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The metat-donor atom bonding along the series of 3d [M(¥]3" ions from Sé* to F&* has been investigated

by density-functional calculations combined with natural localized bond orbital analyses. FH@HMbonds

were considered as doreacceptor bonds, and the contributions coming from the metal ionws-38d 77-, and

4s o-interactions were treated individually. In this way, the total amount of charge transferred from the water
oxygen-donor atoms toward the appropriate metal orbitals could be analyzed in a straightforward manner. One
result obtained along these lines is that the overall extent of ligand-to-metal charge transfer shows a strong correlation
to the hydration enthalpies of the aqua metal ions. If the contributions to the total ligand-to-metal ion charge
transfer are divided inte- andzz-contributions, it turns out that €F is the bestr-acceptor, but itsr-accepting

abilities are the weakest along the series’™Fe found to be the best-acceptor among the 3d hexaaqua ions
studied. Its aptitude to acceptelectron density is the second weakest along the series and only slightly higher
than that of S&" (the leasto-acceptor of all ions) because of the larger involvement of thé Be orbital in
o-bonding. The strengths of the three types of bonding interactions have been correlated with the electron affinities
of the different metal orbitals. Deviations from the regular trends of electron affinities along the series were
found for those [M(HO)e]®" ions that are subject to Jakifeller distortions. In these cases & [Ti(H20)e] 3,

d? = [V(H20)¢]3t, and ¢ = [Mn(H.0)g]®"), ligand-to-metal charge transfer is prevented to go into those metal
orbitals that contain unpaired d electrons. A lowering of the complex symmetry is observed and coupled with the
following variations: The T"— and \A*—hexaaqua ions switch from, to C; symmetry while the M&™—
hexaaqua ion moves ., symmetry. The loss of orbital overlap leading to a diminished ligand-to-metal charge
transfer toward the single occupied metal orbitals is compensated by amplified bonding interactions of the ligand
orbitals with the unoccupied metal orbitals to some extent.

Introduction to evaluate spectral and magnetic properigsThe quantity
used in the LFT to relate the strength of a ligand field in a
transition metal complex to the appropriate complex stability

an improved understanding of the variations in metal-donor atom 'S c@lled ligand field stabilization energy (LFSE). Usually, the
bonding in relation to the d electron populations of metal ions -FSE is evaluated from the D§ parameter that reflects the

belonging to this group. The manner in which the bond strength €N€rgy gap between the ground state and first excited state in
varies among these complexes is related to the concomitantoPtical spectra of complexes. In a number of contributions
changes of the appropriate hydration enthalpies. Therefore, thePublished by Williamé® after the classical paper on the
relationships between bond strength and hydration enthalpies!'ving—Williams row of complex stabilitie$ the author ques-
are studied in detail. tioned the general validity of the LFSE concept to judge
Hexaaqua ions are the archetypes of chelatetal com- orderings of complex stabilities. He expressed his dets
plexes, and furthermore, in any complex formation reaction in follows: “We conclude that the stabilities of complex ions
aqueous solution, appropriate [M{8)]"* ions are one sort  should be referred only to the properties of the ground state
of starting species. Therefore, attainment of a better and moreand not to 104" It was also suggested by Williarhs that
guantitative picture of bonding in the hexaaqua ions can deliver parameters such as the electron affinities and ionization
a firm basis for further studies on the interconnectivities between potentials of the central ions in metal complexes should be the
electronic structures of metal complexes and their thermody- most suitable quantities for the explanation of trends in complex
namic properties in solution. stabilities.
It is well-known that the metatdonor atom interactions in
that branch of coordination compounds that are commonly (1) schiger, H. L.; Gliemann, GBasic Principles of Ligand Field Theary
regarded as Werner complexes are best described as strongly ~ Wiley: New York, 1969.
polar donotacceptor bonds. The electrostatic character of these (2) Ballhausen, C. Lintroduction to Ligand Field TheoryMcGraw-

. . Hill: New York, 1962.
bonds has led to the great success of ligand field theory (LFT) (3) Jorgensen, C. Kiodern Aspects of Ligand Field Theokyiley: New

The goal of our present study of the series of 3d'-M
hexaaqua complexes from [ScB)e]3" to [Fe(HO)e]3 was
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In the course of a series of thermodynamic investigations of  There are metal ion-dependent differences concerning the
complex formation reactions of Werner-type complexes in extent by which electron densities with or w-character are
aqueous solution, we had to note that especially the solutiondelocalized along the ML bonds. The resulting trends will be
thermodynamics of ¥ complexes shows frequently drastic related to the hydration enthalpies of the naked ions, free
deviations from the behavior that would be expected from the solvation enthalpies calculated for the complexes, and electron
predictions of the LFSEDifficulties come into play if the G-M affinities of metal orbitals. In the first part of our contribution,
p.—d, donation goes into those metal orbitals where unpaired the structural features of the individual [M{8)s]®" ions
electrons of the #Hcentral ion are accommodated. The queries obtained by calculation are compared with experimental geom-
mentioned above, in connection with the application of the LFSE etries. This is followed by a description of the interconnections
as a means for assesments of complex stabilities, led us to searchetween the stabilities of these complexes in the gas phase and
for alternative methods for the description of bonding in metal in water to prove the relationships between the calculated and
complexes. experimental values for the appropriate hydration enthalpies.

During the past decade, ab initio molecular orbital (MO) Then, a general description of the nature of the coordinative
methods became feasible tools in the analysis eflMnterac- bonds in the current hexaaqua ions on the basis of the NBO
tions® These techniques are in general less popular than LFT formalism is presented. The extent of transfer @f and
because a lucid interpretation of the primary quantities resulting zz-electron density will be related to variations of the complex
from computations such as wave functions, electron densities,geometries and thermodynamic data to obtain a consistent and
and canonical molecular orbitals is usually not trivial. One understandable picture of the [Mf8)s]3* complexes. In the
approach by which such results can be transformed into alast section, we will return to the cases of [TiB)s]®*" and
transparent picture is the natural bond orbital (NBO) formalism, [V(H,0)s]®", and a detailed analysis of the individual depend-
introduced into theoretical chemistry by Weinhold et®al. encies between charge-transfer and geometric arrangements will
Therefore, the computations using a density-functional theory be presented.

(DFT) method applied in the present work were followed by a
NBO treatment. This approach allows a division of the-M
interactions into electrostatic and charge-transfer contributions.
The latter can be further divided into parts belonging to either
o- or w-bonding. On the basis of this technique, a detailed
investigation of M-OH, bonding in hexaaqua complexes of
trivalent hexaaqua ions of the 3d series fron'So FE€™ has i, combination with a standard 6-3G* (5d,7f) basis séf including

been carried out. all electrons. To avoid SCF convergence problems, a quadratic con-

