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Density functional theory (DFT) calculations on the tetrahedraY'M@rV, and W (d') oxo anions in their ground

and lowest excited €d and O— M charge transfer (CT) states are reported and used to assign the electronic
absorption spectra by reference to the spectra of the isoelectronfit, k@rY!, and W (d% and the MY and CF

(d?) anions. Calculated geometrical shifts along the totally symmetric mgaind vibration () for electronic
excitations are in agreement with data deduced from experimental vibronic fine structures, supporting the proposed
assignments. Using a CT model including (as different from DFT) configuration interaction (CICT), it is shown
that the CT excited states of Mp® at 17 000, 23 300, and 28 200 chare due to &3A,(2€Y), 1E(2¢€), and
3A,(2¢€) final states combining with a single hole (L) on the ligangddrtd 4t orbitals, respectively. The higher
10Dg and smalleB values for the &.(d") states compared to those of tifesgtstems correlate with the shortening

of the metat-ligand bond accompanying the removal of electrons from the antibonding d orbitals, leading to an
increase in covalency and a change in the ordering of CT states Yowi@r 3T,(2€'5t,')L (10Dg) at a higher
energy thaE(2€)L (8B + 2C) as compared to & with nearly degenerafd ;(2€!5t;t) and'E(2€) terms. This

allows one to estimate the energy of fi#e(2€?)L — E(2€)L transition from the CT (&L) spectrum of CY(db),

which could not be observed for & From a comparison of calculated and experimental oscillator strengths
and Huang-Rhys factors §) for the lowest CT band in the¥/ CrV', and MY"" (d° and the W, CrV, and MrY!

(dY) oxo anions, it is shown that the increase in covalency from left to right in this series is accompanied by a
reduction in band intensity ar@ifor the progression in the; vibration. An explanation of this result in terms

of ionic contributions to the metaligand bond increasing from Mhto CrV and W is proposed. Intensities of
“d—d” transitions display the opposite trend; increasing covalency leads to stronger mixing betwedradd

CT excited states and thus an increase in intensity.

I. Introduction prerequisites of LF models. This becomes increasingly pro-

The interpretation of optical spectra of 3d metal complexes Nounced with decreasing ligand-to-metal CT energy from |eft
using ligand field (LF) models provides insight into metal to right of the transition series and with increasing oxidation
ligand bonding. Multiplets due td'@onfigurations are strongly state of a given element. .
affected by ligand-to-metal charge transfer (CT) excited states, In the studies thus far the effect of CT states has been studied

however, when going to transition metal ions in higher oxidation indirectly by looking at their influence on thé chanifold. CT
states such as the tetrahedrally oxo coordinafed', Mn, bands in the _electronlc absorption spgctra%i‘ouhs are found
Fe/) and d (VIV, CV, Mn¥)) ions, as was manifested by &t €nergies higher than 30 000 chas in the case of Crand

V5 i | i
experimentdis and recent theoreticl studies. The mixing ~ Mn',® or are badly resolved, as in the case dfIFoverlapping

of CT states into @ multiplets leads to a violation from the (3) Oetliker, U.; Herren, M.; Gdel, H. U.; Kesper, U.; Albrecht, C.;
Reinen, D.J. Chem. Phys1994 100, 8656.
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d—d and CT bands prevent a detailed analysis of the CT spectral
region). In this respect, the tetrahedral oxo anioh$, \ZrV,

and Mr'! play an exceptional role. On the one hand, because
of the single d electron they possess a rather simple LF diagram
with a ground state?E(2€"), and an excited state, L4 »(5t1).

On the other hand, highly resolved CT bands could be detected
for MNnO42~ (see refs 9 and 10) and also for GfFOand VO, 11
which are well separated from the single and less intersé d
band at lower energy (Figure 1a). While reportedddband
positions show minor changes betweeM \CrV, and MrY!, CT
transitions shift to lower energies from left to right of the
transition series and show, in addition, nicely resolved fine
structures. Energy band maxima, oscillator strengths, and
Huang-Rhys parametersS[ for progressions in the totally
symmetric metatligand stretching vibrations for thée tetraoxo
anions along with spectral data for thé tbns MnQ,~,12
CrOs2~, 13 and VQ#~ 14 (Figure 1b) provide a good basis for a
theoretical analysis.

Electronic structure calculations on thkahd & oxo anions
have been reported by many grodps?t Surprisingly little
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effort has been made, however, to compare these data in order

to deduce how chemical bonding changes with increasing
oxidation state within the series of isoelectronic(d'V, CrV,
MnY") and & (VV, CM', MnY") ions or with addition of one
extra electron to the 3d shell, fron? tb d.

In this study, a combination of density functional theory
(DFT) and a semiempirical model is used to deduce trends in
metak-ligand bonding parameters of tetrahedral oxo anions. The
intention of this paper is 2-fold:

(@) In a first step we report DFT calculations for thé’V
CrV, and MY tetrahedral oxo anions focusing on the energies
and equilibrium metatoxygen bond distances for the LF'2e
(3d) and 541(3d) and ligand-to-metald (L: hole on the ligand)

CT configurations and compare these with the corresponding
CT d'L (for the i) and LF configuration (for the3loxo anions,
respectively. Energies and compositions of the molecular
orbitals (MOs) permit a comparison of the bonding fiahs

and their 4 analogues, allowing the role of the extra electron
in the 3d shell to be explored. The comparison will be in two
directions (see Scheme 1): (i) along the series of isoelectronic
do (vVv, cV', MnV") and & (VV, CrV, MnY') ions for a given
electronic configuration and (ii) betweeh'dL CT excited states

of d" ions and LF states of'd! ions (1 = 0 or 1). Energies
and differences in the metaligand bond lengths of the various

configurations are used to assign the bands in the absorption

(8) Brunold, T. C.; Gdel, H. U.; Kick, S.; Huber, GJ. Lumin.1996
65, 293.

(9) (a) DiSipio, L.; Oleari, L.; Day. PJ. Chem. Soc., Faraday Trans.
1972 68, 1972. (b) Day, P.; DiSipio, L.; Ingletto, G.; Oleari, L.
Chem. Soc., Dalton Trark973 2595.

(10) Brunold, T. C.; Gdel, H. U.; Riley, M. JJ. Chem. Physl996 105
7931.

(11) Brunold, T. C. Ph.D. Thesis, Bern, Switzerland, 1996, p 7.

(12) Holt, S. L.; Ballhausen, C. Theor. Chim. Actdl 967, 7, 313.

(13) Brunold, T. C.; Diploma Thesis, Bern, Switzerland, 1993, p 51.

(14) Borromei, R.; Ingletto, GChem. Phys. Lett1981 81, 62.

(15) Johnson, K. H.; Smith, F. C., Xthem. Phys. Letfl971 10, 219.

(16) Ziegler, T.; Rauk, A.; Baerends, E. Chem. Phys1976 16, 209.

(17) Nakai, H.; Ohmori, Y.; Nakatsuji, Hl. Chem. Physl991, 95, 8287.

(18) Jitsuhiro, S.; Nakai, H.; Hada, M.; Nakatsuji, HChem. Physl994
101, 1029.

(19) Sftickl, A. C.; Daul, C. A.; Gulel, H. U. J. Chem. Phys1997 107,
4606.

(20) Deeth, R. JJ. Chem. Soc., Faraday Trank993 89 (20), 3745.

(21) Deeth, R. J.; Sheen, P. D. Chem. Soc., Faraday Trank994 90
(21), 3237.
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Figure 1. Arbitrarily scaled absorption spectra: (a) (top) MAG
doped CsSQ, for Ella, (middle) CrQ3~-doped LEPQ,, and (bottom)
VO*-doped MgSiO;, for Ellc. The ligand-field (shaded areas) and
the lowest energy ligand-to-metal CT bands are denoteéThwnd
LMCT1, respectively (adapted from T. Brunold, Ph.D. Thesis, Bern,
1996). (b) (top)E!Ib polarized absorption spectrum of KMa@issolved

in KCIO4 at liquid helium temperature, adapted with permission from
ref 12; (middle) absorption spectrum of \sdoped kSO, at 16 K,
adapted with permission from ref 13; (bottol)a andEllc polarized
absorption spectra of V@ in CaPQ,Cl, adapted with permission from
ref 14.

spectra, and the shapes and intensities of these bands are
analyzed to explore metaligand covalency and ionicity.
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Scheme 1
V. d o Mn'.d&
) )
l l
VVdL & Cr'dL < Mn".dL
cT? cT? cT 1
vVWd o C'd o Mn'.d
) 1) )
l l l
VVdL e CrVdLe Mn'"dL
cT? cT cT 1
VWd o Cr'd o M.

(b) In a second step a more refined treatment of CT transitions
including multiplet structure will be given, using a configuration
interaction charge-transfer model (CICT) with the ligand-to-
metal CT energyA), the cubic LF splitting (1Dq), and the
Racah parameters of interelectronic repulsiBn@) as model

parameters. An assignment of band maxima to CT final states

for the & (VV, CV', and Mi") and d (VV, CrV, and M)
ions, dL and L, respectively, is made, in close analogy with
the analogous 'dand & ions. This allows changes in the
equilibrium bond distances when moving froiitd d* and from

d! to c? to be correlated with corresponding changes in the CT
energies and LF parameters.

