized Continuum Model (IEFPCM3sCance

et al.,, 1997,J. Chem. Phys107, 3032) and the Self-Consistent Isodensity Polarized Continuum Model
(SCIPCM,; Keith and Frisch, 1994CS Symp. Seb6, 22) in Gaussian 98. Tests on the effects of increasing

the number of water molecules explicitly included in the supermolecule were also carried out. Additional
water molecules in the energy minimizations of Al(QHJe(OH}, and [Si(OH}(OH,)]* resulted in
5-coordinate complexes for all three species. Correlations of deprotonation energies with obsédyed In(
values are good for individual cations. These correlations suggest that the combined supermolecule/continuum
approach can give reliablé&kp estimates, provided that the structural optimization reflects the aqueous-phase
solute and that the basis set includes polarization and diffuse functions. An estimate is made&kqithta @
reaction—[Si(OH)s(OHz)] " (ag) <> Si(OH)ag) + H'(ag—Which has not yet been measured. A value i§f g

—2 is predicted in this study.

Introduction The AH term is approximated by the calculat&&q)in these
model calculations. The difference between the two isRke
term included in the enthalpy, and this term is small compared
to AH or AE at ambient conditions. Using the above equation,
it is not necessary to include an experimente with a

Correlation of deprotonation energies vs experimenkgl p
[pPKa = —log(Ks) = —2.303 InKy)] values have a thermo-
dynamic basis in the following equations

In(K,) = —(AG/RT) (1) theoreticalAH in order to predict &AG and a [K,. This approach
makes the method self-consistent, and the separate prediction
RTIN(K) = —AG = —AH + TAS ) of T andAS for the system can be used to test the validity of
the model calculations when these values are available from
RTIn(K,) — TAS= —AH (3  experiment.

A computational method for predictingkgs of inorganic
agueous species is being developed for a number of purpdses.
First, modeling the acidbase behavior of complexes that have
known [Kgs is a useful goal. If methods for predictinglss
can be calibrated on known systems, then it should be possible
to predict Kzs for complexes that are more difficult to measure.
Second, we would also like to model complexation reactions
among species that lead to precipitation of oxides and oxyhy-
droxides. Obtaining an accurate theoretical description of these
components in solution is a first step toward modeling com-
plexation and nucleation. Third, complexation reactions between
aqueous inorganic species and organic ligands are important in
the environment.Accurate prediction of theas for both the
inorganic and organic parts of these reactions is necessary before
these complexation reactions can be modeled as a function of
solution pH. Fourth, prediction of the individuaKgs for mineral
surface sites can be used to understand adsorption reactions.
Electrostatic forces at the mineralater interface spread out
ahe distribution of Kss from individual sites, making thekps
indistinguishable, so that potentiometric studies detect only one
or two “mineral surface” §as. The [K.s for numerous surface
sites may vary significantly, however, from bulk mineral surface
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A plot of In(Ky) vs —AH should have a slope equal RT
and an intercept equal toTAS provided that theAS term is
relatively constant for each hydrolysis reaction. This is a major
assumption in this approach. Actual variation in th& of
hydrolysis reactions may be significant because the pH range
over which hydrolysis occurs can be wide. Hence, changes in
the long-range structure of water over this pH range may
influence theASof removing a proton from the metal solvation
sphere and creating 8" (or alternatively an KO under basic
pH conditions). This source of error could be investigated in
the future using larger scale calculations with hybrid quantum
mechanics/molecular mechanics approaches such as ONIOM.

The T predicted in this correlation should correspond to the
experimental temperature under which theKl(were deter-
mined. In this case, experiments were conducted at@or
298 K. Although energy minimizations are performed athermally
(i.e., 0 K), force constant analyses were performed with=a
298.15 K; hence, the energies of these models should correspon
to experimental systems when the thermal correction to the
energy is included in addition to the zero-point energy.
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concentratiorfsand may be undetected in potentiometric experi-
ments. Hence, with this work, an attempt is made to develop a
method that can predict intrinsicgs for mineral surface species
as well as aqueous species.

