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Density functional theory calculations are applied to a series of trivalent hexaquo metal complexes to determine
whether systematic properties exist in the electron density distribution of the-roatajen (M—0O) bonds

in relation to the proton binding energy. Bader metal ion charges, radii, an@ kbnd critical point properties

are computed and correlations are sought that transcend conventionally ascribed factors affecting hydrolysis
behavior, such as position in the periodic table and d-orbital filling. Charge-to-radius relationships are found
to be unimproved by these methods. At the- bond critical points, while no correlation could be established
with the electron density, distinct trends in the proton binding energy are unveiled by the Laplacian, owing
principally to systematics in the curvatupg| along the M-O bond path. The ellipticity of the bonds can
reflect ax interaction between the metal cation and water ligands for metal cations in which therbital

set is asymmetrically occupied, which is found to be coupled with a symmetry-breaking rotation of the ligands.
Although global correlations were not found, the trends establish quantities that can uniquely connect hydrolysis
behavior across traditional classification factors.

1. Introduction is to develop linear free energy relationships between the relative
. : acidities of a series of relatively small metatater clusters in
_Hydrolysis is a fundamentally important process that can he gas phase with the values of the hydrolysis constdts.
significantly transform the chemical behavior of metal ions in - ¢ g ccess of this strategy relies on the cancellation of solvent
aqueous solution. For example, coordinating hydroxide ions 4¢acts.

gcpdfgl?; inr(;?(?lcgez]iolriblll:aza? t|or(; gtfa(t:)(ijli(; fg‘jgg% dwart(;e(;ur:tgl- What remains hidden in these strategies is a portrayal of the
yaroly P P underlying effects of the electronic structure that lead to their

llr_'hieﬁggg'tt;a?rsge:gsgcgSrsalgi\l/i?lvl[gg hé%rizltyfﬁg ﬁggﬁ}ﬂsbf hydrolysis behavior. Clearly a more broadly reaching correlation
various hydrol s?s roducts has)r/notivpated theoretical efforts to will require the identification of factors that can transcend
yarolysis p d-orbital occupation. Towards that end, we not only extend

'de”“fY fa.lctors. that_ cah help unify predlct.lve modglsf. previous calculatior8 but scrutinize the calculated electronic
Achieving this objective has been a particularly difficult task gt cture of M-O bonds in the trivalent ion clusters for
for trivalent metal ions. The hydrolyzing ability of a metal ion gy stematic properties influencing the acidity of the ions. To do
is roughly proportional to the charge to ionic radius rattmjt —  hiq jn a way that is potentially least obstructive to the possibility
no general approach such as this has completely succeeded gy finding more comprehensive models, we take the perspective
correlating the hydrolysis constants of all of the trivalent ibns. that electronic effects that could be analyzed using molecular
For transition-series trivalent ions, electronic structure effects orbital models will also manifest themselves as changes in the
arising from the filling of d orbitals for the transition metal ions electron density distribution. We performed a bond critical point

play a large role in degrading the success of simpler correlations,ana,ysiS of the electron density distributions foPAIS@*, Ti3*,

but even within a transition series, d-orbital filling alone does V3, Crt, Mn3t, Fét, Ga&*, Y3, R, RWY, and It

not appear to be a satisfactory unifying fact®ecent studies  peyaquo ions and utilize the framework forged by Bader and
have relied on electronic structure calculations such as de”Sityco-workeré5 in an attempt to gain additional insight into the
functional theory (DFT) methods to inherently capture such origins of trivalent ion hydrolysis behavior.

effects®13 Cluster calculations of absoluteKp'# show that
calculated K11's can converge to observed values by increasing
the number of explicitly treated hydration shells in the complex,
but including both the first and second hydration shells explicitly
leads to only moderately satisfactory valddsdeed, others have
demonstrated similar problems owing to difficulties in the
explicit calculation of solvent effects2 A different strategy

Badet® showed that many properties and an understanding
of the reactivities of a large variety of molecules can be obtained
by evaluating the gradient fieldyp(r), and the Laplacian,
V2p(r), of the electron density distributions. For example, it was
found thatVp(r) provides a basis for defining chemical bonds,
atoms in molecules, and the net charges of the atoms. A bond
path is defined as a line of atomic interaction along a ridge of
- - electron density that connects the peaks of electron density at
pnl*ch?thom correspondence should be addressed. E-mail: kevin.rosso@ ipe positions of two bonded atoms. The point along the crest