Il. Theory

1I.1. DFT Calculations. DFT calculations reported in this
paper have been carried out with the Amsterdam Density
Functional (ADF) program package (version 22¥¢ The
Vosko—Wilk —Nusair parametrizatidi of the electron gas data

has been used for the exchange-correlation energy and potential

Density gradient corrections were included for the exchéhge
and for the correlatio”? Triple-¢ Slater type orbitals (STOs),
extended by a polarization function (TZP), were used for the
metal atoms V, Cr, and Mn, where the core orbitals up to 2p
were kept frozen. Oxygen atoms were described with a
double¢ STO basis, with the 1s orbital kept frozen. In the
DFT calculations of all anions in this study, compensating

positive charges have been used to ensure charge neutrality. In

order to simulate the Madelung field and to counterbalance the

excess negative charges, we have introduced four positive

charges:+1, +0.75, and+0.5 at a distance of 1.78 A behind
the metat-oxygen bonds for V@~, CrO3~, and MnQ?-,

Inorganic Chemistry, Vol. 37, No. 18, 1998591
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Figure 2. Potential energy curves and vibrational levels for the ground
state and an excited state of a Wl€@uster (schematic presentation).
Vibrational frequencies and quantum numbers for the ground and the
excited states are denotedlmy, » andhy’, ' respectively. The excited
state energy stabilizatiodE) and Huang-Rhys factor §) are indicated.

all the anions, a geometry optimization for the ground and the
lowest excited CT configurations was performed by varying the
metal-ligand bond lengths while keeping the oxygepositive
point charge separation fixed (1.78 A). In order to assess the
role of ligand-ligand coupling and crystal field splitting effects
on the ligand-based 2p orbitals, calculations have been per-
formed on tetrahedral £~ anions placed in an electrostatic field
with positive chargegy at the center and behind the &~
anions:Zy(q) = +6 (+0.5) for Mn“!, +5 (4-0.75) for CV, and
+4 (+1) for V'V,

From the calculated values of the total energies of the;MO
model clusters, a fit to a quadratic polynomiadRy. 2 + a;RwL
+ ap) yielded equilibrium bond length$g), totally symmetric
harmonic force constant&,), and vibrational quanteh¢, M

= 16: the reduced mass) of totally symmetrig) vibrations

for the 2é ground state configuration (eq 1). For the excited

R, = —a,/2a,

Kq, (cm VA% = (1/2)a, 1)

hv = 1302.8K,, (mdyn/A)/M)]*?
(1 mdyn/A= 50 350 cm¥/A?)

5t,' and the ligand-to-metal CT configurationd._¢da consider-
able anharmonicity was observed and required the use of higher

respectively. The distance 1.78 A has been chosen to reproducé@rder polynomials to fit the calculatel vs Ry, plots. The

the Madelung energy per formula unit fopMnO, (309.23 eV)
and was adopted without change for ¥*Oand CrQ3-.3% For

(22) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41.

(23) Baerends, E. J.; Ros, Bt. J. Quantum Chenl973 2, 42.

(24) Baerends, E. J.; Ros, hem. Phys1973 2, 51.

(25) Boerrigter, P. M.; te Velde, G.; Baerends, BHni. J. Quantum Chem.
1988 33, 87.

(26) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84 and
references therein.

(27) Vosko, S. H.; Wilk, L.; Nusair, NCan. J. Phys198Q 58, 1200.

(28) Becke, A. D.Phys. Re. A 1988 38, 3098.

(29) Perdew, J. PPhys. Re. B 1986 33, 8822.

Huang-Rhys factorS,1, which relates to the difference in
equilibrium metat-ligand bond length in the ground and excited
states and equals the intensity ratio of the first sideband and
the zero phonon line, is calculated from the vibrational relaxation
energy AE of the excited state and the energy of its totally
symmetric modehv' (Figure 2):
SOL1 = AE/h (2)
II.2. Configuration Interaction CT Model for the d ©
(VO4, CrO42, MnOy47) and the d' (VO4, CrO4,

(30) Choosing positive compensating charges has also the crucial effectMnO 42~) Anions. In this section, energies and equilibrium

of yielding positive ionization potentials as different to the bare anions
for which in certain cases, such as MiQ DFT predicts instability
against ionization:13(MnO42") = —3.35 eV [but note the positive
value of13(MnO4~) = 5.9 eV].

geometries of the relevant CT excited states are calculated in
the tetrahedral approximation. Jahfeller (JT) modes leading
to nuclear distortions along non totally symmetric coordinates
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— 5ty 8+4Dq holes,A, B, andC as shown in eq 4.(1t;) ande(4t;) denote
§ —< energies of ligand 1tand 4% orbitals.
“_2e &-6Dq
1 ey A=(L) —Ed)=0-9A+148-7C  (4)
(‘,’_‘— 4t 4 . egae
0 —\}E:_ 3a? =) The cubic splitting parameter D@ accounts for both

electrostatic and covalent (due to overlap between metal 3d and
ligand 2s and 2p orbitals) contributions to the ligand field.

Let us now considerdsystems (corresponding t8 h the
F]igdlgre 3(-1 c(})trbita|hp%far|n'<\9ﬂtgr5|f0ftthé’ d_l'_’hdlL a(;‘d _d—’?zl\%gr_m‘t)ﬁms hole notation). Transferring one hole from the metal 2e and
ora“ana a tetrahedral M{Jclusters. 1he ordering of MUS IS the one 5y, 1 the 44 and 1t ligand orbitals (8—d8L) will lead to a
sﬂedufd from D'Z:,T calculations for the ground states of MnO series of multiplets (45 states). Each of th_gse states couples to

nO4%~, and CrQ? (See section I1l.1.1 and Figure 4). 8 - . .

12 spin orbitals (hole on the {Land 4t orbitals), leading to a
total of 540 states. The problem becomes greatly simplified,
however, if one restricts to doublet states only and uses
symmetry arguments to obtain spin- and symmetry adapted
functions (Appendix, Table A1l). We list only term&T¢ and
2T,) for which transitions from the ground stat&) are allowed
by theTq dipole selection rules. Using these functions, diagonal
energies and transition dipole matrix elemedits (3T y)|P,%E0
are derived (Appendix 1, Table A23. As in the case of ¥,
the parameteA defines the CT energy as a difference between
the average energies of the C¥Ldand the ground state®d
configurations (eq 5).

\

— le
‘—3t2

\
\
\

are neglected here, since the dominant progression-forming
mode in the CT spectra (Figure 1) is the totally symmetric
stretching modé! For simplicity, the 8 systems are considered
first. A schematic energy level diagram is shown in Figure 3.
The ligand 2p (4 4%, 3a, le, 3) and the metal 3d (5t 2€)
based MOs are centered at energies of O@mdspectively. In

the 'A; ground state, the fully occupied ligand-based MOs are
below the unoccupied metal-based MOs. Excited state con-
figurations are generated by transferring electrons from the 2p
(1ty, 4%, 3a, 1e, 3p) ligand type into the 3d (5t 2e) metal
type MOs. From the many possible excitations, only electronic
transitions from the strictly (1} and approximately (4} s
nonbonding orbitals need to be considered, as transitions from A=EdL) - E(dg) =0—-8A+6B-7C (5)
the lower lying lef), 3t(o+x), and 3a(o) bonding orbitals ) . )
of the 2p(O) type are calculated at much higher energies and I1.3. Dipole Transitions and Oscillator Strengths. Fol-

are thus not observed (vide infra). For one-electron excitations |0Wing refs 33 and 34, the intensity of CT transitions can be
from theA,(d°) ground statel3T; and13T, CT excited states expressed in terms of matrix elements of the dipole operator

arise from 1 — 2e and 4t — 2e transitions and3A (), 13, \t/)\t/a.t\i/;/.eeﬂlsymmetry-ad.apted m.eta: (3d) andflighan(cjj. (2p|)) functions.
137, andL3T, terms result from 4{1t;) — 5t, excitations, where b ithin t IT\/I a(g)proxmatmn ma(tinx e elr.nents oft k? Ipole oFerat?r
only 2A;— 1T, are spin and dipole allowed ifiy symmetry. etween MOs are expressed as a linear combination of overlap

Wave functions and the calculational procedure are described'ntegrals_ of functions centered at m_etal and ligand atoms.
in Appendix I. Using these functions, diagonal energisg Overlap integrals between oxygen orbitals are calculated rather

(measured from th&A; energy), for eachT, term and transition small, and Iiga_nd contributions to .the metz_al 3.d functions are
dipole matrix element® = BT2’|P *A.C(P; is thez component neglected® A discussion of the relative contributions of metal
- z z

: ; ligand and liganetligand terms to the oscillator strengths of
of the dipole operator) can be derived (eq 3). CT transitions and a description of the calculational procedure
1 are provided in Appendix II.

AE(T,1t—2e)= A — 6Dqg — €(1t),

D(2e~1t,) = v/2[3|P,|gll lll. Results and Discussion

AE(1T2,4t2—'2e)=A — 6Dqg — €(4t)), IIl.1. Orbital and Bonding Scheme and M—O Bond
D(2e—4t,) = —/2[|P,|z, 0 Distances of @ (VO4~, CrO4~, MnO4") and d! (VO4*,
CrO42~, MnO4%") Anions in Their Ground States. 1l1.1.1.
Orbital and Bonding Schemes. Valence orbital energies for
AE(*T,1t—5t) = A + 4Dq — €(1t,), the @ (VO42~, CrO2-, MnO;") and d (VO44~, CrO2-,

D(5t,—1t,) = —2[K|P,|b{]

