Inorg. Chem. 2002, 41, 1883-1888

Inorganic:Chemistry

* Article

A DFT Study of the Electronic Spectrum of the o-Keggin Anion
[CO"W12040]°~

Joan Miquel Maestre, Xavier Lopez, Carles Bo, and Josep-M. Poblet*

Departament de Qumica Fsica i Inorganica and Institut d’Estudis Zancats,
Universitat Raira i Virgili 43005 Tarragona, Spain

Claude Daul

Institute de Chimie Inorganique et Analitique, Wersite de Fribourg, Perolles,
CH-1700 Fribourg, Switzerland

Received October 15, 2001

Multiplet splittings for several excited configurations of [Co"W;,040]¢~ were calculated using DFT methods. In
agreement with the experimental interpretation of the spectrum the calculations found that the first strong band
corresponds to Co d—d transitions, but it is worth noting that superposed to these transitions there are charge
transfer transitions from cobalt to tungsten. The calculations also showed the importance of Jahn—Teller distortions
in the excited states. With the exception of the consequences derived from a smaller splitting of d cobalt orbitals
the d—d spectrum of [CoCl,J>~ is similar to that of the more complex Keggin anion. Finally, the energy of the
bielectronic transition *A, — “T;(P) was estimated via an approximate procedure based on ligand field theory.

Introduction and molecular systends® has been explained in detail and
illustrated with several simple exampleDickson and
Ziegler used this method to make a complete theoretical
interpretation of the electronic spectrum of the permanganate
dion [MNO4]~.5 Our group is presently involved in the
IIheoretical study of the electronic and magnetic properties
of polyoxoanions$;” and here we report a study of the

The spectacular progress of computational transition-metal
chemistry in the past decade is largely due to density
functional theory (DFT) based methotl¥hese methods,
however, have not been applied so extensively to excite
states. In the mid-1970s, Messmer and Salahub and Ziegle
et al. showed how multiplet splittings can be derived from : : -
single-determinant energiéghe idea is that, in symmetric  €lectronic spectrum of the-Keggin anion [COW104d*
molecules with degenerate orbitals, the particular multiplets (Figure 1). For the sake of comparison, we have also carried
arising from an open-shell configuration cannot, in general, ©Ut Some calculations on the simpler ion [@#]2~ due to
be expressed by a single determinant and therefore densityhe high number of experimental data on this arficiiThere
functional calculations do not directly give multiplet energies. are also some theoretical studies that will allow comparison
Itis possible, however, to formulate the energy of a particular Of our results®*:
state as the weighted sum of single-determinant energies
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Figure 1. Polyhedral representation of aaKeggin anion.

The spectrum of the-Keggin anion [C8W1;,040]% in
solution has been measured by several grétigéMatsuda

and co-workers have also reported the solid-state spectru

of Kg[C0"W1,040]-nH,0. The main features of the [€d/;2-

040]® spectrum are two strong bands originating near 7100

and 15000 cmt, a broad band centered at about 26000'¢m
and very strong bands around 38000 and 50000'cthis

well-known that the charge transfer bands in nonreduced describe the valence electrons of O and Cl. For metal atoms, a
Keggin anions appear in the near ultraviolet region 200
350 nm)® and that these bands may be assigned to electronic4spdf for tungsten was described by means of single Slater
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excitations from doubly occupied oxo orbitals to unoccupied

d orbitals of the MOz cage. In a previous pagewe
demonstrated that the energy gap between these two sets of
orbitals is independent of the central ion type. Therefore,
we believe that the two bands in the region between 38000
and 50000 cm! can be unambiguously assigned to charge
transfer ligand— tungsten transitions.