T Pacific Northwest National Laboratory. of the ridge wherep(r) is a minimum defines a saddle critical
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critical points, which are denoted here by the positigrCritical
point types are classified by the rank and signature of the
Hessian matrix op, which has eigenvalues denotéd 1., and

As. A bond critical point (bcp) described above is denoted a
(3, —1) critical point. The quantitie$t;| and |1,| define the
curvatures ofp(r¢) along two mutually perpendicular eigen-
vectors each oriented perpendicular to the bond path. The third
|3|, defines the curvature along an eigenvector directed along
the bond path. The sum @f, 1,, and3 equalsV?p(r), which

is an indication of where(r) is locally greater than or less
than that, on average, in the immediate vicinity ro The
distance between each atom in a bonded pairadeéfines the
bonded radii of the atoms. Because the position.@é usually
situated closer to the more electropositive atom, it also provides
a measure of the polarity of the bond and can closely parallel
trends in bond covalency.

The gradient vector field of the electron density distribution
of a molecule also provides a basis for defining atoms and their
net charge$®1® Starting in any direction from the nucleus of
an atom, one can follow a gradient path in the directioRafr)
that either continues indefinitely or terminates at a critical point.

Rosso et al.
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Figure 1. Plot of observed IK;; values (sources tabulated in ref 13)
against proton binding energies calculated in this study. Note Hat p

for Mn3* was incorrectly cited in ref 13. Here we usk;p = 0.0 for
Mn3+.37
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binding energy of a water molecule to each metal at o)

The space traversed by all such paths originating at a particularusing
atom nucleus is defined to be the basin of that atom. The average

electron population of the atom is found by integratirg) over
the basin of the atom, with the net charge resulting from the
sum of its nuclear charge and its electron population.

By evaluation of the properties of the electron density
distributions at the bcp between bonded atoms, valuable
information can be obtained including bond type and order,
partial 7-bond character, electron delocalization, bent bond
character, strain energy, and bonds that are susceptible t
cleavage. For example, the value &f1, — 1 is a useful
description of the ellipticity ) of a bond, with highe ascribed
to either the formation ofz-bond character or, where is
unusually large, a highly strained bond that is susceptible to
rupture®>” A sharp positive curvature of the electron density
(a largels value) along a bond path &§ is believed to reflect
a “stiffness” of the bond and a resistance to change. On the
other hand, a bond with a large accumulation of electron density
atrc and a smaller curvature of the electron density is believed
to be less resistant to change and more easily pertdfbgd.
great triumph of the theory is its ability to treat both individual
atoms and bonded atoms in molecules and in solids on an equ
footing. Here, we apply these concepts to better understand th
energetics of trivalent metal ion hydrolysis.

2. Theoretical Methods

DFT calculations were performed on Mf8)s*" and M(OH)-
(H20)s2* complexes for the trivalent metals listed above using
Gaussian 988 The ions are, for the most part, experimentally
observed to be hexacoordinated in aqueous sol@t®™ and
Y3+ have coordination numbers higher than $ix2 but they
are treated as M(¥D)s*" ions to eliminate the systematic size

dependence for removal of a proton from a gas-phase cluster

and to maintain equality in the cancellation of solvent effects.
The theory level, basis sets, optimization strategy, and definition
of the proton binding energyAEx*) are similar to previous
calculationsi®* We use

AEy, = [E(M(OH)(H,0)5"") + ZPE(M(OH)(H,0)s” )] —
[E(M(H,0)s>") + ZPE(M(H,0)s>)]

whereE refers to the total electronic energy and ZPE refers to
the zero-point energy correction. We calculate the average