(32) In deriving the energies of the CT multiplets only repulsion between
holes on the metal (on-site repulsion) was considered. Repulsion
1. _ between metal and ligand holes, which is neglected here, leads to
AE(T,,44,—5t) = A + 4Dq — €(4t)), splitting between théT; and 2T, terms deriving from the samée®d
. I term when coupled to a given ligand hole. It has been shown that
D(5t2 4t2) 2[K] P2|e'—D ®) such integrals are rather small and, at least for transitions of the 1t
4t,—~2e and 45t type, do not exceed 1500 cht® Therefore, in
. . our model, pairs of statesT, and 2T; stemming from the same
Since the number of holes (10) is Ies§ thgn the pumber of 254I1(dB) — L pair will be degenerate.
electrons, we will use a hole notation in this section. The (33) Ballhausen, C. J.; Liehr, A. 0. Mol. Spectrosc1958 2, 342.
parameter\, which defines the ligand-to-metal CT energy as a (34) Ballhausen, C. Jntroduction to Ligand Field TheoryMcGraw Hill

i ; ; Book Co.: New York, 1962.
difference between the baricenter energies of fieanhd the (35) This may be a severe approximation for more covalent métgind

d'® multiplets, can be expressed in terms of the orbital bonds, as has been shown for CjCl In this case the amount of
parametersd) and the Racah parameters of repulsion between mixing of the ligand functions to the donor and acceptor MOs has
been found to govern the intensity of CT bands: Ros, P.; Schuit, G.
C. A. Theor. Chim. Actd 966 4, 1. van der Avoird, A.; Ros, Ptheor.
(31) For a discussion of the JT effect in tf€ ground state of V, CrV, Chim. Actal966 4, 13. Solomon, E. IComments Inorg. Cher984

and Mr!, see: Atanasov, MZ. Phys. Chem1997, 200, 57. 3, 227-320, see p 252, eq IV-2.
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Figure 4. MO-level schemes obtained from DFT calculations for
tetrahedral MQ clusters with the @land d electronic configurations
M = Mn, Cr, and V ions in theitA;(d% and?E(d") ground states,
respectively. The 1tligand nonbonding orbital is chosen as energy
reference.
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Figure 5. Energy diagram showing the correlation between DFT MOs
of the Q& cluster with charget6 at the center and-0.5 behind the
oxygen atoms (left) and Mn®" (right). The geometrical arrangement
of the & ligands with respect to the charge-compensating point
charges in @~ and MnQ?" is according to the DFT optimized
geometry for MnG?~.

MnO42") oxo anions in theitA(d%) and2E(dY) ground states
obtained from DFT calculations on the geometry optimized
structures are plotted in Figure 4. The MO is taken as the
energy reference in Figure 4 as this is a pure ligand orbital.
The metat-ligand bonding orbitals 3&), 1e(r), and 3t(o+)

are lower, while the antibonding 2e€), 5t(o-+), and 4a(o)
orbitals are higher in energy tham1tin order to explore the
role of ligand-ligand interactions and crystal field splittings,
calculations on separatesO clusters with the same geometry
as the one for the M@clusters have been performed with a
point charge replacing the metal center. This is illustrated in
Figure 5 for the case of Mnfd~. On going from Q8 to
MnO42~, the relative energies of 3t4t,, and 1t do not change
significantly. The 44 orbital for O;#~ compriseso and &
contributions from the ligand.fo) and &(x) MOs, initially

Inorganic Chemistry, Vol. 37, No. 18, 1998593
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Figure 6. Metal orbital contributions (in %) to the MOs for tetrahedral

MOs (M = Mn, Cr, V, & and d) clusters. The bonding (b) and
antibonding (a) character of each MO is indicated in parentheses.

suggesting that 4tis bonding with respect to Mn. These
contributions are of different sign, however, and cancel almost
completely in MnQ?-, resulting in an essentially nonbonding
4t, ligand orbital. Note the large changes of energies af 3a
and 1e from @~ to MnO2: while le is stabilized due to
metat-ligand bonding interactions of thetype, 3a increases

in energy due to a decrease in ligatfidjand coupling®® A
closer look at the MOs shows that the 8tbital is stabilized

by ligand-ligand overlap in G8~ but mostly by metatligand
coupling in MnQ?~. As a result, its energy does not change
much from Q8 to MnOs2~. The metal character in the relevant
oxygen- and metal-based MOs is shown in Figure 6. Mixing
between metal 3d and ligand 2p orbitals in theatd 1e MOs

is rather strong, reflecting considerable metajand covalency.

It increases from Hto d® and from V to Cr and Mn: in this
direction both 1e and 3tecrease in energy and become stronger
bonding (Figure 4), which is reflected by their increasing metal
contributions (Figure 6). The 4arbital, mainly 4s in character,
drops significantly in energy from left to right in Figure 4. This
decrease is not unexpected: it is well-known that admixture of
4s to 3d orbitals of the same symmetry (such as dhixing in
complexes with tetragonal and lower symmetries) increases from
right to left in the transition metal series. However, the standard
4s(M) basis function used in our ADF calculations does
overestimate this effect considerably. Thus for ¢rOand
V044, 4a(4s) is calculated even lower than 2e(3d) (Figure 4),
in contrast to spectroscopic data (see section 111.2), which
unambiguously show the reverse ordering. Atrtificial results due
to anomalously low lying 4s orbitals, calculated using DFT,
have been reported for Ry® 37 and linear oxometalate(l)

(36) The small metal character in the;3arbital results from a small
contribution from 4s in all clusters, possibly an artifact due to
inappropriate 4s basis functions.

(37) Deeth, R. JJ. Chem. Soc., Dalton Tran$995 1537.
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Table 1. Experimental MetatOxygen Bond DistanceBy. (in A) Ill.2. Excited-State Configurations and Electronic Ab-
for d° (VO23~, CrO2~, MnO,7) and d (VO44~, CrO2~, MnOs2") sorption Spectra of & (VO4~, CrO42, MnO4") and d*
Oxo Anions in TheirtA;(d°) and?E(d") Ground States and DFT (VO4#-, CrO43, MnO42") Anions. In this section DFT
Geometry Optimized Values calculated geometries and transition energies of thexb
0X0 anions will be compared to those of thé ahions. A more

i - 2— 2— 3- 3- 4—
anion MnQ~ MnO; Cro, Cro VO, VOs thorough analysis of the underlying multiplet structure will be
calcd 1638  1.674  1.668 1.710 1.717 1.769  carried out in section 11.3. From section Ill.1 and previous
exptl 1.629 1.65% 1.660 1.693 1.708 1.760f

work,!? electronic transitions from the highest occupiegdattd
4t, ligand orbitals to the 2e and bantibonding metal-based
aReference 43° Reference 46° Reference 429 Reference 45. MOs dominate the CT spectrum, while the-2€5t; transition,
*Reference 41’ Reference 44. formally a d-d transition, is responsible for the weak absorption
. band in the near-IR region (Figure 1a). Energy diagrams for
1.80 -t Ry (B) the ground 2% lowest excited 2e~ 5t, (formally d—d), and
1t — 2e, 1§ — 5, 4, — 2e, and 4t— 5t, CT configurations
as a function of the metaligand bond distanceRy ) for
MnO4~, CrO2~, and VO~ are presented in Figure 8. While
equilibrium bond length®y. only slightly increase from the
ar antibonding {E) ground state to the + & antibonding?T,
LF excited state, CT excitations from nonbonding ligand orbitals
to the antibonding 2e andAnetal orbitals lead to a substantial
increase iRyL. This behavior becomes less pronounced with
increasing covalency from V& to CrO2~ to MnOs2~. Thus
the calculated change &, from the ground 2kto the lowest
excited 11 — 2e CT configurations, which is as large as 0.087
A'in VO44, becomes 0.059 A in Cr and even smaller,
0.043 A, in MnQ?2~. This result is experimentally verified by
the intensity distribution of the lowest CT absorption band
(LMCT1) of CrO42~ and MnQ?~ (Figure 1a). In both spectra
the LMCT1 band exhibits a well-resolved vibrational progres-
sion in the totally symmetric stretching mode. However, the
intensity distribution within the progressions is clearly different.
The most intense member of the progression is the third one
1,60 4t , L L for C;Oﬁ*r;] for MnO4?~, i(;.is tgsasgcondé)rgz. Th%s'?/lmaholds
’ : . A true for the corresponding®danions, Cr@~ an nQ-,
MnO; MnO,** CrO4* CrOs” VO, ™ VOq respectively (Figure 1b). In line with our theoretical results,
Figure 7. Metal-oxygen bond lengths in tetrahedral MEusters with the increase of the metabxygen bond length upon LMCT1
M = Mn, Cr, and V ions in theifA, (for &) and’E (for d) ground excitation is considerably larger for C§© than for MnQ?-,
states as obtained from DFT geometry optimizatio®s ¢alculated although the 2e orbital of Mng" is more antibonding and
values) and from X-ray diffraction data-( experimental values). delocalized than that for Ctf" (see section IIl.137 Similar
anions [MnQJ*~ (M = Cu, Ni, Co, Fe}® in sharp contrast o calculations have been carried out for the correspondhg d
spectroscopic data (refs 39 and 40, respectively). anions. A plot of equilibrium bond lengths for various
ll.1.2. M —O Bond Distances. Experimental and DFT  configurations is given in Figure 9. The change in metigiand
optimized M-O bond lengths (R-o) for the  and d tetraoxo  gistance when moving from a giveALd(d®) to the correspond-
anions in theirtA,(d°) and?E(d") ground states are listed in  ing 2L (d%) configuration provides a sensitive probe of metal
Table 1 and plotted in Figure 7. ExperimentaHH® bond ligand bonding. The metaligand bond is weakened if an
lengths*~“® are very well reproduced by our calculations. The glectron is added to the antibonding 2e or Gtorbitals. The
increase of the calculated metaixygen distances by 0.036 A sjopes of the lines connecting equilibrium bond distances for
(for Mn), 0.042 A (for Cr), and 0.052 A (for V) when going  the dL (d% complexes and their?d (d%) analogues increase
from the & to the d systems reflects the weakening of the gjightly from Mn to Cr but considerably from Cr to V, indicating
metal—ligand bond due to the additional antibonding 2e electron. that this effect becomes Stronger with increasing ionicity_ Let
Apparently, the magnitude of this antibonding interaction g compare the bond lengths of thiohs in their?E ground
decreases with increasing covalency (decreasing ionicity, seegng 2T, excited states with those of thé ibns in their 1t —
below). 2e and 1f — 5t, CT excited states, respectively. With the
exception of the extra hole on the; Hubshell these pairs of
ggg \évrﬁrr]]gldsTGngmt\ﬁri'vl\j m.o %'Aclzlﬁé/ﬁq %8&?321%%2 42'46, 131. states are ?nalogoui. The equilibrium di:stancei are indeed
(40) Mdler, A.; Hitchman, M. A.; Krausz, E.; Hoppe, Rnorg. Chem identical for°E(MnO,°”) and 1 — 2e (MnQ;”, Ry, = 1.674
1995 34, 2684. A) and comparable fofT, (MnO42~, Ry, = 1.691 A) and 11