Computational Details

All energies were computed by means of a DFT formalism that
included gradient corrections for exchange and correlation. The
formalism is based upon the local spin density approximation
characterized by the electron gas exchange (th o = 2/3)

r‘r{ogether with Voske-Wilk —Nusaii® parametrization for correla-

tion. Becke’s nonlocal corrections to the exchange eriérgyd
Perdew’s nonlocal corrections to the correlation en¥rgyere
added. These calculations were carried out with the ADF program
(version 2.3)° using triple + polarization Slater basis sets to

frozen core composed of the 1s to 2sp shells for cobalt and 1s to

functions.ns andnp electrons were described by doulgi&later
functions,nd and @ + 1)s by triple< functions, andif + 1)p by

a single orbital. These basis sets correspond to basis IV in the ADF
standard basis libra?—2! Quasirelativistic corrections were used
with the Pauli formalism and corrected core potentials. The
quasirelativistic frozen core shells were generated using the auxiliary
program DIRAC! The integration parameter in the molecular
calculations, which determine the precision of the numerical
integrals, was set to 6.0, quite a high value.

The multiplet energies were computed with the aid of the
STAGEN program for determining the symmetry coefficients for
wave functions and energies. All the determinantal energies were
determined from a single set of orbitals, obtained by performing a
spin-restricted calculation. The orbitals of a partially occupied
configuration were equally occupied, with fractional occupations
if necessary. This artificial state is referred asaaarage occupied
configuration or AOC.

All the calculations reported here considered only the ions
without the crystal environment. This approximation is reasonable
for the purpose of the present study since in a previous paper we
showed that the crystal field is crucial for getting reasonable orbital
energies, but the crystal environment does not necessarily modify
either the ordering or the relative orbital energies of the cluster.
Therefore, the relative energies of the different states reported here
should not be altered if isotropic fields are included. For systems
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The Electronic Spectrum of thex-Keggin Anion [CA' W;504]¢~

[Co'Cl 1> [CO"W,;041%
Orbital Orbital
Composition Composition

578 Co 80%
22t — — = 304 W61% Oy 19%

e — — 573 W65% Oy 16%

st,4 4+ 233 Co75%

33t,=4= 4+ 255 Co64% Oy 13%
2e HH 193 Co84% 18e H-H 187 Co80% Oy 13%
1,4 H H o000 Clogn 7e 4 H 000 Oy 99%

Figure 2. Orbital energies computed at restricted level for' [{@a,040]~
and for [Cd'Clg)%.

with short contacts between the anion and the counterions or the
solvent, some of the conclusions reported here might not be directly
applicable.

Results and Discussion

Ground-State Electronic Structure. A Keggin structure
consists of an assembly of M@ctahedrons with a central
tetrahedron, X@ in which X is a main group element{P
SiV, etc.) or a transition-metal ion (e Cd', Cd", etc.).
Therefore, the [CHBN1;040]% anion can also be viewed as
a Wi,049 cage that encapsulates &idn. Since the cobalt
atom has a tetrahedral coordination, the five d cobalt orbitals
split into two sets of e and symmetries in thex isomer.
These two orbitals appear between the band of doubly
occupied orbitals, which are formally delocalized over the
oxo ligands, and the band of vacant orbitals, which are

delocalized over the d shells of tungstens. The energy gap e ;
nposed an excitation energy of 7830 cnfor the orbital-

between these two bands is independent of the central io
(~2.8 eV in tungstaték Figure 2 shows the relative energies
of some frontier orbitals as well as their symmetries and
percentage compositions (based on Mulliken population
analysis). The 18e and 33ftobalt orbitals are shifted toward
the tungsten band. Hence, while there is only 0.18 eV
between 19e(W) and 38Co) orbitals, orbital 18e is 1.8 eV
higher in energy than orbital 17e(O). According to the orbital
diagram in Figure 2 the ground configuration in [@¢,04q]%"

is

...0.17(0) 18€(Co) 33t*(Co) 198(W)...

For the sake of simplicity we will use 1&8t? or €'t,° to
identify the ground configuration. Acerete et?atlescribed

the ground electronic state of-[Co"W1,040 as a*A,,
which corresponds to a Co(lly dystem with three unpaired
electrons. Indeed, there are four electronic states associate
with this configuration: the!A, quadruplet, which is the
ground state, and théE, ?T;, and 2T, doublets, whose
energies are relatively important with respect to the quadru-
plet, +1.49, +1.38, and+2.38 eV, respectively. We will
limit the present study to the analysis of the electronic
transitions allowed by the spin symmetry, and therefore for

(22) Acerete, R.; CaSaRastor, N.; Bas-Serra, J.; Baker, L. C. W.Am.
Chem. Soc1989 111, 6049.
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Figure 3. Multiplet energies (in cm?) for several configurations computed
for optimal geometries in each configuration for [0d;,040]%~. All of
the calculations were carried out wiffy symmetry. Vertical transition
energies are also included for some states.

the excited configurations only the energies of the corre-
sponding quadruplet states will be calculated.