Methods

Energy minimizations were performed with HF/3-21G(d,p)
basis sets!® within Gaussian 98 using internal redundant
coordinateg? Zero-point (ZPE) and thermal energies were also

derived from force constant analyses using the HF/3-21G(d,p) Figure 1. Five-fold coordinate agueous Al model of [AIOH):

basis s_ets. ZPEs were corrected by 0'19‘_‘0 cqmpensqte_ for (H20),]-8(H-0) as calculated with HF/3-21G(d,p) basis set in Gaussian
errors induced by the Hartre¢-ock approximation, the limited  gg11'Average bond lengths are given in A. In all figures, the shorter

basis set, and anharmonic effettdzor F€*, structures were  of the two M—O bond lengths corresponds to the M-OH bond and the
re-optimized with hybrid molecular orbital/density functional longer corresponds to the M-QHbond. For clarity, all atoms within
calculations using the Becke exchange functitraid the Lee the primary coordination sphere have been labeled wherever possible
Yang—Parr correlation function# with a 6-311G(d) basis set  When a second solvation shell has been modeled.
because this method has been shown to provide reliable
structures for aqueous ¥el” A scale factor of 0.980 was used
for these B3LYP/6-311G(d) ZPES.Up to nineteen water
molecules were used to hydrate the model solutes. Model
aqueous-phase energies were calculated using these optimize
structures and HF/6-3#1G(d,p) and B3LYP/6-311G(d) basis
sets within the Integral Equation Formalism Polarized Con-
tinuum Model (IEFPCM3® and Self-Consistent Isodensity
Polarized Continuum Model (SCIPCM)without further energy
minimization.

Calculated aqueous deprotonation reaction energy changes
AE(q), such as

Upon removal of the third proton from this species, a
tetrahedral configuration becomes more stable in the energy
minimization. This configuration, however, is an artifact of the
aluster approximation caused by including only two water
molecules of solvation. Energy minimization of the molecular
cluster [AI(OHX]-9(H,O) produces a 5-fold coordinate Al
species, [AI(OH)(H20),]-7(H.0), where two of the KD
molecules are bonded directly to the3Alcation (Figure 1).
Note that the two axial KD molecules are much more weakly
bonded to the A (1.96 A) compared to the equatorial OH
groups (1.77 A). There is even a significant difference between
the Al—0 bond lengths of the two axial & molecules. The
fifth bond, which was not present in the under solvated complex,
is longer (1.99 A) than the axial bond present in [AI(GQH)
(H20)]-2(H20) (1.99 A vs 1.94 A).

Addition of a solvation sphere around the [AI(QH)
complex to form [AlI(OH}]~-9(H,O) does not affect the
coordination state. The Af remains tetrahedral as is observed
in aqueous solutions above pHSSimilarly, a second solvation
sphere around the Ai-6(H,0) complex to form At"-19(H,0)
does not change the coordination state. Only mine2%)
changes in the bond distances were calculated betweenihe Al
6(H,0O) and the A¥"-19(H,0) clusters! which is consistent
with another recent stud.Consequently, an accurate descrip-

) ) _tion of solvation may be most critical for 5-coordinate species.
because these reactions occur above pH 7 where reaction 6 is Using the structures predicted for the®Ahydrolysis series