In the past, various transition metal hexaagua ions have beenvergent procedure has been applied. The obtained electron densities
investigated by means of quantum mechanical MO metHoéfs. were tested to belong to the electronic ground state by swapping
These calculations have reproduced experimental trends inoccupied and virtual molecular orbitals with d character systematically,
metal-oxygen distances or hydration energies in a reasonablefollowed by r_eoptimization of the appropriate Koh8ham determinr?\nt.
way. On the basis of Mulliken population analyses and energy The state with the'lowe.st energy WE.\S used for further calculapons.
partitioning via constrained space orbital variation (CSOV) _ The Berny algorithm in redundantmtern;'il coordingtesas applied
analyses twas shown hat the ML nteractionsnthe W11 S5on sy Soumieton o ICOI e sompienes
hex_aaq“a ions of the 3d series are pnma_nly electrostatic. Thedensities: have been applied during the geometry optimizations. For
dative character of these bqnds was estimated to.a.ccount ol ose ions where Jahieller distortions were expected(eF [Ti-
less than 10% of the overall interaction energy, but it increases (y,0)3+, & = [V(H,0)**, and d¢ = [Mn(H.0)g*"), different
with rising nuclear charge. In this work, we will describe these molecular symmetries were tested. The stationary points found on the
charge-transfer contributions in more detail. Our analyses potential energy hypersurfaces as a result of the geometry optimizations
benefits from the suitability of the NBO method to partition for the various molecular symmetries have been tested to represent
electron denisties by means of natural localized bond orbitals. energy minima rather than saddle points via calculations of analytical
Thus, donor-acceptor interactions are identified by deviations force constants based on the harmonic approximation. Unscaled
of the occupation numbers of localized orbitals that form a vibrational freq.uenclies wgrg used to obtain thg thermal corrections of
particular Lewis structure representation. These deviations canthe total energies via statistical thermOd_ynam'CS at 298 K and 1 atm.
be interpreted as a measure of electron delocalization or Electron affinities for the M" and M* ions corresponding to the
resonance. When a purely ionic Lewis structure representationproces:ses expressed in Scheme 1 were estimated with the same DFT
of transition metal complexes is chosen, resonance is similar

Computational Details

Density-Functional Calculations. The calculations in the present
study have been carried out using the Gaussian 98 program patkage
on an SGI Octane system. The complexes were described in the
unrestricted formalism using the Becke3LYP hybrid density functiénal
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Scheme 1. Reactions Defining the Electron Acceptor Table 1. Structural Parameters of [MgB)g]*" Obtained by
Potential of Metal 4s (Upper Row) and Metal 3d (Lower Calculation and X-ray or Neutron Diffraction
Row) Orbitals point

group __(M—0), A 0 (0—M-0"), deg ¢, deg

2+
Ve e _EAMT) W M calcd  exp calcd exp® calcdP exgc calcde
24 Sc Th 2.070 2.158 90.0 0.0
EAMMT) 2+ Ti G 2025° 2094 905 915 -205 13.6

+ . »
M+ e M \Y Ci 1.99B4% 2,049 91.0 90.6 —20.8 -9.4
Cr Ty 1.96F¢ 2011 90.8 90.0 -—19.0 0.0
method and basis set as described above by selecting the appropriatdén  D,h 1.9988  2.038 91.0 90.0 -19.0 0.0
electron configurations. Fe T 1.994° 2.050 90.9 90.0 -195 0.0
The electronic states of [Ti¢D)e*" and [V(H:0)*" have been aMean value for complexes withouf, symmetry.” Only near
analyzed in various geometries by state-averaged CASSCF calcuIation%(:tangu|ar angles reportedTwist angle defining the orientation of

using ROHF/6-33 G* reference functions. The active space included the water planes relative to the M@ore, see text for definitiort. Taken
the 3s, 3p, and 3d metal orbitals. The geometries used here were thosgrom ref 12 without proof.

obtained by partial geometry optimizations with the Becke3LYP/6-

31+G* method. The CASSCF calculations were carried out using the ~ These values were scaled by 1.2 to allow for the variation of the
MOLPRO 2000 packag¥. dielectric from its bulk value to the solute/solvent boundary. The CPCM

Localization Procedure. The electron densities obtained from DFT  implementation in Gaussian 98 also includes nonelectrostatic contribu-
computations were transformed into natural localized orbitals with the tions to the free energy of solvation. The dependence of the cavitation
NBO 4.0 prograni! A set of bond orbitals (core, lone pairs, two-center €nergy on the surface area of the solute was calculated according to
o-orbitals) was selected that corresponds to an ionic resonance structuréne method developed by PierditiShort-range solute/solvent dispersion
without covalent metatligand bonds. The analyses of the individual and repulsion terms were considered as suggested by Tomasi and
electron densities were carried out separatelycfspin-up) ands Floris 26
(spin-down) orientations. The latter reflect the two different opportuni-
ties by which a single electron can occupy a metal orbital in terms of
the spin direction. Basic Features of the [M(HO)¢]3" Arrangements. The

The amount of electron density shifted from the oxygen donor lone sp|id-state structures of 3d [M@®)s]** ions have been studied
pairs (LPs) to the metal ions was judged by means of occupation p, x_ray and neutron diffraction measurements in various
numbers of the formally unoccupied 3d and 4s orbitals in the NBO o ironmentg? Individual structural studies of hexaaqua ions

basis. A detailed description of how the localization procedure is carried that th biect of th ¢ h b icated
out was given by Weinhold et &lApplications of this method in the atare the subject ortne present paper have been communicate

analysis of organometallic compounds have been reported reégfitly. for M = T'*SWSZ.V’SS % Cr %27 Mn,% and Fe*® Among the
Energetic decomposition analyses of the interaction energies into €xtensively studied alum structures of the typg'" (H20)g]-
electrostatic, steric, and covalent contributions have not been carried6H20-2SQy, those with C$ as a counterion are most relevant
out because the charge-transfer part obtained after deletion of approprit0 our results. Thus, the calculated geometric features of the
ate blocks of elements in the NBO Fock matrices and diagonalization hexaaqua ions (minimum energy structures at the Becke3LYP/
of the new matrices vanished within the error of calculation. 6-31+G* level & 0 K in the gagphase) are compared in Table
Free Energies of Solvation.The effect of solvation on the 1 with the corresponding data from neutron diffractional
[M(H 20')5]3Jr energies by 'bulk water was estlmat_ed by single-point investigations of Cs[M (H20)g]-6H20-2SQ; structures.
calpula_tlons with the polarlzable cqnductor calculation model (PCC_M), Quantum mechanical calculations on these systems with a
which is actually an implementation of the COSMO (conductor-like variety of methods (UHF, DFT, CASSCF, or Cl with effective
screening model) solvation modtin the Gaussian 98 package. This Y . ’ ' ’ . . .
model treats a polar solvent as apparent polarization charges distributed”0"® _pOtent'alS or _a"'eleCtron_ split valence basis sets including
on a molecular cavity like other electrostatic polarizable continuum Polarization and diffuse functions) have been reported for M
models, but the boundary condition at the solute/solvent interface is SC to Fel? M = Ti,101316M = Cr or Mn;'* M = Mn or Fe}*
the matching of the solute and solvent electrostatic potentials ratherand M= Fel®
than the electric field. At the beginning of the discussion of our results, we will
Radii of interlocking spheres that form the molecular surface were present a brief review of the geometric arrangements that can
established as follows: Those for oxygen and hydrogen were taken
from the united atom topological model (UAHP) The radii of the (27) Cossi, M.; Barone, V.; Cammi, R.; TomasiGhem. Phys. Letl996
appropriate M" ions were extracted from the united force field (URF). 255 327.
The following individual values have been appliedH.0) = 1.569 (28) Cossi, M.; Mennucci, B.; Cammi, R. Comput. Chenl996 17, 57.

3+) — ; (29) Beattie, J. K.; Best, S. Roord. Chem. Re 1997 166, 391.
?‘M"’r‘gd;% 1)4561f?;e()sc)' 1.587 (Ti), 1.546 (V), 1.511 (Cr), 1480 (551 3o oenna-Piggott, P. L. W.. Best, S. P.. O'Brien, M. C. M.: Knight,

K. S.; Forsyth, J. B.; Pilbrow, J. Rl. Am. Chem. Sod 997, 119,

Results and Discussion

3324.
(20) MOLPRO is a package of ab initio programs written by H.-J. Werner (31) Aquino, M. A. S.; Clegg, W.; Liu, Q. T.; Sykes, Acta Crystallogr.
and P. J. Knowles, with contributions from R. D. Amos, A. 1995 C51, 560.