The Co d—d Transitions. Associated with the excited
configuration ét,* there are two quadruplets of symmetries
T, and T, at 13700 and 7100 cm, respectively (Figure 3).
These energies seem excessively high in comparison to the
assignments made by Matsuda and co-workers, who pro-

allowed transitionA, — “T; and of 4600 cm! for the
forbidden transitiorfA, — “T,. Nomiya and co-worke#&
reported spectroscopic measures in nonaqueous solution for
several Keggin anions and proposed, in particular, an
excitation energy for théA, — “T; transition energy that
was also in the region of 7800 crh They also alluded to
the importance of JahfTeller distortions in the low-lying
excited states. In order to quantify the role of the Jahn
Teller distortions in the spectrum of [(\d/1,04]5 a series
of calculations were carried out under the constraints of the
Doy symmetry group. The %* configuration in theTy
symmetry splits in four configurations undBgy.

In this symmetry, the lowest excited state is the quadruplet
of symmetry B which has an energy of 5300 chAfFigure
4). This energy is in excellent agreement with the value of
4600 cm?! predicted by Kojima and Matsuda for the
%‘ﬁrbidden transition. The next excited states, accessible
rough allowed transitions from the ground stte range
between 7700 and 11000 ctwhich is in good agreement
with the presence of an intense, broad band in the near-
infrared region (7000 and 9000 cf) in the electronic
spectrum measured by Matsuda and co-workers.

Table 1 shows selected geometrical parameter§fand
D.4 geometries. Note that the geometry optimizations were
carried out in the AOC configurations and the geometry
obtained was used to evaluate the multiplet energies. Table

Inorganic Chemistry, Vol. 41, No. 7, 2002 1885
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Table 1. Selected Geometrical Parameters for [C4CI and [CoW 2040]®~ Obtained from AOC Calculatiofs

Tq D2g
84123 e3t24 a11b12b22e2 a12b11b2193 allbj_zbzlé a12b11b22e2 exptl
[COCly2-
Co—Cl 2.316 2.345 2.337 2.343 2.346 2.343 2.263
Cl-Co—ClI 109.47 109.47 98.89115.01 124.45102.54 113.36107.56 100.15114.33 107.22110.61
[COW:12040]8~
C0-Oetra 1.866 1.882 1.857 1.861 1.878 1.877 1.895
Ortetra—CO—Oterra  109.47 109.47 105.24111.63 112.0+108.21 109.66109.41 109.04109.69 107.8111.2
wW-wW 3.764-3.332  3.761+3.327  3.7743.339 3.765-3.327 3.763-3.326 3.765-3.329 3.704av-3.267av
3.759-3.321 3.778-3.336 .766-3.329 3.766-3.323
Oretra— W 2.226 2.213 2.206 2.243 2.217 2.215 2-2318
2.288 2.200 2.220
W—0rterm 1.788 1.787 1.787 1.783 1.786 1.785 14873
1.781 1.787 1.786

aDistances in angstroms and angles in degrees.

T, D,, multiplets “T, and “T,, associated with the excitecftg
configuration, were computed to be at 4249 and 11049'cm
respectively (Figure 4). These transitions are shift&®00
cm ! toward the infrared region with respect to the spectrum

CoW,, CoCl, predicted for the Keggin anion. The localization of the
— 4T, d—d band in [CoQJ]?>" in solution and in the gas phase