(41) Sisse, P.; Buerger, M. 4. Krystallogr., Kristallgeomo, Kristallophys., — - — i
Kristallchemn. 1670 131 167, 5t, (MnO,4~, Ry. = 1.698 A). Proceeding to Cr and V, we

(42) Wells, A. F.Structural Inorganic Chemistnbth ed.; Oxford University observe some small yet non-negligible deviations: the bond

comp KMnQ; KoMnOgy (NH4)2CFO4 SrZCrO4CI Ba3(VO4)2 SrRVO,4

Press: New York, 1986. lengths in the 4t— 2e excited states of thé tbns are longer
(43) Palenik, G. Jinorg. Chem.1967, 6, 503.
(44) Gong, W.; Greedan, J. E.; Liu, G.; Bjorgvinsson, 3.Solid State (47) This result is quite analogous to a recent ab initio calculation of the
Chem.1991, 94, 213. ground state?E x €) Jahn-Teller couplings in the Hoxo anions (ref
(45) Albrecht, C.; Cohen, S.; Mayer, |.; Reinen, D.Solid State Chem. 31): with increasing covalency from V@® to CrO;#~ and MnQZ-,
1993 107, 218. the JT coupling strength and ground state geometric distortions seem

(46) Palenik, G. Jinorg. Chem.1967, 6, 507. to decrease. This point is still open to discussion, however.
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Figure 8. Potential energy curves for the ground and the lowesd (for d') and ligand-to-metal CT configurations of tetrahedral M@ = Mn,
Cr, V, & and d¢) model clusters as a function of the metakygen bond distancBy. .

(4t,->51,)
R, (A) (4t,->2¢)
(11,->5t,)
(1t,->2¢)
(4t,->5t,)
18 1 (11,->5t)
(41,->2¢) T < U1 (2e>5Y)
(41,->5t)) (14,->2¢) 2E(2¢")
(1t,->5t,)
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'A(d°)
1.6 + + ——+— + ;
MnO,  MnO2* Cro>  Cro  VO>X vO,*

(@) (d) (d) (dh (d) (@)

Figure 9. Equilibrium metat-oxygen bond lengthd,.) in the ground
and the lowest excited-ed (for d*) and ligand-to-metal CT configura-
tions of tetrahedral MQ(M = Mn, Cr, V, d® and d) model clusters.
The correlation betweeRy. for electronic configurations of thed
ions with analogous ones for théidns, possessing one more electron
in the w-antibonding 2e orbital, is represented by solid lines. The
correlation berween the CTd configurations of the #lions with the
ground £E) and excitedqT>) ligand field configurations of the'dons

is shown by dashed lines.

than those in théE(d') ground state of the corresponding d
ions (dashed lines in Figure 9). These differences can be
understood as follows. In the Mn complexes the excitations of
the type 1 — 2e are to be regarded as a redistribution of
electron density, rather than as proper ligand-to-metal CT
transitionst® In the Cr and V complexes, however, the situation
is different due to the higher ionicity of the metadxo bond

(cf. the metal percentages to the MOs in Figure 6). An
interesting correlation is found between the change in atomic
charge and the increase in metdgand bond length ARw.)

for the 1§ — 2e and 1t — 5t, (d°) excitations (Table 238 The
larger the decrease of metal charge upon CT excitation, the
larger the increase iRy In a simple ionic model, the energy
(in eV) of an ionic pair,U(Ru.), with chargesqy andqp is a
sum of two terms: an attractive Coulomb term and a repulsive
two-body term (eq 6), witlb andn [n = 7, mean between =

5 (helium) and 9 (argon)] as parameters. MinimizId@Ru.)
with respect toRy (in A) yields a minimum aRy.° (eq 7).

(6)
()

URy) = —14.40400/Ru) T D/RMLn
Ry’ = [nD/(14,4:|MqO)]l/(n—1)

As follows from eq 7 the metalligand bond gets longer with
decreasing chargeap, andqgo upon CT excitation O~ M. In
support of this interpretation, the negative slopes of the dashed
lines in Figure 9 become more pronounced with increasing
ionicity from Cr to V. The same holds true for CT configura-
tions including occupancy of the Jbtorbital. Here ionic
contributions seem more pronounced: even in the case of Mn,
a small decrease of tHRy. bond distance from 1.698 A (1t

— 5ty, d%) to 1.691 A €T,, db) is calculated.

As follows from section 111.1.1 (Figure 6) going from thé d
complexes to their danalogues, the mixing between metal 3d
and ligand 2p orbitals in the bonding (antibonding) 1e (2e) MOs
decreases. The same trend holds for the ground states of the
d° (d') systems and the correspondinig dd’L) CT states. Our
calculations show that, upon; - 2e excitation, the 2e orbital
increases in energy while the ligand character decreases (cf.
Figures 4 and 6%?

A comparison of DFT calculated and experimental (where
available) energies, equilibrium bond lengths, and vibrational
energies of the totally symmetric MO stretching modea(;)
for the ground and relevant excited electronic configurations
of the @ and d oxo anions is given in Tables 3 and 4,
respectively?® Calculated values for the energies of the lowest
CT transitions compare reasonably well with the experimental
values. Both sets of data show that the LMCT1 energies

(48) In Table 2 we use Voronoi charges which correspond, in essence, to
charges calculated by integrating over Wign8eitz cells in solids.

(49) The increased 3d occupancy upon CT excitation might be very
important for photochemical reactions. The metaand bond
becomes less covalent and is weakened as reflected by the lorger M
distances and the smaller energies of the ™ stretching mode for
the excited states. In addition, the single electron on arbital may
localize on a given O atom, and two such O radicals may combine to
0O,. Thus interesting aspects emerge regarding the reactions, such as
KMnO4 — KMnO; + O, and 2KMnQ, — KMnO4 + MnO, + Oy,
whose mechanisms are not yet completely understood.
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Table 2. Atomic Chargesgv andgo, Equilibrium MetatLigand Bond LengthsRy. in A) for MnO4 d® Oxo Anions (M,z = Mn, —1; Cr,
—2;V, —3,'A; Ground State) and Their Changesg, Ago, and ARy ) upon 1f — 2e and 1t — 5t, CT Excitation Calculated Using DFT

A 1t — 2e 1t — 5
anion Ru Qv Jo ARwL AQu Ado ARwL AQm Ado
MnO4~ 1.638 1.903 —0.726 0.036 —0.086 0.022 0.060 —0.109 0.027
CrO# 1.668 1.987 —0.997 0.049 —0.117 0.029 0.069 —0.129 0.032
VOz~ 1.717 2.047 —-1.262 0.067 —0.396 0.099 0.083 —0.403 0.101

Table 3. Energies (in cmY), Equilibrium Metat-Ligand Bond LengthsRy. in A), and Fundamental; Mode Frequenciesh¢, in cm™2) for
the Ground and Lowest Excited Ligand-to-metal CT Configurations of Tetrahedrat (d® Oxo Anions (M,z = Mn, —1; Cr, —2; V, —3)
with Compensating Positive Charges (DFT)

confign AE RuL hy S= AE/hv

(transition) calcd exptl calcd exptl calcd exptl calcd exptl
MnO,.4(+0.25)

ground state 0 1.638 1.629 850 850

1, — 2e 19 082 19 000 1.674 794 768 1.02 1.73

1t — 56 31670 33009 1.698 775 769 2.78 25

at,— 2e 30003 28 500 1.685 788 1.70

4t,— 5t, 42 428 43 000 1.709 747 4.03
CrO2.4(+0.5)

ground state 0 1.668 1.66 848 847

1t — 2e 27 167 27 030 1.717 807 718 1.86 3.6

1t — 56 38777 41670 1.737 761 3.85

at,— 2e 37577 36 360 1.728 755 718 2.70 3.6

4t,— 5t, 49 097 1.748 753 4.97
VO,2.4(+0.75)

ground state 0 1.717 1.708 819 826

1, — 2e 37 827 39 500 1.784 742 750 3.55 ~5.0

1t,— 5t 47134 1.800 736 521

at,— 2e 47 142 1.794 733 4.46

4t,— 5t 56 442 1.810 693 6.66

a Calculated and experimental Huarghys parameters for electronic transition from the ground state are also givéeference 43 Miller,
F. A; Carlson, G. L.; Bentley, F. F.; Jones, W. $pectrochim. Acta (Londordp6Q 16, 135.¢ Ballhausen, C. JTheor. Chim. Acta (Berlin}963
1, 285.¢ Reference 120 Reference 429 Stammreich, H.; Bassi, D.; Sala, Spectrochim. Acta (Londodp58 12, 403." Reference 59. Reference
41.1 Gonzalez-Vilchez, F.; Griffith, W. PJ. Chem. Soc., Dalton Tran$972 1416.% Reference 14.

decrease from the left (V) to the right (Mn) of the isoelectronic It is generally accepted that the LMCT1 band (Figure 1b) in all
transition series and to a lesser extent from theodthe cases is due to the allowédd; — 1T, (1t; — 2e) transition.
anions. It should be noted, however, that the energy of this This proposal is supported by the good correspondence between
transition is greatly affected by the surroundings. For example calculated and experiment&l,, values (Table 3) for Mng

for VO3~ it is observed at 39 500 crh in Ca&PQ,Cl,14 at and VO3~ but not for CrQ2-. Apparently, the approximation
36 500 cntt in aqueous alkaline (1 M NaOH) solutiGhand of an isolated cluster seems not to work quite well in this case
at 24 000 cmt in SiO, codoped with Al' 52 For the d systems,  (see below). In refs 12 and 17 the nicely resolved band at
there is good agreement between experimental and calculatedd3 000 cm! of MnO,~ has been assigned to th&; — 1T,
transition energies, although the values far-t5t; and 45 — (4t, — 2e) transition. In view of the calculated HuanBhys

2e are too close in energy. Further, ground state vibrational parameters (Table 3) we reassign this band {o-1t5t, (see
energies for thexy, stretching mode compare nicely with the  also next section). While the calculated values for the oscillator
experimental values. In the CT excited states the energy of strengths differ substantially from the experimental values (see
this vibration is reduced, where this effect becomes more the approximations inherent in section 11.3), they do, however,
pronounced from Mn to Cr and V. In the order of ianeaSing reproduce the experimenta| trend: a decrease from’-’)vm
energy, the CT absorption bands of tfdahs can be assigned  cro2- and MnQ~. This indicates that, as the metal bond
to 14 — 2e, 4b — 2e, 1 — St and 44 — St excitations, in - pecomes more covalent, the LMCT1 transition loses intensity.
agreement with DFT calculations reported recéfitlyut in In the same order the Huan@hys factors §) for the oy
variance with previous assignments for M@’ and CrQ?.18 stretching modes decrease (see Table 3).