Berhardsson, A. Berning, P. Celani, D. L. Cooper, M. J. O. Deegan, (32) Sygusch, JActa Crystallogr.1982 B24, 1968.
A. J. Dobbyn, F. Eckert, C. Hampel, G. Hetzer, T. Korona, R. Lindh, (33) Cotton, F. A.; Fair, C. K.; Lewis, G. F.; Mott, G. N.; Ross, F. K.;

A. W. Lloyd, S. J. McNicholas, F. R. Manby, W. Meyer, M. E. Mura, Schultz, A. J.; Williams, J. MJ. Am. Chem. Sod.984 106, 5319.
A. Nicklass, P. Palmieri, R. Pitzer, G. Rauhut, M. SehH. Stoll, (34) Beattie, J. K.; Best, S. P.; Del Favero, P.; Skelton, B. W.; Sobolev,
A. J. Stone, R. Tarroni, and T. Thorsteinsson. A. N.; White, A. H.J. Chem. Soc., Dalton Tran$996 1481.
(21) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J. E.; (35) Tregenna-Piggott, P. L. W.; Best, S. P.;daly H. U.; Weihe, H;
Weinhold, F.NBO 4.0 Theoretical Chemistry Institute, University of Wilson, C. C.J. Solid State Cheni999 145 460.
Wisconsin: Madison, 1996. (36) Best, S. P.; Forsyth, J. B. Chem. Soc., Dalton Tran&991, 1721.
(22) Landis, C. R.; Firman, T. K.; Root, D. M.; Cleveland,JT Am. Chem. (37) (a) Schein, J. B.; Lingafelter, E. C.; Stewart, J. M.Chem. Phys.
Soc.1998 120, 1842. 1967, 47, 5183. (b) Spichiger, D.; Carver, G.; Dobe, C.; Bendix, J.;
(23) Kaupp, M.Chem. Eur. J1999 5, 3631. Tregenna-Piggott, P. L. W.; Meier, R.; Zahn, Ghem. Phys. Lett.
(24) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995. 2001, 337, 391.
(25) Barone, V.; Cossi, MJ. Chem. Phys1997 107, 3210. (38) Beattie, J. K.; Best, S. P.; Skelton, B. W.; White, A. H.Chem.
(26) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., IlI; Soc., Dalton Trans1981, 2105.

Skiff, W. M. J. Am. Chem. S0d.992 114, 10024. (39) Best, S. P.; Forsyth, J. B. Chem. Soc., Dalton Tran$99Q 3507.
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d) Ss ¢ = -25°

e) Cj~ Sg $ =20°

Figure 1. Studied conformations of [Ti(}D)e]3* and [V(HO)e]*" with planarly ligating water molecules.

be adopted by hexaaqua ions where the coordinated waterare required to describe these structures in detail. A symmetry

molecules are planarly arranged. According to crystal field
theory (optimal electrostatic interactions and minimal steric
strain resulting from ligandligand interactions in a hexaaqua
ion), the symmetry adopted by a 3d"hexaaqua ion should
be Ty (cf. Figure 1b). This arrangement is characterizedhy
symmetry of the M@ core.

Generally, a ligand field witf, symmetry induces a splitting
of five degenerated d orbitals into thrggand two g orbitals.
This leads to degenerated ground states fpd4l and ¢ (high-
spin) systems. Therefor&;,, symmetry should only be favored
in those [M(HO)3]®" ions with a @ (Sc"), &® (Cr'"), and &
high-spin (F&') d electron configuration. For hexaaqua ions with
uneven occupation of thg or g subshells (T¥, V", Mn'"),
the Jahr-Teller theorem predicts a lowering of the complex
symmetry.

As discussed in detail by Cotton et &l.dluring the neutron
diffraction structural study of [V(HO)s][H s02](CF3S0s)4, elec-
tronic influences could modify the arrangements of ligands in
hexaaqua ions with'tand & electron configurations as shown
with structures in Figure 1, panel B4, all horizontal) and c
(Dsg, all vertical). The transformation froify, symmetry (Figure

lowering of the intermediate&s arrangements can also be
induced by angular distortion of the M@ctahedron, reaching
the C; point group (Figure 1d) eventually.

A different kind of symmetry lowering fronTy, is expected
for the d* ion [Mn(H20)g]3" because of theEg (T) gound state
of the naked central ion. Either axial compression or elongation
should take place leading toC, symmetric structure (with or
without D4, symmetry of the M@ core).

It becomes visible from data in Table 1 that our geometry
optimizations lead to the expected minima with symmetry
anticipated for the hexaaqua ions with d®, and & configura-
tions. Deviations fronT, were encountered with thé,d?, and
d* ions as well.

As expected, twd,y, structures are found for [Mn{D)g] 3"
by using restricted basis sets and the UHF method, showing an
energy difference of about 1 kcal/mol at the UHF/6+33*
level, with a preference for the axially elongated structure.
Similar findings were already reported by Akesson et!al.
Within the method used for final results, only the tetragonally
elongated structure exists as a stationary point. In the case of
Ti'"" and W, T, and theDzy symmetrical arrangements represent

1b) into the arrangements shown in Figure 1a,c is induced by transition states of higher order. The imaginary frequencies

rotations of the HO—H planes about the MO axes. The
extent of deviation fronT, symmetry is measured with the twist

describe coupled rotations of the water planes about thé©M
bonds. As a result of a continuous lowering of the symmetry,

angle¢ that is defined as the dihedral angle between the plane we find C; structures representing potential energy minima for

of a water molecule and the closer M@lane that includes its
oxygen atom. The sign ap is referred to theC; axis of the

the d and & aqua ions in the gas phase@K (see Table 2).
These findings differ from the predictions by Cotton etal.,

MOs octahedron that corresponds to the symmetry axis of the who suggested the preference of theadd & ions for D3y all-

Dsq Structures. The anglg takes the value® Ty, ¢ = 0°; Daq,

all horizontal,p = —45°; andDg3y, all vertical,¢ = 45°. Along
the pathways fronT}, into both the limitingDsy arrangements,
various structures witl symmetry are traversed (Figure 1e).
The O, symmetry of the M@core is retained along these paths.
TheD3q4 arrangements are not confined@gsymmetry of MQ.

vertical andDsq all-horizontal arrangements, respectively. The
basis of these suggestions was the shape of then&kaaqua
unit in [V(H20)e][Hs02](CF3S0s)4, Which is nearlyDsq all
horizontal. In this way, optimal *O s-bonding can be realized
with concomitant adhering to the Jahfeller requirements. The
latter statement was supported by FerskKall calculations’

They are allowed to become compressed or elongated alongThese suggestions were taken as a basis for quantum mechanical

the C3 axis. In addition, the water dipoles do not have to point
directly toward the central ion. Additional geometrical variables

descriptions of these systems by Akesson & ahd Tachikawa
et al’®without proof. They were later interrogated by Hartmann
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Table 2. Results of Geometry Optimization for Rotamers of [Ti(®Je]>" and [V(HO)e]3"

Dad all horizontal Th D3q all vertical G

point group ﬂll VIII Tilll VIII Tilll VIII Tilll VIII
ground state 2E, 3A2g My Ty 2A1g 3By 2Ag 3Aq
r(M—0), A 2.101 2.052 2.098 2.052 2.094 2.049 2.094 2.049
o(0O—M-0")2 88.15 87.28 90.0 90.0 87.16 88.78 88.51 89.43
B(O—M-O')P 91.82 92.73 90.0 90.0 92.84 91.20 91.49 90.57
¢ —45.0 —45.0 0.0 0.0 45.0 45.0 13.6 —9.4