likely to be dominant. Use of this scheme provides a self- i, 1F/3-21G(d,p) basis sets and a single solvation sphere
consistent prediction of the deprotonation energies for all ;.0nd the At cation, molecular energies for each complex
Species. in agueous solution were calculated with HF/6-3T(d,p) basis
sets and IEFPCM solvatidd.The energy differences between
the ART-6(H,0) complex and the deprotonated species were
Al3T Hydrolysis. Structural changes upon deprotonation of balanced by the energy of proton solvation [reaction 5] to obtain
Al3t-6(H,0) predicted with HF/3-21G(d,p) basis sets have been AE(q. Figure 2 shows the correlation of the calculat&t g
described previousl§22! Energy minimizations with B3LYP/  with experimental In;) values?” The linear correlation is good
6-31G(d) and MP2/6-3HtG(d,p) did not change the bond (R%2 = 0.93). The slope of this line should be equalR® [eq
lengths by more than a few percent. All three methods result in 3], and the calculated temperature from the slope of this line is
calculated bond lengths that agree to within 0.04 A of those equal to 326 K. The calculated value is close to 298 K
obtained from X-ray diffractioR? It is interesting to note that  considering the approximations made here. Furthermore, sig-
the HF/3-21G(d,p) basis set predicts—ADH,) bond lengths nificant improvement over the 475 K previously calculdted
closest to experiment in this case (1.91 A calculated vs 1.88 to has been achieved even though this work excludes the cavitation
1.90 A experimental). In addition, the #6(H,0) calculated correction termi3 The slope calculated in this manner is much
structure is similar to that obtained using ab initio molecular closer to the correct value than similar plots using the same
dynamics simulation®® Removal of the first two protons does basis set and gas-phase deprotonation energies that can result
not change the coordination state of the complex, but the in calculated temperatures of 1000 K (unpublished results).
shortening of the deprotonated -AlOH) bonds causes the However, theASvalue calculated from the intercept of Figure
remaining AFOH, bonds to lengthen. These results are 2 (eq 3) is equal to 316 J/mol-K. This value is large compared
consistent with the observation of increasingdHexchange rates  to experimentally derived entropy changes for aqueous depro-
with Al in aqueous solutions using NMR spectroscépy. tonation reactions of approximately 100 J/mofOn the basis

M3*-6(H,0) < M(OH)?"-5(H,0) + H* (4)

(where Mt = AI3* or Fet) were balanced by the model
reaction

H,0-8(H,0) + H* <> H,0"-8(H,0) (5)

The reactions Si(OH)~ [SIO(OH)]~ + H* and [SIO(OH)]~
<> [SiOy(OH),]?>~ + HT were balanced with

OH+8(H,0) + H" < H,0-8(H,0) (6)

Results and Discussion
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Figure 2. Calculated At" hydrolysis deprotonation energies plotted
against experimental IKg) (ref 27).

of the goodAE—In(K,) correlation and the fact that calculated
2IAl NMR chemical shifts of these AF complexes match
experimentally observed valugs°it appears that these models
represent reasonable configurations ofAdépecies in aqueous
solutions. Improvements (i.e., increasing explicit solvation, basis
set size and level of electron correlation, and performing energy
minimizations within the polarized continuum) could be made
in the calculations that could produce better thermodynamic
values.

Fe*™ Hydrolysis. Structures in the Al hydrolysis series were
calculated with HF/3-21G(d,p) basis sets because this level of
theory has been an efficient method for predicting structures,
frequencies and NMR chemical shifts of aluminum spe€ié$.
Although the Fé&" hydrolysis series is similar to that of i
in agueous solutiohthe presence of partially filled d-orbitals
and unpaired spins on Fecould cause significant errors when )
using the HartreeFock approximatiot! Consequently, the
Fe** hydrolysis series was calculated using the corresponding
energy minimized structures computed for the Al hydrolysis
series as starting configurations. Thé Feomplexes were then
optimized with the HF/3-21G(d,p) basis set. Minimum energy
structures obtained at this lower level of theory were then re-
optimized with the B3LYP/6-311G(d) method (Figure 3), which