(0]

al
€

AE, o= {[E(M*") + 6E(H,0)] — E(M(H,0)s*")}/6

Geometries were optimized without symmetry constraints
using analytic gradient methods at the local level with the
exchange potential fit of Slaf&r25 and the correlation potential
fit of Vosko, Wilk, and Nusai® Final energies for the optimal
LDFT structures were calculated at the gradient-corrected level
with Becke’s three-parameter hybrid DFT method (UB3LYP),
which includes both Hartreeg=ock and DFT exchange, and the
Lee—Yang—Parr correlation function@f This represents a slight
change with respect to previous methédispotivated by the
desire to check for systematic differences in the computed
energies that may originate from the choice of DFT method.
The optimizations were done with DZVP2 basis sets where
possible (Al, Fe, Ti, V, Sc, Cr, Mn, O, H) and with DZVP basis
sets (Ga, Y, Ru, Rh, In) otherwid&:32 These are nonrelativistic,
all-electron, polarized DFT orbital basis sets based on the local
spin density approximation. All calculations were carried out
[or the high-spin case for complexes with occupied d orbitals,
except for R&" and RR, which are experimentally observed
to be low-spin under ambient solution conditidriBopological
analyses of the electron density distribution and net charge
calculations based on the final wave functions were performed
using the XTREM and PROAIMV codes, respectively, in the
AIMPAC series of program generously supplied by Richard
Bader and his research associates in the Chemistry Department
at McMaster University.

3. Results and Discussion

Of primary interest in this study was to see whether the
properties of the electron density distributions at any of the six
M—0 bcp’s in each M(OR)e>" ion can be correlated with the
calculated energy to remove a proton. Computed energies and
average bcp properties are given in Table 1. We first demon-
strate that the addition of Rt and RE' ions lends further
credence to the correlation between observid; @nd the
calculated proton binding energVEy+ in Figure 1. When it is
noted that that their d-orbital electronic configurations are both
observed and were therefore modeled as low-spin, as opposed
to the remaining ions, which are high spin, additional support
for the observed low-spin assignment is provided by the
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TABLE 1: Calculated Water and Proton Binding Energies, d-Orbital Configurations, Average Bond Lengths, and Average
Properties of the Electron Density Distributions at the Bond Critical Points in the Six M—O Bonds for Each Trivalent Hexaquo
lon?

3+ AEn,0 AEy+ d-shell avg M—O avgr(M) metal avgp(re) avgi: avgi, avgis

ion (kcal/mol)  (kcal/mol)  config. A A net chrg (e /A3 (e /A5 (e /A% (e7/A5)

Al 117.0 32.9 N/A 1.909 1.112 2.62 0.397 —2.312 —2.142 13.492
Sc 92.6 29.8 A0e’ 2.118 1.051 2.25 0.426 —2.468 —2.176 12.226
Ti 105.1 18.0 i4'e 2.049 1.028 2.15 0.477 —2.658 —2.108 14.454
\% 113.4 20.1 1760 2.001 1.015 2.04 0.515 —2.703 —1.915 16.037
Cr 126.4 25.7 Ate 1.963 1.007 1.93 0.552 —2.329 —2.061 17.231
Mn 122.9 7.7 165t 1.990 1.010 1.88 0.563 —2.785 —2.491 15.907
Fe 120.6 13.3 Ales? 2.011 1.014 1.83 0.545 —2.820 —2.505 13.463
Ga 118.6 329 ey 1.970 1.005 2.03 0.570 —3.047 —2.796 14.059
Y 76.4 43.8 106’ 2.297 1.093 2.40 0.358 —1.757 —1.544 8.990
Ru 1215 21.5 A°e” 2.044 0.998 1.68 0.584 —1.938 —1.267 15.830
Rh 132.5 23.8 Ao 2.024 0.991 1.56 0.612 —1.713 —1.598 16.388
In 96.3 47.5 i5es 2.168 1.053 2.19 0.447 —1.998 —1.823 11.191

a Deviations from the average values are small except fot"Mor which large Jaha Teller distortions lead to distinctly different properties for
different pairs of MR-O bonds. R&" and RR" are treated as low-spin complexes, whereas other partially occupied d-shell complexes are treated
as high-spin ones, consistent with experimental observation.
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Figure 2. Calculated M-O bond lengths compared against metal radii ~ Figure 3. Proton binding energies vs the net charge on metal atoms
calculated as the distances from the metal nuclei to metalgen bcp’s. calculated using Bader's methods.