E ° kcal/mol 6.88 3.46 1.99 1.27 2.01 6.90 0.0 0.0

a0—M—0O' angle aligned withCs axis.? O—M—0O' angle perpendicular t€; axis. ¢ Energy relative to the global minimum structure.

et al.}® who found that aC; structure represents the global Dy Dy,
minimum on the potential energy hypersurface of thé Ti Ahoneonsl % N 3 e
hexahydrate. The geometry they obtained is identical with our gl T MO l
result, which shows that the structure adopted by [F@}d]*" oV o
in the gas phase can be derived from id€glsymmetry by '\'\ /°
relatively small changes. The water planes are rotated by 13.6 6 \ d
from T, symmetry into the direction of the all-vertic&sy
structure accompanied by a slight distortion of the &0
octahedron (6 Ti—0O' angles= 91.5). If this small angular
distortion is neglected, the [Tigd)s]3+ adheres t& symmetry. o / o
This type of arrangement is at variance to the orientations of 2t \O \. /° /'/
the coordinated water molecules in a recent neutron diffraction \ \.\./ \0/0 /
structure analysis of the cesium'Talum®® where a twist angle N g o
¢ = —20.5 was found. %5 % -?5 T f 0 45
Similar results were found for [V(bD)s]3". Again, a structure b°
with C; symmetry represents the global energy minimum. The
deviations from the parenf, structure are even smaller than  Figure 2. Relative energies of the electronic ground states of [Ti-
for [Ti(H20)e]®+ described above. The \{@ctahedron is less  (H20)]*" and [V(H0)e]3" in S symmetry as a function of the twist
distorted (-V—0O' angles of 90.9, and theg angle has a  angleg (Becke3LYP/6-3%G*, partial geometry optimization by fixing
mean value of-10.9. S symmetry at a giveg and optimizing the M-O and O-H distances

In contrast to our findings, experimental structures of various and the H-O-H angles).

M[V(H20)¢] - 25Q6H;0 p-alums® (M = K*, Rb", Cs") show Scheme 2. Thermodynamic Cycle Defining Hydration
S symmetry withg values betweer-19 and—20°. Thus, the  Enthalpies AHhyq) and Free Solvation EnergieAGson)
latter structures are closer to tbgy all-horizontal limiting case

E . kcal/mol

~o . /
\0\O \ d

- . AH
than the minimum energy structure we obtained. However, + 6H0q —0g [M(H20)>* g
detailed comparisons of structures of hexaaqua ions'bfafid
V'""in solids in various environments with results from quantum .. 6 AGego H,0 AGeon [M(H0)e**

mechanical studies are meaningless if one considers the energy =~

differences between the limiting structures. Table 2 shows the
calculated structural and energetic parameters of hexaaqua
titanium(lll) and vanadium(lll) complexes in all possible
symmetries. In Figure 2, potential energy curves (electronic
ground stateff for the coupled rotation of the water planes by
leaving the MQ body inOy, symmetry are shown for both cases.

It is obvious that the foun; structures are more stable than a
Th arrangement by a neglectable amount of energy. Pk 3"

can adopD3y symmetries when its environment compensates
about 2 (all vertical) to 7 (all horizontal) kcal/mol. [V§D)s]"

in T, symmetry can be distorted infdzy arrangements with an
energy loss of 3 (all horizontal) to 7 (all vertical) kcal/mol. In
all alums, short and therefore strong hydrogen bonds dictate
the orientations of the water ligands. In the casgd-@flums,
which is the alum type with planarly coordinating water
molecules, thep angles are confined to values betweeh7
and—22°.2% In other alums, such as those with guanidinium as
the countercation{C(NHy)3} [M(H 20)¢]:2SQ), ¢ angles close

to the D34 all-horizontal limit of —45° are found independent

b 6HOug M (M4,

of the type of the metal ioP. Thus, the electronic perculiarities

of [M(H0)¢] 3+ ions could remain buried if, e.g., only one series
of alums is considered. One has to be very careful when
deducing detailed electronic influences on geometrical arrange-
ments of these ions from solid-state structures without consid-
eration of the H-bond networks. In addition, there must be a
difference to gas-phase structures calculated with quantum
mechanical methods.

Gas-Phase and Solvation EnergeticsThe energetics of
formation of aqua complexes are described by the enthalpy
differences AHnyq (hydration enthalpies) according to the
reactions shown in Scheme 2. The values calculated for
AHnyd(aq) (reaction enthalpy of the transfer offMfrom the
gas phase into water, including formation of a hexaaqua
complex, lower path in Scheme 2) are compared with experi-
mental data in Table 3. The free-energy changes associated with
the transfer of gaseous 3 and [M(H,0)s]®" ions into bulk
(40) The electronic ground states dfahd & systems inl, symmetry are water without co_mple>_( formation (free energies of solvation,

triply degenerated. This degeneration is suspended when lowering the AGson) are also listed in Table 3, together with valuesid,
symmetry. Thus, the potential energy surfaces ghAd/or g states the overall binding energy for the formation of hexaaqua

in S symmetry cross at = 0° according to the JahTeller theorem. ~  complexes in the gas phase. The latter is referred to as the
An observed change in the electronic ground state when changing the

sign of is responsible for the discontinuity of the ground-state curves SaMe Process asHnyq(g) but neglects thermal corrections. The
in Figure 2. AGg), Of six water molecules (not listed) and [M8)s]*" were
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Table 3. Thermodynamic Properties of [M@d)s]3" in kcal/mol

_AGsolvb _Athd(aq):

M —AER? M3+ [M(H 20)g]3" calcd expP

Sc 574.36 742.00 44414 945 931
Ti 625.94 770.68 452.54 1004 993
\% 663.33 791.95 454.78 1044 1046
Cr 703.25 810.16 458.07 1087 1099
Mn 701.48 826.92 457.40 1085 1086
Fe 681.61 840.87 453.94 1061 1059

aUncorrected energy difference according to*‘M+ 6H,O —
[M(H20)¢]3* in the gas phasé.Free energy of solvation in water related
to X3%(g) — X®*(aq). ¢ Standard hydration enthalpy in water according
to Scheme 2.

used to obtail\Hpyq(aq) fromAHhy«(g) according to the Born
Haber cycle schown in Scheme 2:

AHp((@q)= Hyy,0)95+(9) — Hrvmg -
AGsoIv,[M(H20)6]3+ B GAGSOIV,HZO

6H,0, T

Kallies and Meier

o —e—r(M-0) 1%

—0—2E/6

N\ E
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210

-110
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Sc Ti
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v Mn Fe

Figure 3. Variation of the mean MO distances and the gas-phase
binding energieAE; of [M(H20)s]*t with atomic number.

similar to V', The reasons for this behavior will be the subjects
of the discussions in the next sections.