should be more reliable for Fespecies’ Figure 3. Species in the P& hydrolysis series: (a) [Fé-6(H,O
Model Fe-OH, bond lengths in [FéL'G(Hzo)] Wgre 2.03 (b? [Fe(OHYE-S(HZO)], () [Fe()(/)H)z()l/'|20)3]+‘(HzO(),)(([j) [Fé(éH)g-’
and 2.04 A for each method compared to an experimental range(H,0)]-2(H.0) and (e) [Fe(OHJ ~-2(H:0) as calculated with B3LYP/
of 1.99-2.06 A3° Table 1 shows a comparison of the bond 6-311G* in Gaussian 98. The 6-fold to 5-fold coordination change
lengths and HOH angles of thex® molecules bonded to Fe predicted in the A" model calculations also occurs in [Fe(Qf)0)q]-
as calculated with the two methods for species within the (H20) compared to the [A(OHJH;0),]-(H:0) species in At* hy-
hydrolysis series. In general, the two methods result in similar Cri:g:gi'jl-egocﬂfg;;e;ioo”; in (c) and (d) were tested by adding extra water
structures. B3LYP/6-311G(d) bond lengths are a few percent '
longer and the bond angles a few percent smaller than the HF/species is predicted to be in tetrahedral coordination in contrast
3-21G(d,p) structures. The main difference is that the HF/3- with the prediction of octahedral coordination based on hy-
21G(d,p) calculation predicts an octahedral [Fe(@H)O)4]* drolysis date! The hydrolysis species parallel the structures
complex and the B3LYP/6-311G(d) calculation results in a calculated for the A" hydrolysis species, except that a
pentacoordinate [Fe(Ok{H20)s]*+(H.0) complex (Figure 3c). pentacoordinate complex rather than an octahedral complex was
Hence, although the HF/3-21G(d,p) method produces reasonablgredicted for [Fe(OH)YH20)s] T+ (H20) (Figure 3c). Because the
estimates of structure for these complexes, the energies of thecoordination changes predicted in the®Ahydrolysis series
Fe*t hydrolysis series will be calculated based on the B3LYP/ depended on the number of® molecules used for solvation,
6-311G(d) structures in this paper. additional water molecules were added to the [Fe¢QH$D)s] ™
Configurations of the complexes ¥e6(H,0) through (H20) and [Fe(OHy(H20)]-2(H20) complexes to test whether
[Fe(OH)]-2(H.0) calculated with B3LYP/6-311G(d) are il- their structures would change with further solvation.
lustrated in Figure 3. The structures in Figure 3a-c are close to Ten water molecules were added to the [Fe(@HYO)s]*-
minimum energy structures calculated eaflfer these species  (H»O) complex (Figure 3c) to form a trans octahedral [Fe(©H)
using B3LYP/6-311G(d) on the Feand B3LYP/6-31G(d) for (H20)4] ™+10(H0) complex as an initial starting geometry
the ligands (HO and OH). We note that the [Fe(Ok]) -2(H,0) (Figure 4a). This starting structure was chosen to test if a second
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TABLE 1: Comparison of Model Fe3" Hydrolysis Structures
as Calculated with HF/3-21G(d,p) and B3LYP/6-311G(d)
Methods

complex parameter HF/3-21G(d,p) B3LYP/6-311G(d)
Fe&¥-6(H,0) Fe-O 2.03 2.04
O—H* 0.95 0.97
HOH 106 106
[Fe(OHY5(H,0)]?* Fe—OH, 2.07 2.11
Fe—OH 1.74 1.75
O—H? 0.95 0.97
O—H? 0.93 0.96
HOH 110 109
[Fe(OHY+4(H,0)]" Fe—OH, 2.07 2.1%
Fe—OH 1.84 1.80
O—H?! 0.94 0.96
O—H? 0.93 0.96
HOH 114 110
[Fe(OH)-3(H,0)] Fe—OH, 1.99 2.02
Fe—OH 1.81 1.83
O—H? 0.97 0.99
O—H?2 0.94 0.96
HOH 115 111
[Fe(OH)2(H,0)]~ Fe-OH 1.86 1.88
O—H?2 0.94 0.96

a1 = Hy0, 2= OH", 3 = pentacoordinate, Fe %4 tetrahedral Fe.

solvation sphere would stabilize an octahedral configuration for
[Fe(OH)]* over the pentacoordinate structure predicted for the
small cluster. Indeed, a stable minimum was predicted for the
octahedral configuration in this case. Martin et glerformed
similar calculations of F& hydrolysis and predicted energy
differences on the order of 8 kJ/mol between the trans, cis and
pentacoordinate species. Such small energy differences could
be important because the conversion between a 6-fold and 5-fold
coordinate species may play a role in the mechanism of ligand
exchangé.