— 3- 4— i
(50) From parallel calculations on the bare and the charge-compensated For the d¢ systems MnGF~, CrOs, "?md vVQ*, direct
clusters, better agreement between calculated and experimental groundcomparison of the calculated and experimental data (Table 4)

state bond lengths was obtained for the neutral clusters compared tojs complicated due to the multiplet structure arising from CT

the bare oxo anions. Introducing positive charges also leads to a shift ; ; ; ; ; ;
of the doubly occupied ligand 2p-type and empty metal 4s-type MOs excited configurations (formally2dmetal ions) which is not

to lower and higher energies, respectively. This could explain why in @ccounted for in our DFT calculations. Nevertheless, the
DFT calculations on negatively charged molecules the empty 4s orbital calculations allow trends to be explored. Similar to tHe d

is frequently placed below occupied 3d orbitals. Thus a calculation
which exaggerates the surrounding positive charges fof VEauses complexes, the calculated HuanBhys parametek, for the

a change of the order of orbitals in Figure 4 to the expected one: 2e I0west CT tranSitiQn (ZLt—'IZG) incre_ases significantly from Mn
< 5t, < 4a. Another reason for this may be inappropriate basis sets to Cr and V, consistent with experimental data (Table 4). DFT

used to describe virtual 4s orbitals (see section IIl.1.1). calculated values for Ihy decrease from Mngd~ (10 792
51) Muller, A.; Di , E.; Ranade, A. ©Chem. Phys. Lettl969 3, _ _ _ .
(o1) Muler, A; Diemann, E.; Ranade em. Phys. Letd969 cm) to CrO3- (9872 cntd) and VO~ (7736 cntd). While

(52) Blasse, GStructure Bonding (Berlin198Q 42, 1-41. the calculations appear to underestimat®d,qit is important
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Table 4. Energies (in cmY), Equilibrium MetatLigand Bond LengthsRy. in A), and Fundamental; Mode Frequenciesh¢, in cm™2) for
the Ground and Lowest Excited (Ligand Field and Ligand-to-Metal CT) Configurations of Tetrahede@&(@)0xo Anions (M,z = Mn, —2;

Cr, —3; V, —4) with Compensating Positive Charges (DFT)

confign AE RuL hy S= AE/hv
(transit) calcd exptl calcd exptl calcd exptl calcd exptl
MnOZ2~.4(+0.5)
ground state 0 1.674 1.65 824 812
2e— 5t, 10792 12 006 1.691 755 778 0.21 0.9
1, — 2e 20 653 17 000 1.717 810 1.41 1.60
23300
1t,— 5t 31440 1.735 823 2.94
At,— 2e 32086 28 200 1.729 801 2.34 2.60
34 200
4t,— 5t 42 760 1.748 817 4.21
CrO£.4(+0.75)
ground state 0 1.7Q9 1.695f 799 817
2e—5t, 9872 13500 1.728 782 0.25
1t,— 2e 30475 28 000 1.769 726 2.34 2.6
36 000
1t;— 5t 40 319 1.786 781 4.27
at,— 2e 41 061 1.784 736 3.73
4t,— 5t 50651 1.800 742 5.72
VO4#.4(+1.0)
ground state 0 1.769 1.76 77 818
2e— 5t 7736 10 400 1.781 780 755 0.11 0.90
1t,— 2e 44 687 >37 0000 1.856 641 5.30
1t,— 5t 51 305 1.867 660 6.24
4t,— 2e 53 406 1.872 669 6.80
4t,— 5t, 60 096 1.880 658 8.03

2 Calculated and experimental Huanghys parameters§( for electronic transition from the ground state are also git&eference 46: Gonzalez-
Vilchez, F.; Griffith, W. P.J. Chem. Soc., Dalton Tran%972 1416.9 Reference 11¢ Reference 10'Reference 459 Reference 63" Reference

56.1 Reference 44.

to note that the experimental @ values show a strong
dependence on the host lattfé®* For example, 1Dq values
reported for VQ*~ doped into MgGeQ,, CaGeQ,, and Mg-
SiO, are =9000%° 10 400, and 12 000 cm,>® respectively
[ionic radii are 0.41 A (W),57 0.39 A (Gé"),58 and 0.26 A
(SiV)*9.

111.3. Configuration Interaction Charge Transfer (CICT)
Model Calculations for the d® (VO4%~, CrO4*~, MnO4") and
d! (VO4*~, CrO4%~, MnO427) Oxo Anions. In this section the
electronic spectra of the®dVO,%~, CrO2~, MnO;”) and d
(VO44,CrO2~, MnO42") oxo anions are analyzed using the
CICT model introduced in section I.2. In contrast to the DFT
formalism, this model takes into account configuration interac-
tion between multiplets. Band assignments for theainplexes
MnO,~ (in KCIO4?) and CrQ2~ (in 3CdSQ-8H,0%9), derived
using the CICT model, are given in Table 5 together with the
relevant data of their'danalogue$® From the experimental
transition energies, values for D = ¢(5t;) — ¢(2e) and the
energy splittingg(1t) — €(4ty), can be calculated as differences

(53) (a) Reinen, D.; Lachwa, H.; Allmann, R. Anorg. Allg. Chem1986
542 71. (b) Reinen, D.; Lachwa, Hnorg. Chem.1989 28, 1044.

(54) Atanasov, M.; Adamsky, H.; Reinen. Bhem. Phys1996 202 155.

(55) Rauw, W. Ph.D. Thesis, Marburg, Germany, 1997.

(56) Brunold, T. C.; Gdel, H. U.; Kaminskii, A. A.Chem. Phys. Lett.
1997 271, 327.

(57) ACaIcuIated from the ¥—0 bond length (1.76 A) and0?) = 1.35

(58) Shannon, R. DActa Crystallogr. A1976 32, 751.

(59) Murthy, T. S. N.; Ramalingaiah, S.; Reddy, K. N.; Salagramshlid
State Commur986 60, 715.

(60) An alternative assignment of the 28 500 and 33 000cbands in
MnO,4~ as 1t — 5t; and 4% — 2e transitions, respectively (as proposed
in ref 18 and ref 12 for the latter transition), would result in a value
of 10Dq (9500 cnT?), which is too low when compared to the one
for MnO42~ (12 000 cnt?). This, as well as the calculat&); values
(section I11.2), supports the assignment in Table 5.

Table 5. Band Maxima (in cm?) in the Electronic Absorption
Spectra of Tetrahedral Mn©O and CrQ?" (d°) Oxo Anions and
Values of 1@q(d'L) and e(1t;) — €(4t;) (in cm™*) Deduced from
CICT ModeP

transition
[energy expression] MnO CrO#~
1t —2e 19 000 27 030
[A — 6Dg — e(1ty)]
a,— 2e 28 500 36 360
[A — 6D — €(4t;)]
1t — 5t 33000 41 670
[A + 4Dq — €(1t)]
4t,— 5t 43 000
[A + 4Dq — €(4t)]
10Dq(dL) 14 000 14 640
€(1t) — €(4t) 10000 9330
Ru (d9) 1.629 1.66
10Dq(dY) 12 000 13500
Ru (dY) 1.65 1.695

aFor a comparison, values of @@ (in cm™) andRy. (equilibrium
metal-oxygen bond lengths, in A) for theldons (MnQ?2-, CrO2")
are also given? Reference 12¢ Reference 59.

between the energies of two pairs of transitions (eq 8). From
10Dg = AE(1t,—5t,) — AE(1t,—2e)=
AE(4t,—5t) — AE(4t,—2e)

e(1t) — €(4t) = AE(1t,—~2e)— AE(4t,—~2e)=
AE(1t,—5t,) — AE(4t,—5t,) (8)

Table 5,¢(1t)) — €(4t;) and 1Mq do not significantly change
from MnO,~ to CrOs2~. The decrease of 0] from MnO,~
(14 000 cn1?) to MnOs2~ (12 000 cntl) and from CrQ%~
(14 640 cm!) to CrO,8~ (13 500 cn?) reflects the increase of
the ground stateRy. distance due to occupancy of the
antibonding 2e orbital.
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Table 6. Band Assignments, Calculated (Using CICT Model), Experimental Transition Energies (i), @nd Oscillator Strengths for