Nature of the M—OH, Bonds: General Trends. The
geometrical and thermodynamic features of the 3d [MI}d]"

It is therefore necessary to assume that the solvation entropied®ns that were discussed in the previous sections can be

of these species are equal to each othefhe agreement

explained from different points of view. From the perspectives

between the calculated and the experimental enthalpies ofOf classical LFT, any deviation of thermodynamic parameters

complex formation in water is impressive and better than

previous estimates that were based on different solvent modelsSPIn

or cluster approachég:15 Seemingly, interactions between the
first and increasingly remote hydrate shells of the metal ions

from a straight line connecting 8c(d®) and Fé' (d° high-

) would be related to differences in the individual LFSE.
The LFSE has been introduced to scale the deviations of
physicochemical parameters of metal complexes from an ideal

are satisfactorily described by the CPCM method. On the other Stége where the complexes would have a spherical shape. It

hand, theAGs,\, values obtained for the complex ions span a
range of only 14 kcal/mol, wherea&sHny(g) vary by one
magnitude higher. Thus, the calculated solvent effect mainly
shifts theAHny4(g) by a near constant amount into the correct
direction. The mean value oAGs,y of the complex ions
amounts to—453 + 5 kcal/mol. It describes the electrostatic
interaction between a 3-fold positively charged sphere with a
certain radius and a surrounding dielectric (the simple Born
equation yieldsAGgoy = —450 kcal/mol for an Mt ion with
radius of 3.27 A, which corresponds roughly to the size of
hexaaqua ions described by us). Th@&,, of the naked ions
are mainly a function of the ion radius used in the solvent model

(see Table 3). They become more negative with rising atomic

represents a quantitative measure of energetic effects of a ligand
field in a given symmetry that acts on the d electrons of the
central ion. Thus, the LFSE is believed to be suitable to judge
changes from a regular behavior (e.g., irregular variations of
complex stabilities) in cases where the distribution of metal
electrons is nonspherical. The LFSE yields good predictions or
explanations of observed stabilities of complexes with dominat-
ing electrostatic M-L interactions such as hexaaqua ions. In
addition, this concept is well-established because of the ease
of understanding. On the other hand, really quantitative predic-
tions of complex thermodynamics have to utilize corrections
that are not an intrinsic part of the classical LFT. These
corrections are mainly due to effects arising from coordinative

number. As can be concluded from comparison of values of bonds. That is why it seems to be reasonable to introduce here

AGsq)y Of the complex ions with the MO distances in Table

the description of partially covalent or coordinative-4 bonds

1, variations of the solvent effect on gas-phase energetics are?y Means of quantum mechanical calculations. Settings of the

mainly due to variations of their size, too. However, it can also
be concluded that the dependenceAsfyyq(aq) on the type of

the metal ion for the described hexaaqua complexes is domi-

computational results should be delivered eventually in a most
transparent way and a commonly understandable language.
The NBO representations of the one-electron density matrices

nated by its behavior in the gas phase, which is described byWe have chosen contain the common five 3d and one 4s-spin

AHpya(g) or AEy. So, the following discussion will be based on
gas-phase properties.

The dependency of the mean metakygen distances as well
as AE, on atomic numbers is shown in Figure 3. The well-
known ordering (general lowering of MO distances and

orbital for each electron density of the metal and @Honds

and two electron LPs at oxygen per coordinated water molecule.
The two oxygen LPs considered here are one p orbital localized
above and below the water plane (with a symmetry suitable for
O—M p,—d, donation) and one sp hybrid orbital directed along

increased exothermicity of complex formation) and increased the vector of the water dipole and pointing toward the metal
deviation of these properties from the behavior expected from 10N (suitable foro-bonds). The ©H bonds are formed by two

atomic radii beginning with Fi* up to C#* can be reproduced.
According to these data, [Crg)s]*" is the most stable complex
in the studied series, and hexahydratet! Beems to be near

(41) The assumptioASso([M(H 20)5]2") = 6ASso(H20) should be valid
within the error of the calculations, since solvation entropies describe

changes of the solvent structure around a solute when introducing it

into the solvent. The water ligands forming the first coordinatively
bound hydrate shell of a metal ion should fit into the hydrogen bond
network of the solventlike noncoordinated water molecules.

sp? hybrids at oxygen. This hybridization scheme yields the same
geometric possibilities of interaction with the oxygen atom as
three sp hybrids#2 This pure ionic and strictly localized valence
bond representation of a hexaaqua complex does not account
for the whole electron-density distribution defined by the original
one-electron density matrix. Deviations from it become visible
as delocalization of electrons from occupied donor orbitals into
empty acceptor orbitals. In the systems studied in the present
work, the transfer of electron density from the occupied LPs at
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Figure 4. General resonance structure representations (one ionic structure, six structures containing one ceAaleditoid) of [M(H,0)s]3*.

The weights were calculated for [Scf®Bl)s]®" via NRT.

2,

Figure 5. Localized bond orbitals (NBOs) that are responsible for coordinative bonds is-temsity of [Fe(HO)e]3" in T, symmetry. Large
pictures show the five empty 3d and one 4s sporbitals at Fe. The insets show the occupied ligand orbitals that transfer electron density into the
correponding metal orbital. Upper line: threeotbitals and six p LPs at the oxygensbonding. Lower line: two gorbitals, one 4s orbital, and

six sp LPs at oxygensi-bonding.

the oxygen atoms into empty 3d and 4s orbitals of the central into o- andz-contributions, according to the symmetry of the
ions is the major contribution to electron delocalization. It can involved orbitals. Details belonging to this description are
be expressed by the resonance structures shown in Figure 4illustrated in Figure 5 for the [Fe@#D)s]3" high-spin complex.
Combination of the structures by means of natural resonanceln general, the NBO representations of all systems studied show

theory (NRT¥? for the closed-shell [Sc(¥D)s]®" ion reflects

similar characteristics. The five 3d orbitals belonging to one-

the high preference for the ionic structure description. This spin orientation split into two groups, both energetically and in
finding corresponds to the common view of bonding in Werner- relation to the type of corresponding donor orbitals. Three of
type complexes, where only a weak charge transfer contributesthem (if empty) are lower in energy and accessible for electron

to the M—L interactions. The remaining [M{@#D)s]*" complexes

density from the p LPs of the oxygen atoms. The remaining

contain unpaired d electrons. These systems would have to bewo 3d orbitals and the 4s orbital can accept charge mainly from
described by two sets of resonance structures in the unrestrictedhe oxygen sp LPs. Complexes wikhsymmetry show energetic

HF formalism (one set fo spin and one set fg# spin). Thus,

degeneration of the d orbitals that split into thrgard two g

presentations of resonating Lewis structures seems not to beorbitals. The two groups are similar to the known setsygf t
illuminating enough for reaching a transparent picture. To avoid and g orbitals in a ligand field withO, symmetry. Structures
this split description, we divide the amount of charge transfer with lower symmetry do not show this degeneration, but the

(42) A sp LP is more electronegative than & bgbrid orbital. Thus, the
hybridziation scheme g sp + 2sp of water and oxygen is more
appropriate to describe very weak coordinationds involving
trigonal planar coordinating water than the scheme3sp. However,
an increasing strength of a-bond is similar to an increasing p
contribution to the sp LP of oxygen. The computational method we
used yielded, e.g., $p2for [Cr(H20)s]2" (the strongest 3d-bonds)
and sP92for [Fe(H,0)s]®" (the weakest 3d-bonds).