correlation in Figure 1. At the same time, it extends a previous be seen, with a dependence on the row number in the periodic
conclusiod3 that DFT methods are able to describe effects that table. Noting that all six bond lengths in each complex are
the electronic and spin structure of the complex may have on plotted in Figure 2, a large disparity between bond pairs ifMn
the basicities of the B—OH interactions. However, poor can be seen. This is due to large Jafieller distortions from
agreement with the correlation is found foPtna complex for the asymmetric occupation ofg*e orbitals, which interact
which measurement of hydrolysis constants are apparently notstrongly with the octahedrally arranged ligands. This breaks
overly hindered by the presence of polynuclear speciaiven Mn—0 bonds into pairs of differing length. All other complexes
its predicted similarities withlg;; for SE&*, the calculated\Ey+ showed either no such distortions or ones much smaller in
for In3" seems to be too high. The cause for the overestimate magnitude arising from weaker Jahmeller effects due to
of the proton binding energy for ¥ is unclear, but it is asymmetric occupation ofy¢ orbitals, which point along
conceivable that it could at least be in part due to the neglect directions between the ligands.
of relativistic effectd*35for this, the largest core metal of all Although a uniform correlation was not found betwees
of the considered metal ions.3nis treated as an outlier in  and Bader charges on the metal atoms, groupings of trends were
Figure 1, but its bcp properties are included in subsequentfound (Figure 3). The groups are defined by both a dependence
discussions because systematic behavior of some of theseon position in the periodic table and the filling structure of d
properties withAEy+ is apparently retained. orbitals. The first and second row transition series end members,
Some of the more “straightforward” computed properties such Ga2™/Sc* and Ir#*/Y3*, respectively, are arranged similarly
as the net charge on the metal ataf), ¢the calculated radii of relative to one another in Figure 3, with the offset between these
the metal atomsr(M)), and their ratio Z/r(M)) were found not two groups presumably due to the difference in core size.
to correlate uniformly withAEy+. This is consistent with the  Similarly sloped lines can be superimposed on two other groups
idea that electronic effects probably play a large role in of CPT/V3H/Ti3t and RRY/RWT/Fet/Mn3t, with the latter
degrading such simple correlations that could exist for the notably incorporating metals from both the first and second
trivalent ions. However, these properties were found to be transition series. The underlying difference between these last
internally related to one another in a relatively intuitive manner. two groups is in the occupation of*eorbitals, with the former
For example, the MO bond lengthR(IM—0O) was found to having no g* electrons and the latter having at least oge e
correlate withr(M) (Figure 2). In this trend, a linear increase electron (see Table 1). Within each groygy+ increases with
in R(M—0) with an increasing size of the metal atom can clearly increasing numbers of d electrons3Adoes not conform with
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Figure 4. Proton binding energies vs the ellipticity) (of metat
oxygen bonds at bcp’s calculated using the ratid, — 1.
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Figure 5. Ball-and-stick models showing the preferred ligand orienta-
tions for (a) AF*, SE*, CP*, Mn®*, Fe*, G&*, Y3, R, Rh**, and

In* and (b) T#*, V3, and R&". Metals in the former group possess
either no 14 d orbitals or symmetrically filled ones, resulting
symmetry, and the metals in the latter group have asymmetrically filled
tog d orbitals, resulting in water ligand rotation abd symmetry.

¢

any of these groupings because it laegkd shell. Collectively,
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Figure 6. Proton binding energies vs the Laplacian of the electron
density evaluated at the bcp’s of the-\D bonds.

to rotational motion of the water ligands is expected to be
relatively weak compared to bond length modification and
because this rotation would increase overlap between the
occupieds orbitals on HO with the b4 orbitals, we assume
that the behavior that we find for i, V3, and R&" is
principally an indication ofz-like interaction between the metal
atom and water ligands. Although the influence of-& bond
ellipticity on AEy+ is apparent, and possibly plays a role in the
hydrolysis of certain divalent ions as well, the degree of
dependence oAE+ on € is nevertheless is small as can be
seen from the shallow slope of the line with respect to the scatter
along they-axis in Figure 4. We therefore conclude that this
effect is relatively minor.