MnO42’
excited state transition energy oscillator strength
(electronic transition) diagonal energy cdlcd exptl calcd exptl
T, 10Dqg 12 000 12 000 0.0004 0.001
(2e— 5t)
2To(1t,°A2) A — 6Dq — ¢(1t) 17 000 17 000 0.006 0.024
(lt]_—’ 2e)
To(1te,alE) A —6Dq+ 8B+ 2C — ¢(1t) 23 300 23300 0.011 0.022
(ltl—’ Ze)
To(1t,°To) A +4Dq — €(1t) 28 200 28 200 0.0
(ltl—’ 5t2)
Tou(1te,*A7) A —6Dq + 16B + 4C — ¢(1t;) 27914 28 200 0.003
(1t,— 2e)
2T1(41,°A2) A — 6Dq — ¢(4t) 28 200 28 200 0.026 0.028
(4t,— 2e
To(1t1,:T1) A +4Dq + 12B — €(1ty) 32174 0.0
(1t1 e 5t2)
“To(4t,E) A —6Dq + 8B + 2C — ¢(4t) 34 200 34 200 0.021 0.020
(4t24’ 2e)
2T2[1](4t2,3T2) A+ 4Dq — 6(4t2) 39400 0.0
(4t24’ Stz)
2T5(4ty, 1A 1) A — 6Dq + 16B + 4C — €(4t) 39114 0.012
(4t,— 2e)
2T 1) (8t,83T1) A+ 4Dg + 12B — €(4ty) 43374 0.0
(4t2"5t2)

aTransition energies are calculated using the following set of paramete3q £012 000 cmi; A — ¢(1t;)) = 24 200 cm%; 8B + 2C =
E(1t,2'E) — E(1t,%A5) = 6300 cnT?, e(1ty) — €(4t) = E(4t,%A2) — E(1t,%A2) = 11 200 cm* (C/B = 4.2).° Calculated using the detailed prescription
of ref 33 (see Appendix Il) as well as MO coefficients for the antibonding 2e anadirbitals as supplied by the DFT results for MBQ ¢(2e,u)

= 0.8097¢t — 0.7578u; ¢(5t,z) = —0.8491q), + 0.6494z" — 0.4983z.

Turning to the d oxo anions, we focus on Mn@® (Cs-
SQOy), for which, in addition to the weak “dd” band centered
at 12 000 cm?, four nicely resolved CT bands (Figure 1a) have
been reported? Energy expressions, dipole matrix elements,
and band assignments for the-¢ d’L CT transitions are given
in Table 651 If, following section 1.2, we assign the lowest
LMCT1 band to a 1t— 2e transition2E(dY) — 2 Tx(1t3,3A,),
and take the corresponding energy
[A — 6Dq — €(1t1)] as a reference, the energies of all the other

1E(2¢) state coupling with a hole in theAdorbital. The value
of the energy difference(1t;)) — e(4ty) resulting from our
analysis, 11 200 cri is very close to the DFT result (11 743
cmY). It is interesting to compare the g andB values for
the dfL final states deduced from the CT spectra of MAO
(10Dg = 12000 cm?l, B = 384 cntl) with those of the
corresponding #icomplex MnQ3~ (10Dq = 10 650 cnm?, B

expression =430 cn! %9). With one hole in nonbonding {lor 4t orbitals,

it is expected that, provided that other factors are equal, metal

transitions can be expressed in terms of three parameters (edigand bonding for the Hand the éL systems will be essentially

9). Using the expressions in Tables 6 and A2 (Appendix I)
E[1t,'E(2€)] — E[1t,,°A,(2€")] = 8B + 2C, C/B = 4.2
10Dq = E[*T(d")] — E[E(d)] =10Dg  (9)
E[4t,,°A,(269)] — E[1t,,°A,(2€9)] = €(1t,) — €(4t,)

together with the definitions eq 9 we propose the following band
assignment. The lowest excited CT state of MAiCat 17 000

the same. However the Mh-O and MY —0O bond lengths in
the ground state afgy. = 1.65 and 1.70 A, respectively, and
this difference greatly affects the FrareKondon transition
energies. The decrease in bond length fromVMO to
MnV'—0 is accompanied by a significant increase obgjGnd
reduction of B, indicating that the MA—O bond is more
covalent. If we adopt a power law dependerigg (") of 10Dq
andB on the distancey values equal to 4 for IDq and 3.8 for
Bresult. It should be noted that, due to the higheddQlower
B) values for dL (MnO4?~) compared to 8 (MnO4*"), the
3To(2€'5tL) andE,*A;(2¢€L) states of Mn@~ shift to higher

cm1 above the ground state corresponds to the ground state ofand lower energies, respectively, resulting in an increase in the

the ¢ configuration,®A; (2€%), followed by'E(2€) at 23 300
cm™1, both of which couple to a single hole in the nonbonding
ligand orbital 1i. Higher in energy, at 28 000 cth are the
3T, (2€!5t,1) andA; (2€9) states of the @shell, both combining
with a single hole in the ltorbital, and®A,(2€?) coupling with

a hole in the 4t(cf. MO diagram in Figure 4). On the basis of

3T, — 1E splitting from about 2200 cnd for MnO43~ 54to 5000
cmtin MnO#Z~ (d2L).

For the Cr complexes a similar effect leads to an interesting
situation. The3T,(2€'5t,1) and 1E(2€%) states of Cr@f~ (d?)
have been calculated close in energy with below!E. As a
result, the3A, — 1E is obscured by the strongéf, — 3T,

the calculated oscillator strengths (Table 6), the CT band at absorptior: From the trends found for Mn, we expect that,

28 000 cnt! can be assigned to this latter transitiGk, —
2T1(41,,%A,), consistent with polarized single crystal absorption
data®? Finally, the band at 34 200 cm is attributed to the

(61) In Table 6 only the diagonal elements of the energy expressions are

given. The calculations were carried out using full configuration
interaction, however.
(62) Brunold, T. C.; Gdel, H. U.Inorg. Chem.1997, 36, 1946.

going to the dL CT configurations of Cr@#~, EL states will

be lowered in energy relative &,L states. In line with this,
the spectrum of Crgd~ displays two CT bands with maxima at
28 000 cnt! (LMCT1) and 36 000 cm! (LMCT2), Figure 1a.

An assignment of these bands to #e— 2T,[1t;,3A2(2€?)] and

’E — 2T,u[1t1,'E(2€)] transitions as for MnG¥~ appears
reasonable in view of their similar shapes in the spectra of
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Table 7. Calculated and Experimental Values of Oscillator
Strengths f_q) of the 2e— 5t, (Formally d—d) Transitions for
VO4~, CrO2, and MnQ*~
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Table 8. DFT Calculated and Experimental Energies of the
Lowest 1t — 2e CT Transition in the Y MnO,~, CrO2~, and
VO~ and d, MnO2~, CrO#~ and VO#~ Oxo Anions

fa—d VO447 CI’O437 MI"IO427 MnO4~ CI’O427 VO437
calcd 0.000 04 0.000 3 0.000 4 calcd 19 082 27 167 37827
exptl 0.000 083 0.0022 0.00F exptl 19 000 [KMnQ]P 28 000 [KCrOy]¢ 39 500 [CaPO,Cl]e

a Reference 11.

MnO42~ and CrQ3~ and the good correspondence between
calculated and experimental HuanBhys parameters (see
section 111.2). 1(q andB values calculated for Cifd (13 500

and 488 cm?) and CrQ*" (9100 and 560 cmt (ref 1)) show
again a strong dependence on the meligand bond distance
(1.695 and 1.76 A, respectively). If we adopt the same power
dependences for D and B vs Ry as for MnQ2-, Ry, ™
and Ry 38, a calculation of 1Dq and B is possible for the
d?L CT configurations of CrG#~ (Rw. = 1.695 A) based on
the values of 1Dq andB for CrO,*~; we obtain 1@q = 10 600
cmt and B = 468 cntl. The value ofB is in excellent
agreement with the one deduced from the CT spectra.
contrast, the experimental @@ value of 13500 cm! 63 js
substantially larger than the calculated value of 10 578%cm
In part this might be due to the small B0 site of the LiPOy
host lattice. However, other factors associated with the lattice
surroundings, not accounted for in the cluster approximation,
will also play an important role. Further, JT coupling may also
contribute to larger observed 0 values>?

The oscillator strengths of the—dl transition {y—q) for
MnO42~, CrO2~, and VQ*~, calculated following refs 31 and
32 with the wave functions from the DFT calculations discussed
above (see Appendix Il), increase with increasing covalency
from VO~ to CrO.#~ and MnQ?~ in contrast to the 1t— 2e
(LMCT1) CT bands, which show the opposite trend (Table 7).
These trends are experimentally verified by XOand MnQ2~,
whereas the dd intensity of CrQ®~ is higher than expected
(like 10Dg and the intensity of the LMCT1 band) from this
correlation. We attribute these differences to influences from

In

27 000 [CASQ® 36 500 [1 M NaOH, HO sol.]’
24000 [V, Al:Si0y]9

MnO4~ CFO437
calcd 20 653 30475
exptl 17 000 [CsSQu]" 28 000 [LPOy)"

aHost matrix indicated in square bracketRReference 12 Refer-
ence 139 Reference 5% Reference 14 Reference 519 Reference 52.
h Reference 11.

VO447

44 687

Table 9. 10Dq andB Parameters (in cn) vs Ground State
Metal—Oxygen Bond DistanceRy. (in A) for the ot (MnOs,
CrO#7), d? (MnO42~ and CrQ*"), and @ (MnO,~ and CrQ?") Oxo
Anions, Deduced from €d (for d' and &) Ligand Field and
d?L(for d¥) and dL(for d°) CT Spectra

MnO,~ (d'L) MnO2~(d2L)
10Dq 14 000 [KMnQ]2 12 000 [CSMNO4]
B 384

MnO2~ (d?)
10650 [SEVO.CI]?
430

Ru.  1.629 1.659" 1.700
Cro2- (d'L) Crog- (d2L) Crof ()
10Dg 14640 [CdSG* 13500 [LkPOj2 8950 [CaGeQ]®
12 500 [SEVO,Cle 10 100 [MgSiO]¢
B 488 560
Rw.  1.66 1.695 1.761

aThis work.? Reference 54¢ Reference 459 Reference 1¢ Refer-
ence 43/ Reference 46¢Reference 53.Reference 42.Liu, G.;
Greedan, J. E.; Gong, W. Solid State Chen1.993 105, 78.