(43) Glendening, E. D.; Weinhold, B. Comput. Cheml998 19, 593.

energetic splitting into two groups and the characteristics of
the donor orbitals are retained. So, we will indicate the d orbitals
according to0, symmetry stated above for the sake of clarity.
The type of symmetryfoa d orbital is accessed by the type of
its main electron-donor orbital (mainly sp or p type). This
designationis not mathematically correct, but it facilitates the
interpretation in the sense of common coordination chemical
language. Metal electrons added to thelensity in the series
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Table 4. Contributions to Charge Transfer in [MgB)s]3* in set that are not considered by our analysis. We are therefore
Electrons convinced that the procedure presented here is useful in the
3do? 3dx? 4502 analysis of trends in variations of complex geometries and

thermodynamic parameters in dependence of metal complex d

Sc 038 454 0.302 356 0.161 19.0 0.848 0.862 electron configurations,

T 0503 473 0381 358 0180 160 1064 1.0s0 _ M—OH2Bondingin [Sc(H0)el*" to [Fe(H;0)e]*". Figure

V  0.640 526 0.381 31.3 0.196 16.1 1.217 1.188 5 illustrates the deSCprtlon of Complex structure in terms of

Cr 0814 624 0279 214 0212 163 1305 1.255 localized orbitals for the iron complex. The quantities collected

Mn 0.724 57.6 0.313 249 0.221 17.6 1.258 1.224 in Table 4 are plotted vs the atomic number in Figure 6. A

Fe 0440 400 0421 383 0239 217 1100 1.081 comparison between Figure 6 and Figure 3 shows that the
aSum of occupation numbers of formally empty metal NBOs with ~ quantitiesAHpyq, the M—O distances, anilq vary with atomic

appropriate symmetry.Total charge transfer obtained via NPA. numbers in quite the same way, showing an extremum 't Cr

and hexahydrated Pein between TI' and V. The trend in

2q is clearly dominated by the altering occupations of the e

M total % ofXq total % ofSq total % ofSq =g Aqu®

140

[——3de mee E N N X
—v—3dn /’\, s like orbitals (3do-bonds). A smaller influence oRq results
i gy - \ from the variations of the bonding interactions with thelike
2 ol * I - . 1'% orbitals (3dz-bonds) and the 4s orbital (4s-bonds). The
8 / T g average amount of charge transferred per oxygen donor is about
% osf ¢ e S o W 0.2 electron. The appropriate contribution&pare 50% from
2 - I3/ % T 2 3do-, 30% from 3dr-, and 20% from 4s-bonding interactions.
§ oer . _— e These contributions show certain variations. [Gh#]3+ shows
S o4l rj/' v % % the largest amount of charge transfgq is made up by more
& — \___—-—v/ | than 60% from 3dr-bonding and only 20% from 3d-bonding.
02 o, —o——o0o—0° o—° [Fe(H.0)e]3 behaves differently. Here, only 40% Bf| comes
0ol . . . . e from 3do-bonding. Now the influence from 3d-bonding has
T s Ti v cr Mn Fe increased to 38% such that 3d and sw-interactions operate
] o ] . with practically equal extents. It is also interesting to mention
Figure 6. Contributions to charge transfer in [M{8)q]*". at this point that the plot of the 3d-interactions has a sigmoidal

. . . . . shape and these varying percentages of s8ohteractions
from SE* to FE" successively fill thez orbitals and then the  contained inXq lead to the differences in shape between the
& orbitals, yielding high-spin complexes with emggtyrbitals.  sq. and 3do-plots in Figure 6. Therefore, and not unexpected,
The d orbitals with/} spin can accept electron density from  pdi s the bestr-acceptor among these ions, in agreement, e.g.,
ligand orbitals with proper symmetry, even if the corresponding \yith the highly stabilized P& complexes where the strongly
o orbital is occupied. We obtained the total amount of negative 7-donating catecholato oxygen acts as a donor dfom.
charge transferred from the ligands to the metal ion by  Eor the reason of comparison with hypervalent transition
summation of occupation numbers of formally empty metal etal hydrides or carbenes that were extensively studied with
orbitals in both densities. According to their symmetries, we {he NBO method, we briefly describe coordinative bonds in
divide it into o- and w-contributions to obtain a quantitative hexaaqua complexes also by means of the metal character of
measure (one number for each type of bond) for a bonding |ocalized oxygen LPs in the basis set of natural localized
model (cf. Table 4 and Figure 6). In the case of molecules with sjecylar orbitals (NLMOS). Each sp LP at oxygen has about
low symmetry, this separation and orbital indication is not exact 4 g (S¢" to 8% (Fé') metal character. The contribution of metal
because the canonical MOs forming the original wave function § grpitals to one p LP in the NLMO basis amounts to 2.3% in
are not restricted to the symmetry of the participating AOs at {he S# complex and reaches 6.5% at iron. These numbers again
the metal. This yields a mixture of all AOs in the NAO basis, eyeq] that these complexes are characterized by extremely polar
forming a d orbital in the NBO basis. In addition, the orbitals 5rdinative bonds with dominating-character. That is why
of the by Set become able to accept electron density from the peyaaqua ions belong traditionally to the domain of classical
sp hybrids at the oxygens. On the other hand, the obtained| 1 or the angular overlap method (AOM). Metallorganic
energetical grouping of localized d orbitals is very clear, and compounds show covalent M. bonds with about 3660%

Fhe cor)trllbutlon of overlaps of o.r.blta!s with the wrong Symmetry  meta| charactet,so they are best described by valence bond
is negligible. Therefore, our utilization of occupation numbers 1 qdels.

of groups of metal orbitals seems to be rather beneficial for the e extent of electron donemcceptor interactions generally
discussion of trends. Also, the total amount of charge transfer gepends on three conditions: (i) the potential (or ability) of the
obtained in this wayXg in Table 4) is virtually identical with  4cceptor orbital to obtain electron density, (i) the donor potential
the loss of positive charge at the central idw in Table 4).  4f the donor orbital, and (iii) other circumstances that prevent
The latter quantity was obtained via population analysis of the these two potentials from being fully utilized, such as geometric
natural atomic orbitals (NAOs, natural population analfis — rrangements, etc. These potentials are usually measured in
The agreement between these two numbers shows that delogantities such as electronegativity, ionization potentials (IP),
calization of metal electrons into empty antibonding orbitals at o glectron affinities (EA). It is possible to apply a simplified
the ligands and 4p metal orbitals does not contribute significantly 4nq gualitative view here on the basis of the electron affinities
to the M—L interaction in these cases. Otherwise, a significant of the naked metal ions in individually operating high-spin
amount of electron density would be found in localized Rydberg gjectron configurations. This idea was originally rationalized
orbitals originating from higher functions of the original basis by WilliamsS The potential of a metal 4s orbital to accept

(44) Reed, A. E.; Weinstock, R. B.; Weinhold, &. Chem. Phys1985 (45) Karpishin, T. B.; Gebhard, M. S.; Solomon, E. I.; Raymond, KIN.
83, 735. Am. Chem. Sod 991, 113 2977.



Electronic Structure of lons Inorganic Chemistry, Vol. 40, No. 13, 2008109

o oo Cr3* to Mn3* (d* and Fé" (d®), spin pairing also has to occur
35 | —o— Mll) - M() calc. whenz-bonds are formed, but the EA of thg brbitals should
—8— Ml > M) exp. /“\ rise as compared to &rbecause the nuclear charge rises. This
—o— M(Il) — M(I) exp. H =] . . .
sl /E% . seems to be the reason for our finding that'He its hexaaqua
/E/ complex reaches-transfer similar to V* (see Figure 6). The
> 25} E/ variation of g-accepting abilities can be explained in a similar
] . . .
< = way when focusing on the,€Oy) orbitals. It is expected here
u . that their EAs should continuously increase from tR¢3t!")
e / >.g/° to the ¢ (Mn'") case, and a decrease should take place only as
o= a result of spin pairing at®dFe'"). So the S&" ion is expected
“r /./ to be the weakest-acceptor, and MH should show the
? . . . . . strongest 3dr-bonds. Whithin the current series of hexaaqua
s Ti v cr Mn Fe complexes, this assumption is not validated. We find"Go
Figure 7. Calculated and experimenthlelectron affinities of M* be the best acceptor of 3ddensity.
and M, It is possible at this point to summarize the observations about

charge-accepting potentials of the different types of metal
electron density can be related to the electron affinity 8 M  orbitals and actual use of them in the [M®)e]®>" complex
(equal to the negative IP of M upper row in Scheme 1). The ions. We note a general agreement between the variations of
electron acceptor strength of metal d orbitals can be describedthe electron affinities and the individual bonding contributions.