No trend could be discerned betwediy+ and p(r[M—
Q]), but interestingly AE4+ showed clear relationships with the
LaplacianV2o(r JM —0]) (Figure 6). Groupings of linear trends
could be found differentiated from each other by d-orbital

these observations hint at some of the effects that d-orbital occupation and position in the periodic table. The principal trend
configuration can have on proton binding energies. Extending observed incorporates all partially filled d-shell ions3*Tiv3*,
this conclusion much further is hampered by the limited number Cr3*, Mn3*, Fé*, Ri?", and RR". Secondary trends with lines

of ions for which a M(OH)e®" calculation makes sense.
Additional insight into the effects of d-orbital configuration

is demonstrated by plottingEy+ against the ellipticitye for

the M—O bonds at (Figure 4). While no trends relatingE;+

to the curvatured; or 1, are apparent, a trend betweAm,+
ande can be seen and rationalized for a small fraction of the
ions. Here, we find for the most part no perceivable correlation
except for the three ions ¥, V3, and R&". In seeking

of similar slope for a group consisting of &I, S¢*, and G&*

and also of ¥ and Irf™ were found, with the latter suffering
from a lack of possible additional similar ions. In general within
each groupAEy+ tends to increase with an increasing number
of d electrons, with the exception of Mhand F&", which are
different in that they both have partially occupiest erbitals.
Because these orbitals interact strongly with the ligands in the
octahedral case, it seems possible that this occupation can

explanations based on their electronic structure, we find that uniquely affect the M-O interaction and therefore hydrolysis
these three ions share the unique quality within the entire metal behavior.

series considered that theig set of d orbitals are asymmetrically
filled (Ti®™ = 3d,, V3t = 3%, R = 4c® low spin). Coupled
with this is the observation that the optimized structures for

The trends betweeAEy+ and VZo(r [M —O]) possess several
intriguing qualities. First is the ability o¥2p(r [M—0]) to
correlate ions across different rows in the periodic table, such

these three ions in particular show that their water ligands preferas the grouping of A~ with first transition series ions 8t
to undergo a rotation on the octahedral axes (Figure 5). Theand G&" and also the grouping of the second transition series
average dihedral angles describing this out-of-plane rotation for ions Ri#* and RE* with first transition series ions M, F&t,

the final structures are 22.(Ti%"), 12.3 (V®"), and 22.3

Ti®*, v+, and C#". Both groupings combine metal ions across

(RU3Y). Because symmetry constraints were not imposed during well-established metal ion groupings based on varidirs

optimizations, this motion breaks the final symmetry frdm

to D3, whereas all other ions converged Tp We conclude
that the systematics in, the feature of asymmetrically filled
tog Orbitals, and the out-of-plane rotation of the water ligand
for Ti®™, V3*, and R4 are related properties. Previous studies
of have established relationships betweeand either partial
m-bonding character or strain in a botfl’ Because resistance

relationships:36 For example, Al* lies on a differen#/r trend

than Sé+ and G&",” and the second transition series metal ions
are thought to be necessarily treated separately from the first
transition series ions because of differences in electronegativ-
ity.36 The trends observed in Figure 6 seem to be unique in that
they segregate the metal ions with partially filled d orbitals and
exclude other d-orbital bearing ions.
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Figure 7. Calculated proton binding energiesAgthe curvature along Figure 8. Average water binding energies vs the average electron
the bond path, evaluated at the bcp’s of the-®! bonds. density evaluated at the bcp’s of the-\d bonds.

The second intriguing quality is specific to ¥n Only
V2o(r JM —Q]) corresponding to the longest bond pair in¥n
lies on theAEy+ trend, whereas the shorter Btnbond pairs
are distinctly off-trend (Figure 6). Under the assumption that
Mn3* does indeed belong in the grouping of ions similar to it,
this might be taken to suggest that Mrhydrolysis behavior
arises from water ligands locatéarthestaway from the M&"
center. This would be in conflict with the well-established
observation that the closer water is held to the metal ion, the
easier it becomes to remove one of its protbMge tested this
hypothesis by running two additional total energy calculations
on the frozen optimized Mn(Oh43" structure minus a proton
from two different water ligands. In one case, a proton was taken
from a water ligand on one of the two long Mi® bonds, and
in the other case, it was taken from a water ligand on one of
the short MR-O bonds. The latter choice was lower in energy
by 18.4 kcal/mol, consistent with a greater ease of proton
removal from water ligands closer to the metal center. Therefore,
we conclude that the energetics of #rhydrolysis is uniquely
separate from the\Ey+ vs A3 trend observed for the other
partially occupied d-orbital metal ions. This is consistent with
similar anomalous behavior deduced as a result of efforts to fit
an empirical relationship based on an extensiod/ofelation-
ships over a wide range of experimental hydrolysis consfnts.