Energy minimizations of the cis (Figure 4b) and pentacoor-
dinate (Figure 4c) Fe(OH) complexes with the extra 10 water
molecules resulted in a stable structure for the former and
conversion to the trans octahedral configuration (Figures 4c and
4d) for the latter. The calculated potential energy of tie
[Fe(OH)(H20)4] " was—20 kJ/mol lower than that for the new
trans configuration of this complex (not including an IEFPCM
term because the clusters were too large to obtain a converged
solution for the electron density within the dielectric continuum).
One should also note that this second trans configuration was
—10 kJ/mol lower than the previous energy-minimized trans
configuration of the same species. This result points to a
common problem with energy minimizations, namely, that more
complex systems are more likely to lead to local minima on
the potential energy surface that are not the lowest energy state
(i.e., global minimum). Consequently, one must consider
uncertainties on the order of 10 kJ/mol when interpreting the
energies of these types of model calculations.

As was the case for the AI(Okl)complex, tetrahedral
coordination was predicted for Fe(OHh a cluster with three
additional water molecules. The explicit hydration of [Fe(@H)
(H20)]-2(H.0) (Figure 3d) was increased by adding six water
molecules to form [Fe(OHJH0),]-8(H.0) (Figure 4e). As was
predicted for the A" hydrolysis, Fe(OH) resulted in a
pentacoordinate (trigonal bipyramidal) configuration when ad-
ditional water molecules were present. Apparently, the energy
gained by solvating the [Fe(OfH.O)] complex with two water ) o ) )
molecules (Figure 3d) is greater than that lost by breaking the Figure 4. Species in the Fe hydrolysis series (ajrans{Fe(OH)-

. (H20)4]+10(H,0), (b) cis-[Fe(OH)(H20)4]*+10(H,0) are dynamically
second F&-OH; bond in [Fe(OH)(Hz0),]. Four moderately stable. (c) The 5-fold coordinate species, [Fe(@H)O)s] ™+ 11(H:0),

strong H-bonds form in [Fe(OR(H:0)]-2(H:0) as evidence  conyerts to the (d) 6-fold coordinate specigans [Fe(OHY(H0)] -
of this conclusion. In aqueous solution, the pentacoordinate 10(H,0), during energy minimization. (e) Five-fold coordinate aqueous
configuration (Figure 4e) should be more stable because theFe*" model of [Fe(OHY(H20)]-8(H.0).
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Figure 5. Calculated F& hydrolysis deprotonation energies plotted
against experimental IKg) (ref 32).

number of HO molecules is not limited as in these cluster
calculations.

The lowest energy configurations in Figures 3 and 4 (minus
any extra HO molecules of solvation) were used to calculate
the molecular energies for Pehydrolysis aqueous solution with
B3LYP/6-311G(d) basis sets and IEFPCMThe correlation
between theoretical energy changes in aqueous solution and the
experimental Ing;)3? is close to linear (Figure 5). In this case,
however, the model temperature has a larger error. The slope
in Figure 5 corresponds to a theoretical temperature of 481 K,
about 180 K higher than expected. However, the mddgls
approximately 88 J/mol-K, close to theS found for deproto-
nation reactiong? The discrepancy in temperature could be due
to a combination of four factors: the computational method for
obtaining the aqueous energy is inadequate (e.g., basis set
limitations or insufficient explicit hydration), model structures
do not accurately reflect the aqueous®Fespecies, F&-
complexes may form in solution, or uncertainties in khg for
aqueous F&. Using the other monomer configurations gener-
ated for species in the Fehydrolysis series will not reduce
the calculated temperature error because alternative species are
all higher in energy and would lead to a steeper slope and higher
temperature estimate.