by the lower row in Scheme 1 (electron affinity of*l] equal The calculated strength of coordinative andz-bonds in the
to the negative ionization potential ofa¥). Theoretical values =~ complexes are in line with the well-established rules of the
have been calculated for EAs of 8do F&™ and Sé* to Fei* periodic system. Exceptions are thaccepting potential utilized

to prove the reliability of our computational method related to actually by Mr#*, and the unexpected similar-accepting
electron acceptor strengths of metal ions and because only thedehavior of T# and \#*. Since these complexes are subject
experimental EA of S¢ and Mr?+ are related to the 3d4s' to the JahnTeller effect, it is straightforward to discuss their
configuration of M as needed. For the remaining Mhe 3d*! unusual behavior regarding charge transfer by means of their
49 state is preferretf Figure 7 summarizes the experimental M—L interactions in different symmetries.

and calculated data. The level of theory we applied is in principle ~ Within this context, the behavior of Mhcan be explained
not appropiate for the calculation of quantitatively accurate IPs easily. As stated above,Ta symmetric complex leads to%&,

or EAs because of the single determinant description of ground state. It is characterized by degenerateorigitals, or
degenerated states. Nevertheless, the agreement to the expeiin other words, the gelectron can be found in each of them
mental trends in the case of the EA ofMis surprising. As with the same probability. This yieldsrepulsion to all six sp
expected, the absolute amount of the EA of an empty 4s orbital LPs at oxygen. It can be minimized by axial compression or
increases continuously with increasing atomic number (lower elongation of the M@ octahedron, corresponding to a change
plot in Figure 7), caused by the increasing electronclear of the electronic ground state and putting tgelkectron in only
attraction as everywhere in the periodic system. Within the one g orbital. However, the possibility to form coordinative
studied series of hexaaqua ions, a straight line is observed,o-bonds is reduced. The localization procedure we used yields
similar to the charge transferred into the 4s orbital in the the g electron in the dzlike orbital; thus, the number of water
hexaaqua complexes (see Figure 6). So, this contribution tomolecules that act as-electron donors to the remaining empty
charge transfer (about 20%) is completely independent of ligand gy orbital in theo-density reduces from six to four. It should
field effects. The way in which the EAs of the 3d orbitals change be reasonable to relate the drop wElectron density trans-
(upper plot in Figure 7) is similar in shape to the EAs of the 4s ferred to the gset in this complex to this reduced number and
orbital up to manganese. In the case of iron, a drop has to benot to an apparently low acceptor potential of the metal ion.
noted. The growing part of this plot is caused by the same reasonMoreover, the observation of the rather strong acidity of
as described for the 4s orbitals. The low EA ofFas to be [MNn(H20)e]3" (pKaz = —0.6*") in contrast to other group
explained in terms of spin pairing along the—et® intercon- members such as [V@D)e]3" (pKar = 2.6)*8 or [Fe(HO)e]3"
version. The well-established rules of variations of thermody- (pKa1 = 2.5)*° also support the conclusion that Rnhas the
namic properties in the periodic system of elements can be intrinsic possibility to accept a huge amount of charge density,
related qualitatively to the EAs of metal d orbitals influenced but it is not utilized in the hexaaqua complex for steric rea-
by a ligand field, too. The EA of thed set in an octahedral  sons. This conclusion implies the presupposition that the por-
field should increase from 8t (d° to V3" (d?), yielding an tion of the M-L interaction energy that originates from
increased amount of-bonding. Indeed, this is found qualita- coordinative bonds is small as compared to the electrostatic and
tively by the NBO analysis (see Figure 6). The increase, steric parts.

however, is not as high as expected when comparifig With Detailed Description of Bonding in [Ti(H.0)e]*" and

V3*, They show near similar amountsmotbonding. The reasons  [V(H20)¢]3". As shown in the preceding sections, the calculated
for the apparent identity irc-acceptor behavior between'Ti
and V' will be further outlined below. The increase of the (47) NIST Critical Stability Constants and Related Thermodynamic Con-

i 3 + (d3) i stants of Metal Complexe¥ersion 5.0; NIST Standard Reference
number of e!eCtronS when going from Vto ce (@) is Databases; National Institute of Standards and Technology: Gaith-
connected with the expected decreaseriacceptor strength ersburg, MD, 1998.

(cf. Figure 6), because spin pairing has to occur when additional (48) Meier, R.; Boddin, M.; Mitzenheim, S.; Kanamori, K. Metal lons
charge density is transferred into thg(Oy,) orbitals. By further in Biological SystemsSigel, H., Sigel, A., Eds.; M. Dekker: New

increasing the number of metal d electrons when going from (49) Elc;,rrlfh’lg??\),_YgL‘Sﬁérﬁhsge{;&p&%l_

(50) Smith, D. W.J. Chem. Educl977, 54, 540.

(46) Russo, T. V.; Martin, R. L.; Hay, P. J. Chem. Phys1994 101, (51) CRC Handbook of Chemistry and Physi@$th ed.; Lide, D. R.,
7729. Frederikse, H. P. R., Eds.; CRC Press: Boca Raton, FL, 1984.
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Figure 8. Relative energies of the two lowest lying electronic states of [FJ*" and [V(H:0)s]3" with varying ¢ in S symmetry (CASSCF
results using geometries as described for Figure 2) and relative energies obk@je ghbunit.
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Figure 9. Changes of contributions to charge transfer in the electronic ground state ofQli{f+ and [V(H0)e]>* when varyingp in S symmetry
(B3LYP/6-31+G*). The numbers are relative differences to the contributions in the global minimum strudBusr(metry).

geometric and thermodynamic properties of th& S¢Crl' —, contributions in one figure. As concluded from the energy of
Mn'"'— and Fé' —hexaaqua complexes can be explained on the the ligand framework (see Figure 8), water interactions are
basis of orbital electron affinities. In the case of [Ti(®)e]*" optimal at ¢ = 0°, whereas bothDsy arrangements are
and [V(H0)s]*", additional questions arise as follows: (i) What energetically unfavored, as expected. Without considering the
is the reason for the observed symmetry change ffpto aC; M—L interactions, these complexes should foFpsymmetric
structure, which is similar to the parehi structure? (ii) Which structures like 8 &, and & complexes in the series do. An
influences prevent these systems from formibyg symmetric analysis of the amounts of charge transfer (cf. Figure 9) reveals
arrangements as postulated by Cotton efali?) Why does a strong dependency afbonding ong, whereass-bonding is
hexahydrated T seemingly tend to 834 all-vertical structure less influenced. The weakest charge transfer in the electronic
(positive value ofp, see Figure 2), whereas the hexahydrate of ground state is obtained fop = 0°. This finding is a
V! tends to aD3q all-horizontal arrangement (negative value representation of the molecular basis of the Jaheller effect.
of ¢)? (iv) Which influences are responsible for the almost equal The same explanation, as already given for the manganese
m-acceptor behavior of Ti and V" in their hexaaqua com-  complex, can be applied here. A triply degenerated ground state
plexes? of [Ti(H0)e]3+ and [V(H0)e]3+ is coupled with equal prob-
These questions can be answered by a detailed analysis ohbilities to find the metal electron(s) in each of the(Ty)
the variations of M-L and L—L interactions when varying orbitals, yielding repulsion to all six p LPs at the oxygen atoms
from —45 to+45°. The corresponding potential energy curves and no possibility to fornz-bonds in the electron density with
of the electronic ground states of [Tif8)e]3" and [V(H,0)g]" o-spin. Thusg = 0° is favored by interligand interactions but
were already shown in Figure 2. Figure 8 shows the potential not by M—L interactions. The resulting geometric arrangement
energy curves for the two lowest lying states of these complexesis a compromise between these two influences. The direction
as obtained from state-averaged CASSCF calculations and theof resulting geometry changes is related to the possibilities to

relative energy of the coordination sphere,@s without the maximize the amount of--bonding. The general conclusion
central ion. In Figure 9, we display the difference between the given by Cotton et af? that Ti" shows maximaf-bonding at
amounts of charge transfer at a givgrand at the minimum- ¢ = 45°, whereas W shows strongest-bonds atp = —45° is

energyC; structure in the electronic ground state normalized to supported by our calculations. These findings deliver the answers
the absolute amount of charge transfer Gn geometry. A on questions (i) and (ii) given above.