Although the value o¥%?p has been shown to equate to local
concentrations and depletions in the electron density distribution
it is not immediately clear how to or even whether it would be
valuable to connect these concepts to d-orbital occupation, a
characteristic that seems to weigh heavily on the hydrolysis
energetics of these ions. These types of detailed connection
must await further development of the Bader’s theory, for which
there currently seems to be very little application to transition
metal complexes. Nevertheless, for the ions in this study, it can
be shown that; is the most important eigenvector component  Although properties of the electron density distribution at
of V2o(rM—Q]J), and that it captures at least in part aspects M—O bond critical points do not globally unify the hydrolysis
of the electronic properties affecting hydrolysis (Figure 7). As energetics of the common trivalent hexaquo ions, certain
already mentionedAEy+ shows no correlation witii; or 4, qguantities did show a capacity to transcend conventional
but AE4+ vs 13 can be seen to be very similar toEy+ vs classification factors such as position in the periodic table and
V2o(r JM —Q]). The curvature in the electron density described Z/r relationships. The curvature of the electron density along
by A3 is that oriented along the bond pafla.has been usefulto  the bond patiis, a quantity that was previously related to bond
characterize charge transfer between bonded atoms, in analoggtiffness, appears to capture electronic effects on hydrolysis
with ionic vs covalent considerations, and bond stiffngss. arising from partially filled d orbitals. An increase i3 at the
large positive value at; is indicative of sharply peaked positive  bond critical point along MO bonds is tied to an increase in
curvature in the electron density along a bond. For a particular the energy to remove a proton from the metakter complex.
bonded pair, an increasirfg has been tied to the preferential Trends of lesser influence ohEy+ were found for metal ions

accumulation of charge in the atomic basins of the bonded pair,
in analogy with a decrease in the covalent character of a Bond.
Also, increasingls can reflect an increase in the resistance of
a particular bond to change.

For the M—0O bonds in this study, it is difficult to precisely
know what property of the bonds is manifested in tgérend.
It may be asked whethdg is capturing a systematic change in
M—0O bond strength. An increasing-MD bond strength might
be expected to decrease-8 bond strengths and caudd+
to decrease. We have addressed this question by computing the
average binding energy for a water ligand to each trivalent metal
atom in the hexaquo complexeAHw,0) and comparing these
values with bcp properties of the ™MD bonds (Table 1). We
find that, for all of the complexes except AAEy.o is linearly
correlated withp(r[M —0Q]) with a y-intercept of nearly zero
(Figure 8). From this, we conclude that the4® bond strength
is directly related to the electron density at the bcp. However,
no correlation was found to exist betwedift,o and AE4+.
Therefore, AEy+ is not systematically tied to MO bond
strength. The quantitys appears to reflect some other property
of M—O bonds that influenceAEy+, a property that remains
unidentified. Drawing a detailed conclusion along these lines
is somewhat disadvantaged by the fact that we are making
comparisons across different-MD bonds as they occur in a
similar structural configuration (e.g., F®gc, MN—0qc;, Cr—
"Ooct, €tC.), as opposed to comparing the properties of the same
M—O bond pair in a variety of structural configurations {Fe
Otet, Fe—Oqcy, €tc.). Nevertheless, it is clear that systematics are
éaresent inl3 that possibly capture the influence of electronic
effects on the energetics of trivalent metal ion hydrolysis.

4. Summary and Conclusions
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with an asymmetric occupation efd orbitals, whereby partial
m-bonding interactions are established betwegorbitals and

water ligands, accompanied by an out-of-plane rotation of water
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