CoW,, CoCl,

13711 11049

1035 9700 has been known since the 1960s and appears in the region
2 10945 8101 between 4400 and 6000 cf More recently, in 1987, Hipps
Y and Mazur carried out inelastic electron tunneling spectro-
/ scopy (IETS) studies which enabled the electron forbidden
E / _ 4A, — 4T, transition (between 2000 and 4000 ¢hand
7126 4249 2L ‘B 7727 4882 centered at 3000 cm) to be assigned. Hipps and Mazur
N (7830)  (5550) characterized the allowed electric dip&he, — 4T transition
. 744 in both tunneling and FT-IR spectra, the band being centered
—_ 226250) (3000) at 5550 cm! between the 4450 and 7000 chegions? A
comparison of the experimental and theoretical studies for
, d—d transitions in [CoGJ]?" led to the conclusion that the
0 o 8, 0 theoretical calculations predict quite well the shift toward
Figure 4. Multiplet splitting for the excited configuratior’g* in the Dzg lower energies in relation to the Keggin anion but that the

symmetry. The values in parentheses correspond to the experimentalﬁrst allowed*A, — “T, band is Computed at excessively Iarge
transition energies. . .
energies (11000 cm at the theoretical level compared to
. . 1 i
1 shows that undeTy symmetry the electronic transition e measured values o¥5500 cnm). This tendency had

increased the GeOyrabond distance by 0.016 A. The most  @lready been observed for the Keggin anion when the

remarkable variation that the Jahfieller distortion produces Ealculations were carried out in th symmetry. For the
is found in the Qua—C0o—Oeya angle, which varies from A, — 4T, transition the discrepancy between the DFT

—4.3 to 2.5. The higher the distortion, the less stable the calculations and the experimental measure is visibly smaller
state is. On the other hand, the Jaffieller distortion does ~ (~+1200 cn?).
not modify the Ce-Owya bond distances: in the four As in [C0'W1,040]%", a series of calculations were made
configurations studied, the C®ewra is only modified as under the restrictions of th,q Symmetry group to analyze
much as 0.012 A. The WW distances and WOem bonds the Jahn-Teller effects on the exciteditg* configuration of
also remain practically constant. [CoCly)?". The results are completely in line with those found
In the simpler cobalt(ll) tetrachloride complex the cobalt for the Keggin anion. In theD,s symmetry the lowest
ion is also under the effect of a tetrahedral field generated multiplet arising from the excited configuration is the
by the four ligands. In this case, however, the splitting of quadrupletB,, which is now computed at 2744 cfabove
the e and 4 orbitals is smaller because the field generated the ground state, a value that is in excellent agreement with
by the chlorine ligands is weaker. Hence, the energy gapthe excitation energy reported by IETS (3000 ¢ The
between the two sets of d cobalt orbitals is 0.28 eV smaller next state is a quadruplet of E symmetry with an energy of
than in the Keggin anion. This difference in the splitting can 4882 cn1™. This energy is also concordant with the spec-
be easily rationalized if we consider that chloride ligands troscopic measures for the first alloweé d transition. The
support lower negative charges and that the negative chargesext two quadruplets are at 8100 and 9700 €nAll these
are further from the positive ion (see Table 1). As a matter energies are given in Figure 4, and the geometrical param-
of fact, the excitation energy for transferring one electron eters are presented in Table 1. It is worth mentioning that
from the e to 1 orbital was found at lower energies. The underTy symmetry the electronic transition increases the
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T, D,, Approximate Treatment of Quadruplet States“T; A
major shortcoming of multiplet treatment in the DFT
“T, framework is the lack of coupling between states of the same
symmetry, such a$T,(F) and*T(P). These states, arising
from configurations #,* and ét,°, respectively, are mixed.
Johansen and Andersépreviously studied this problem at
10146 the MCSCFI/CI level in the [CoG?~ system and found a
== A, 8693 considerable mixing of the two quadruplet states. The
B, 8611 contribution of the &° configuration to the lowest state was
found to be 70.3% whereas the same configuration contrib-
utes 27.4% to the other state. The occupation numbers were
€21,%6% and &7%,%26 respectively.
Figure 5. Multiplet splitting for the excited configuratior*g?e!(W) in We computed the energy of the quadruplet states for
the Dzg symmetry for [CEW12040]°". [CoCly)2~ as well as for [COW,04g®. In both anions, the
Co—Cl distance by 0.029 A and that the Jatifeller bielectronic excitationfA, — “T1(P) was found at lower
distortion produces the same effects observed in the Kegginenergy than the monoexcitatidA,—“T,(F). In the Keggin
anion. The Ce-Cl distances are not modified by more than anion, the*Ty(P) appears at 12530 cfhabove the ground
0.03 A, and the GtCo—Cl angle is the parameter that varies State whereas the energy of thi(F) is 13711 cm™. For
most (from —10.6° to 15°). The distortion observed in [CoCly?", the corresponding energies Gf;(P) and*Ty(F)
[CoCly]? is larger than in the Keggin anion because each are 7564 and 11049 crh respectively.
tetrahedral oxygen is bonded to three W's inside the Keggin ~An approximate solution to this problem can be obtained
anion and therefore has less freedom. by using ligand field theory to evaluate the necessary
The Charge Transfer Transitions. Although the AOC integrals?® We should mention that oxo ligands generate a
energies suggest that the excitation energies from d cobaltweak field on the dion, and this means that the crystal field
orbitals to unoccupied orbitals delocalized over the d shell is lower than electronelectron repulsion. This situation
of tungstens are very low, the calculations for multiplets in arises when the crystal field is not strong enough to neglect
the T4 geometry yield energies of1.5 eV (~12000 cni?) electron-electron interactions and, consequently, states of
for the two quadruplets arising from configuration 4@&o) the same symmetry will interact strongly. Definingas the
33%%(Co) 19é(W) or e't,2¢' (W) in the short formulation ~ energy gap between orbitals e ang @nd the Racah
(see Figures 3 and 5). If the geometry is allowed to relax parameters a&, B, andC and referring the multiplet energies
under theD,q group, the excitation energy atl.5 eV splits ~ to the energy of the ground stat&,, the matrix elements
into two signals at 8600 and 10000 cinAccording to these  of the interaction matrix can be written as
calculations, the band between 7000 and 9000'dmthe
experimental spectrufhcould be associated with the su-
perposition of Co ed excitations and Ce~ W charge eu' CTy) A+12B 6B
transfer transitions. It is worth noting that this possibility & Cag) e’ 6B 24+3B
has never been mentioned previously. All-G0.y, bond
distances are reduced (0.06 A) upon excitation &ng Diagonalizing this matrix we directly get the energy for the
geometry relaxation, whereas-WV interatomic distances transitions*A, — 4T;(P) and“A, — “Ty(F). According to
are only slightly changed and ¥AOm bonds are practically  the discussion in ref 23a, the multiplet energies calculated
unmodified. The largest variation is found for theede- from the energies of the nonredundant single determinants
Co—Oerra angle (+5.2 and —2.6°). The decrease in sym-  in DFT can be set equal to the corresponding diagonal matrix
metry fromTg to Dog is favored, in all cases, by the angular  elements above. Thus, a rough estimate of the two unknown
distortion and by the elongation of two pseudo-octahedral parameterd andB can be easily obtained from the already