Hartree-Fock and MCSCF calculatiohto be due to Madelung
effects.

(3) The configuration interaction model introduced in section
II.2. permits a detailed analysis of the ligand-to-metal CT

the host lattice. Nevertheless, these results indicate that the rolesPectra of the iand & oxo anions in terms of the corresponding

of covalency is such as to provide intensity fordltransitions
via mixing with CT transitions, while ionicity, which tends to
restrict this mixing, leads to an increase in intensity qf-+t

2e CT transitions in the opposite direction (i.e., from Mn to Cr
and V).

IV. Conclusions

(1) Density functional theory (DFT) calculations on a series
of tetrahedrally oxocoordinated ébns and their §analogues
show that covalency of the metabxygen bond and delocal-
ization of 3d electrons over ligand orbitals increase from V to
Crto Mn and, to a lesser extent, from theadmplexes to their
d° analogues. Upon ligand-to-metal CT excitation the 4t

d’L and d'L multiplets, respectively. 1Dq values and Racah
B parameters for theldons in their dL CT excited states are
larger and smaller, respectively, than for tieéahs (Table 9).
This reflects an increase in metdigand covalency (reduction
of B) and bond strength (increase inCldg) when lowering the
number of antibonding d electrons from th d! and d. A
comparison between DFT calculated and experiment8lgl0
values shows that in some cases this correlation is not fulfilled.
This is due to the strong dependence dDgj@n the host lattice
(ionic surroundings), which is not always reflected by the
metal-ligand bond distance variations.

(4) From a comparison of the metadxygen bond distances
obtained from DFT geometry optimizations fotLdCT con-
figurations of the 8anions and those calculated for the ground
°E and“T, LF excited states of theldanions, an essential

2e energy difference increases and the MOs of the 3d typecontribution of the ionic charges and their interactions to the

become more localized on the metal.

(2) DFT calculated energies (in ¢ of the lowest 1t —
2e CT transitions increase from MgOto CrO:2~ and VO3,
from MnO4%~ to CrOs3~ and VQ*~, and to a lesser extent from
the & to the d oxo anions, in agreement with experimental
data (Table 8). As exemplified by Cs® and VO2~, effects
of the surroundings in solids or ionic solutions can lead to large
variations in the CT energy for a given ion, shown by recent

(63) Hazenkamp, M. F.; Glel, H. U.Chem. Phys. Lettl996 251, 301.

metal-ligand bond is deduced. In addition to the pure
antibonding effect due to occupancy of the metal “3d” MOs,
the reduction of the metal and ligand charges upon ligand-to-
metal CT excitation also contributes to a lengthening of the
metal-ligand bond. This effect becomes stronger with increas-
ing ionicity from Mn to Cr to V and may be responsible for the
increase of the HuanrgRhys parameters and intensities of the
CT absorption bands from Mn®, to CrQ;®~ and VQ*~. For
d—d transitions, an opposite effect is theoretically predicted and
experimentally observed for Mn® and VO*~; with increasing
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Table Al. Symmetry-AdaptedT, and?T (in Square Brackets) Functions for Holes, Resulting frdin fL-Ligand Hole; d=
2efu(d),v(de—y?)], 5tz[k(dyz),e(dw).z(dy)] and L = 1ti(a,b,g), 4i(k..e.,z.)} Singly Excited CT Configurations for'dNine Holes) MQ? Oxo
Anions (M, z= Mn, —2; Cr, =3; V, —4)

coupling L— d® wave functiond

1t,,%A,; (1v/3)|g,1/2Z0RA,,00— +/(2/3)|9,— 1/20BA,, 10

at,3A, [—(1V/3)|z, 1/20BA L, 0H V/(2/3)|2,—1/20BA,,10]

1ty iE —19,1/2Ta5'E,Vi]|g, 1/ 2Tk ' E, U]

4,0 0 E |z, /2 g E Uil z,, /20 g-E V]

4,0 8A1 |z, 1720k g*AL (]9, 1/ 2Tk s*A L)

1t,3T, —[+](1/v/6)|a,1/2PT,e,0H [—](1/+/3)la—~1/208T2,e, 1TH (1//6)|b, 1/ATFT 2,k,00— (1/v/3)|b—1/20F T2k, 100

46,°T, (UV/6) ke, 1I20FT2,e,0 (LI 3)jKL,—1/20FT2,e,ITH [—] (1/v/6)leL, 1/2ATPT,,k,00- [+] (1/v/3)|e,— 1/20FT2,k,10

1ty 5Ty —(1/6)a,1/20k £ T1b,00H (1/v/3)|a,—1/20u £ T1,b, 10— [+] (1/v/6)|b,1/20e £ T1,a,0H [—] (1/?3) b,—1/20,,#T;,a,10
A0 5Ty —[+H(1/V6)|e, 1120k $T1,a,0H [—] (1/v/3)leL,—1/20h $T1,a, 1+ (LV/6)[ke, 1/20h $T1,0,00— (1/v/3)[Ke,—1/20°T4,b,10
1t,1T, —(1/v/2)|a, L/ T 1, bE[+](1/v/2)|b, 1/ 20T 1,200

44,17, —[H(L/V2)|e, L/200T 1,8 (LV/2)[ke, 1/208T 1, b0

1ty,aiT2 —[+](1/V2)|a, L/ i T2,elH (14/2)|b, 1/ 20 1 To,kO

4ty i T (UN2) ke, 11200 T2, e0H [—](1/+/2) €L, 1/ 20 6 T2, KO

a Functions for one and eight holes are denote¢yfhiys> and|?"T,y,Ms> respectivelyms = 1/2, Ms (zcomponent for nonzer§), T (irreducible

representation)y (component).

covalency the intensity of €ld transitions increases due to and for the L— M (d°L) CT states

mixing with CT transitions.
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Appendix |

Since the number of holes (10 for th& and 9 for the &

PE.uplALz al) (A.4)

T, (T, 1t) 0= (1/2)[ 17T, e it a BCH-
°T,.e St a0 H |°T, k,alt,bs0— |°T,k,A01t,b.al]

system) is less than the number of electrons, we use a hole L ’ )
formalism. In the ground state the ligand orbitals are lower | T2Z(TA4L)0= (L/2)[|I°T, ka4, e ,f0-

and doubly occupied with electrons, while for holes they are
empty and higher in energy than the metal orbitals. The ground

states for the ¥ and & systems are described by th&; and
2E terms with wave functions

["AG = (U UV, VK K e, 8,2, 2 (A1)
PEua= —|u,V, VK, Ke,85Z,24l 1 °E,u B0
—UgV, VK Ks€,85Z,Z4

PE. V.= —|u UV K Ke,8,2,2| °E,v BT=
— U, UgVeK,KsE,852,Z5] (A.2)

Wave functions for theé’T; ligand field excited state for %
(electronic d) are

1°T,.k,al= —[UgUgV,o V5K, 8,852, Z] 2T, kA=
—UgUgV, VK€, 857,24

*T,oe 0= —|UgUpVoV K K8 ZeZ4l T, e SO
—UgUgVo VKo Ks€sZ, 25 (A.3)

*To, 200 —|UgUpV,V K K8 857, P T,z B

|2T2, kAL, 6 ,0[H |2T2,e,(1[|]4t2,k|_ B
*T,e fAL K ol

In eq A.4 onlyz components of eachl, term are given. u,
v and k, e, z denote the antibonding MOs transforming as the
dz, de-y? (2€) and ¢k (£), de (7) and dy (5) (5t), while o and
B denote the|smdd spin functions, |Y,,Y,0 and |Y5,—1/,0]
respectively. The symbols a,b,g {land k e,z (4t)) denote
ligand 2p MOs which transform as rotatiof®, R, R, and
translationsTy, Ty, T, respectively.

Symmetry-adapted functions for singly excitedL(d?T, and
2T, CT states in the(electronic d) Tq clusters are derived in
two steps; in a first step, symmetry-adapted functions for eight
holes are constructed as complementary to functions for two
electrons in the antibonding 2e[w{)d v(d-y2)] and 5b[k(dy,),e-
(dyp),z(dyy)] “3d” orbitals. In a second step, singlet and triplet
functions for & are coupled with one hole on the ligand-1t
(a,b,g) and 4(k.,a ,z. ) orbitals to obtain wave functions with
a total spinS= 1/, and space symmetriés andT;. Wigner
and Clebsch-Gordon coefficients for spin and space functions,
respectively, are those from ref 64. For a list of all spin- and
symmetry-adaptedTl, and?T; functions of the &L configura-
tion, see Table A1. The Hamiltonian is written in terms of the
spin () and orbital (i) creationd,*) and annihilation &)
operators for holes in the= 2e, 5%, 1t;, 4t, orbitals (for the
single-particle terms) and for d orbitals (i, j, k=i 2e and 54,