Si** Hydrolysis. All Si4* species in this study were modeled
with nine water molecules of solvation. The SCIPENvas
used for St* due to this large solvation shell. The SCIPCM
handles these large supermolecules more readily than IEFPCM
because the solute cavity is based on an electron density cutoff
(0.001 € in this case) rather than contact radii between solvent
and solute. More extensive explicit solvation was useful in this
case for two reasons. First, the*Sihydrolysis reactions of
interest are from [Si(OHJOH,)]* to [SIO(OH).]?~; therefore,
hydroxyls and oxygen atoms rather than water molecules
dominate the inner coordination sphere of the cation. Oxygen
atoms in Si-O~ bonds may be especially strong H-bond donor
groups so inclusion of a full solvation sphere could be critical
for obtaining accurate results. This condition is a departure from
the AR and FéT cations that start out surrounded only by water
molecules. Second, only twdKp values are available for the
Si** hydrolysis series. Results from these calculations will be
used to predict a thirdk, for the reaction [Si(OH(OH,)]+ —
Si(OH), + HT, requiring that the results of the other two
deprotonation reactions be as accurate as possible. Inclusion of _ N - - ;

a larger solvation sphere can significantly improve model results (a'zoo()?] T-)g](ﬁ?é)?zoel)r; d(c()eESA%C()%H[)SZ]QC;%X"&ZO&]%(5|_'|£%|‘)j' [ﬁgg"{ﬁ'e
with respect to Kzs.’ o ~ ability of the oxygen in the deprotonated Sigroups in (b) and (c) to

Model configurations calculated in this study are shown in form three H-bonds. This indicates that the [§iOH);]2+9(H,0)
Figure 6. H-bonding between orthosilicic acid, Si(QHand model is not fully hydrated in these calculations.

igure 6. Model aqueous silica species: (a) Si(Q9[H.0), (b)
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1400 be included in order to generate a structure that resembles the
dissolved cations. This is clear from the Aland Fé&*
hydrolysis series that have different structures and coordination
states for certain species depending on the number of water
13004 molecules included in the energy minimization. Hence, gas-
phase calculations of proton affinities may not reflect aqueous-
phase deprotonation reactions if the gas-phase species involves
direct bonding to an kD molecule.

Second, the results presented here indicate that reasonable
thermodynamic parameters of agueous species may be calculated
if the model is realistic and tested against experimental data.
Correlations of deprotonation energy an.® or similar

variables, should rest on thermodynamic grounds [i.e., e 1
N T > because energy differences can correlate witis pvithout any
PK, thermodynamic meaning. For example, earlier gas-phase cal-
culations have been correlated withKg) for Al3* hydrolysis,
experimental s (ref 36). The two points belowka = 0 are from but the temperatures derived from this correlation can be as
Figure 6d and 6e with theKy values extrapolated from the two high as 1000 K.
experimental points atky = 9.47 and 12.60. Finally, the prediction of a stableSi—(OH,)* at pH~ —2
is useful as research begins to reexamine some of the common
water occurs at almost every O and H atom in the four hydroxyls assumptions regarding charging on silicate surfaces. Although
of this molecule. Average H-bond lengths are somewhat shorterthis low pH is not encountered commonly in nature, the specific
(1.6 to 1.7 A vs 1.8 to 2.1 A; Figure 6a) when the water is the Species controlling surface charges on silicate minerals is critical
acceptor rather than the donor, which is indicative of stronger for understanding dissolution and adsorption reactiesfSi—
H-bonding. Pelmenschikov et # obtained similar results for ~ (OHz)™ may be stable under less acidic conditions depending
calculations involving one water molecule H-bonding to ortho- on mineral type and may occur under natural conditions.
silicic acid.
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