negative value means a smaller amount of charge transfer at a Obviously, the tendency of fiand ' to favor geometries
given ¢, as compared to the global minimum structure. This with a particular sign ofp (question iii) is coupled with the
quantity allows the plotting of variations of all bonding extent of z-bonding (cf. Figure 9). This behavior can be
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Till (Ag): occupied
VIl (Eg): occupied
Vil (Ag): empty

Vit (Ag): occupied

Till (Ag): empty
Vil (Eg): occupied
Vil (Ag): occupied

Figure 10. Three t4like orbitals of Ti" and six p LPs at oxygen in
Dsqg all-vertical symmetry ¢ = 45°). Left column: view into the
direction of theCs axis. Middle column: view perpendicular to tkg
axis. Right column: electron configuration including different states
of v!I'.

illustrated by plots of the corresponding NBOs. Figure 10 shows
the bglike orbitals together with all p LPs for [Ti(bD)e]®" at

¢ = 45° (Daq all vertical, Ay state). The vanadium complex
with ¢ = 45° yields the same shape and orientation of these
orbitals. The orbital containing the d electron of'"T{upper
line in Figure 10) corresponds to the empjylike orbital in

the A, state of V. This orbital has an orientation with minimal
overlap to the p LPs of the water oxygens. It yields minimal
repulsion to the p LPs in [Ti(kD)s]®" but also minimized
m-bonding in [V(H:O)e]®". The amount ofz-transfer in
[V(H20)e]®" observed at this geometry in the, Atate (result
not shown) is lower than found if, symmetry. Figure 11 shows
the same orbitals for [V(ED)]3" at ¢ = —45° (D3zqy all
horizontal, A state). Again, these orbitals look similar for [Ti-
(H20)e]®" at ¢ = —45°. The orbital containing thed electron
hole of V' (upper line in Figure 11) shows maximal overlap
with the p LPs at oxygen, corresponding to a maximum of
m-bonding. The same orbital contains the d electron 4t ifi

its Ag state, yielding a maximum of steric repulsion. Thus, the
preference of both complexes for a particular sigrpdfTi'",
positive; V', negative; question iii) can be understood on the
basis of avoided repulsion between occupied mejglike
orbitals and p LPs at oxygen on one hand andonding on
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VIIF{Ag): empty
Till (Eg): empty
Titt (Ag): occupied

VIl (Ag): occupied
Till (Eg): empty
Tillt (Ag): empty

Vil (Ag): occupied
Tilll (Eg): occupied
Till (Ag). empty

Figure 11. Three tqlike orbitals of W' and six p LPs at oxygen in
D3 all-horizontal symmetryg = —45°). Left column: view into the
direction of theC; axis. Middle column: view perpendicular to tkg
axis. Right column: electron configuration including different states
of Ti".

hypersurfaces in this region and to the small energy gap between
the lowest electronic states, which complicates quantum me-
chanical calculations.

However, repulsion between occupied metal orbitals and p
LPs at oxygen obviously dominates theU interaction in these
two cases, as compared to the contribution of coordinative
bonds. It seems reasonable, therefore, to extend the conclusion
regarding anisotropio-bonding in [Mn(HO)e]3" given above
to r-bonding in [Ti(HO)e]*™ and [V(H0)e] 3" (question iv). If
the nuclear charge would be the only factor controlling the extent
of O—M"' z-donation, ar-acceptor potential of ¥ higher than
that of Ti" is expected. This potential, however, cannot be
utilized fully in the hexaaquaV"' complex because the need
to avoid r—s-repulsions leads to a smaller degree of spatial
freedom for G-V p,—d, bonding as compared to 'Tj
Therefore, it is possible to predict that only those oxygen
containing ligands should form very stablé \Yomplexes where
the ligand backbones are flexible enough to ascertain that'®
p.—d- bonding takes place only with the sole unoccupigd t
(On) orbital.

This conclusion is in good agreement with our experimental
findings for V' complex stabilities with a larger number of
oxygen containing ligandsin the latter study, it was found

the other. The change of the electron configuration at unfavoredthat edta (ethylenediaminetetraacetato) is a ligand that ful-

geometries for [Ti(HO)g]3" at¢ <0, and for [V(HO)g]3" at ¢
>0 (see comments in Figures 10 and 11) yields a partial

fills the special requirements of optimal bonding t8' \duch
that the formation constant of'\/~edta (logs = 26.4) is even

compensation of adverse steric contacts by possibilities for larger (by more than 1 order of magnitude) than the analogous
m-bonding but, unfortunately, also to degenerated ground statesvalue of Féd'—edta (log 8 = 25.0)#” The ligand tmdta

in S symmetry. Since apparent local potential energy minima
at ¢ ~ —5° ([Ti(H20)s|®", Ey4 ground state) angp ~ +5°
([V(H20)6]®", Eq ground state) were observed $y symmetry

(trimethylenediaminetetraacetate), on the other hand, is not
flexible enough to satisfy the special coordination require-
ments of V!, In this case, the formation constant (I8g=

(see Figure 2), there exists the possibility that true local minima 18.5) is more than 7 orders of magnitudes smaller than that for

can also be found when leavi@, symmetry of the M@ body

at these angles. These arrangements would belong G e

C, point groups, which fulfill the JahnTeller theorem. We were
unable to locate such minima by geometry optimization. This
finding is a tribute to the flatness of the potential energy

VI —edta and also significantly lower than that of'Fetmdta
(log g = 21.4)%

It can also be concluded on the basis of Figures 2 and 9 that
the intrinsic preference of [Ti(kD)s]3> and [V(HO)e]®" for a
particular sign of¢ can be overridden by counterbalancing
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effects (e.g., by strong hydrogen bond networks in solid-state  Basically, the DFT/NBO analysis of the charge-transfer
complexes) because of the small difference in energy betweencontributions to the overall ML interactions leads to similar

the complex geometries in the vicinity @f, symmetry. results as those obtained by classical LFT. In contrast to the
terminology used in LFT, we were able to explain the trends in
Summary the bonding interactions and thermodynamic features by means

The NBO representation of simple transition metal complexes Of simple rules usually applied in the periodic table. Such an
such as [M(HO)e|3t enabled us to elucidate the geometrical approach seems to be more .sgltable for the analysis of the
and energetical features that guide the bonding in this arche-thermodynamics of more sophisticated systems such as chelate
typical and important class of transition metal complexes. Al- complexes.
though simple on a first view, it turns out that various coun- .
terbalancing effects need to be analyzed. Eventually, the nature A.C knoyvledgment. We are pleased to thank Thoma; Ritschel
of bonding in the individual [M(HO)J** members of the group (University of Pot.sdam) for the setup and discussion of the
of 3d ions from S# to Fé" could be expressed in a language CASSCF calculations presented in this work.
common to most chemists. IC001258T