(64) Sugano, S.; Tanabe, Y.; Kamimura,Multiplets of Transition Metal
lons in Crystals Academic Press: New York, 1970.
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Table A2. Matrix Elements of the CICT Model Hamiltonian and the Dipole Operata€¢mponentP;) for Transitions from théE Ground
State of a Tetrahedral'dNine Holes) Transition Metal Cluster, Including the Ligand Fiel@l, and the Singly Excited fl,L-Ligand Hole)
Ligand-to-Metal CT States’T, and?T; (in Square Brackets)]

no. term diagonal energy expression BT P?E(d?)O
1 2E(2685t,9) —6Dq
2 2T,(26/5t) 4Dg |23
3 2T2[1](lt1[4'[2],3A2) A — 12Dq — e(14[4t2]) (3/«/6)E}’|gE[_](3/\/6)[Ill|zLEj]
4 2Tomy(1t,atE) A — 12Dg + 8B + 2C — €(1ty) —[+]|gO
5 2T o13(1t1,6%E) A +8Dq+ 9B + 2C — €(1ty) 0
6 2T 5p1)(At,1E) A — 12Dq + 8B + 2C — (4ty) —[H(W/V2)mz.0
7 2T op1)(4t2,0'E) A +8Dq + 9B + 2C — (4ty) 0
8 2T2[1](4t2[1t1],alA1) A — 12Dq + 16B + 4C — E(4t2[1t1]) (1/J2)m1|zLED(1/J2)EV|gEﬂ
9 2T (At 1ta],5'A ) A +8Dq + 18B + 5C — ¢(4t,[1t:]) 0

10 2To)(1t1,°T2) A — 2Dq — €(1ty) (v/3/2)[—3/2]K|bO
11 2T 11(46,%T>) A — 2Dq — €(4t) (V/312)[3/2] &k O
12 2T op(L1t,5T 1) A — 2Dq+ 12B — e(1t;) (—3/2)[ V/3/2]K|bD
13 2Toy(1t1,6°T1) A+ 8Dq + 3B — €(1ty) 0

14 2To)(4t2,23T1) A — 2D+ 12B — e(4ty) (—3/2)[V/3/2]elk O
15 2T2[1](4t2,b3T1) A+ 8Dqg + 3B — ¢(4ty) 0

16 2Ty (1t,1T1) A — 2Dg + 12B + 2C — €(1t) (v/312)[—1/2)k|bO
17 2T o)(4t,1T1) A — 2Dg + 12B + 2C — €(4t) (V312)[-1/2]ek. O
18 2T (1t,aiT2) A — 2D+ 8B + 2C — €(1t) (—1/2)[v/3/2]k|bD]
19 Moy (1ty,p!T2) A+ 8Dg+ 9B + 2C — ¢(1ty) 0

20 2T op1)(4t2,a1T2) A —2Dq+ 8B + 2C — €(4t) (—112)[-v/3/2]@lk O
21 2To)(4b,p'T2) A + 8Dq + 9B + 2C — €(4ty) 0

@ Notations of molecular orbital components: §Jde(d.), z(dy) for 5t(3d), u(d?), v(de-y?) for 2e(3d), a, b, g for if and k, e, z_ for 4t.
b Off-diagonal matrix elements are|8 = (6|7) = —(18/19) = —(20]21= —2+/3B; (8|9) = v/6(2B + C); (12/13) = (14/15) = 6B. ¢ For notations
of the dipole matrix elements see text.

Table A3. Experimental and Calculated (Including Ligankletal,
Bdir |xnsJand Ligand-Ligand [¥|r |x.JTerms) Oscillator Strengths
(f) of the Lowest 1t — 2e CT Transition in 8§Oxo Anions

H= Zitiiaia+aio + (1/2)Zij,klUij,klaia+aja’+a|o'ako (A.5) MnO,~, Cro?”, and VO

for the two-particle Coulomb repulsion term):

MnO4~ CrOs~ VO43_

U, = * *2)(Ar 1 2) dr, dr A.6 f (exptlp 0.032 0.089 0.150
i = [ ) o (D) ¢ (Q(Ur1) ¢ (1) ¢(2) dry dz,  (A6) [y 0.032 0.089 0.150
f (G oD 0.636 0.774 0.916

It should be noted that the operatdris written in a MO
basis which allows one to avoid mixed products in the first term
of eq A.5. The orbital parametéi for orbitalsi = 5t,, 2e, 1i,
and 4% can be identified with the orbital energies) — 4Dq,

—0 + 6Dq, —¢(1ty), and —¢(4ty), respectively (see Figure 3,
but with an opposite sign). The Coulomb repulsion tebiyg

can be expressed in terms of the Racah paramAt&sandC

(see ref 64). Since molecular instead of atomic orbitals are used,
the parameterg\, B, and C (and correspondinglyjk) are
reduced with respect to their values for free ions. Applying
the operatoH on the basis functions in Table Al yields, in
combination with eq 5, diagonal and off-diagonal matrix
elements listed in Table A2 along with the matrix elements of
the dipole operatorRy).

aReference 11.

overlap, respectively) with the metal orbitals. The products of
the P, components in the local ligand frame_ (¥ ,z.) and the
ligand functionspy,py,p, can be represented as linear combina-
tions of 3d and 3s, ligand-centered orbitals with the same
exponents {op) as 2p:

Y P, =2, P, = (V612)(@g/C,)d,
X P, = 2P, = (V6/2)@y/ o)
X Py = Y1 = (vV6/2) @/ Co)dy (A7)
2 p,= v2(@lppd," + (vV1012)@y/E,)3s
YL = —(V612)@d/Eopde e + (V212)@d/Copd, +
The matrix elements of the electric dipole transition moment

(V10/12)@ag/E,)3s
operator P) for transitions between a nonbonding ligand orbital
(tnb = 1t, 4t) and an antibonding = a(3d)— b(y) orbital (¢ X, P = (V612) @/, 00 — (vV2/2)(ay/Eo)d, +
= 2e, 5p) consists of two contributions: ligartdnetal, J10/2 3d
Bdir |ynpCand ligand-ligand G |r e[l If overlap of 2p orbitals ( )6/ C2p)
is neglected, thé&k|r |ynsCterm is approximated as described in
ref 35 and calculated using the explicit forms of thg 4t,, 2e
and 5% orbitals from DFT calculations. Utilizing the cubic
symmetry, only matrix elements fa components oP (P,)
are calculatedPyx and Py yielding contributions of the same
magnitude. Following ref 34P, = ez is projected onto the
local frame of a given ligandxy,,z_(for definition of ligand
coordinates infg symmetry, see ref 65) with ligand functions
p. and pxpy, Wwhich are appropriately aligned (far and &

Appendix I

Thus, using eq A.7, matrix elements of the tyBe|P,|2pfare
reduced to standard overlap integrals between metgsgand
ligand 3d(2p),3s(2p) orbitals. Employing explicit formulas for
ligand 1t,tx(0) and () functions (for their definition see ref
65) we derive the (nonzero) matrix elements (eq A.8, ired,

(65) Ballhausen, C. J.; Gray, H..BMolecular Orbital Theory, An
Introductory Lecture Note and Reprint VolumBenjamins: New
York, Amsterdam, 1965.
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Table A4. MO Coefficients and Dipole OperatoP4) Matrix Elements for Oscillator Strengths of “dl” Transitions in d Tetrahedral Oxo

Anions
& a; by b, b, Zju O W|z,-0 w|z,-0
MnO42~ 0.8097 —0.7578 —0.8491 0.6494 —0.4983 0.0989 —0.1199 0.0848
CrOg2 0.8873 —0.6824 —0.9315 0.5837 —0.4723 0.1300 —0.1345 0.0951
VO#4~ 0.9663 —0.6008 —1.0039 0.4889 —0.4612 0.1672 —0.1417 0.1002

= 0.529 A, the Bohr radius). DFT calculations show that to a

W21z, 0= 2v/(2/3)(@y/Co) Sy 0 (Caalap)
[W|zz, 0= _(2/\/3)(a0/€2p)sdndn(c3dig2p)
V|ZIg0= (2/v/3)(@g/529)Sy 4 (GaeCap)
Kizle, 0= [(V2/3)S 4 (Caalap) + (2V2/3)S 4 (Cagbop) T
(\/10/3)51,,,5@3de2,3)](aolgz;n)
K|zle, = [—(1/3)(Sy,q,(CanCap) t Sy g,(Caalap) T
(v5/3)S;, (Lanlapl(ag/Cp)

K|z b= [(1//3)(Sy a (Caaap) — Sua,(Caarlap) +
(V15/3)S, (Ea0:G201(a/C2p)

(2|z|u = [_(2/3)(%1%(@3(1,@2;) + S 4 (Caalop) T

(el

(2V/513)S, (Eanlap)(@/Cay)

(A.8)

good approximation the upper ligand orbital eymmetry is
represented as

t, = —(2IW6)ty(7) + (1IN/3)t,(0) (A.9)
Using egs A.8 and A.9, dipole matrix elements have been
computed for the land d anions using Slater exponents [1.925
(&2p for 027) and 1.667 (V and W), 2.000 (CY' and CV),
and 2.333 (MH" and M) for &34 and M—O distances (all
in A) of 1.71 (1.76) [V (VV)], 1.66 (1.693) [CY' (CrV)], 1.629

(1.659) [M’" (MnV")]. Substituting(3d|P,2p0(A.8) in eq 5
and Table A2, oscillator strengths are calculated (eq A0,
= the transition energy in cm).

f = (1.085x 10 °)hv3|Bd|P,|2p]F (A.10)

Values off for the 1§ — 2e CT transition of the®oxo anions
corresponding to th&d|r |yn,Jand i |r |ynpterms are respec-
tively smaller and much larger than the experimental ones (Table
A3). However, both sets of calculations lead to the same
experimental trend.

Considering e-d transitions, 2e and 5tan be written as
(contributions of oxygen 2s orbitals are neglected here)

@(2e,u)= au(3d)+ au,

@(5t,2) = bz(3d)+ b,z +b,z," (A.11)

to give the following expression for the matrix elemenfz(]
(Table A2):

[|z0= W|P,|z0= bya, Z|u, [H agb, M|z, (H
ab, Wz, "0(A.12)

In calculating f) for “d—d” transitions, use is made of the
explicit forms of 2e and 5tMOs as obtained from DFT
calculations and dipole matrix elements as given in Table A4.
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