12280
12155~

etle (W) T, 10321

NS
.

4A2

S 4B1

et,? 0 0

‘T €u' Ty & CA) Y

WQes. computed DFT multiplet energies:
One last series of calculations was carried out to analyze
charge transfer excitations from oxo ligands to d cobalt A= E{e3t24(3T1);4T2}
orbitals. The O— Co set of transitions includes several
distinct excitations that may formally be associated with 12B=FE{ e3t24(3T1);4T1} =1 e3t24(3T1):4T2}

electronic excitations from terminal, bridging, or tetrahedral

oxygens. The origin of this band may be estimated from the The more the ligand field theory is appropriate, the more
energy transition between the highest oxo orbital, 17e, which accurate is this approximate procedure. One major assump-
is formally delocalized over the valence shell of bridging tion of ligand field theory is that it only considers the metal
oxygens. This transition is estimated to be approximately at atom and it does not take into account ligand effects. Thus,
35000 cm! (Figure 3). UndeD,y symmetry, the energy of @ major requirement for applying the above approximations
these transitions drops to 31000 ¢iiThis energy is higher . . .

than the experimental predictions, which suggested that the®® ,Sl"’l‘l)lBfgﬁggﬁe'fggz‘:Et)r%dr#fclﬂ?rht%#ﬁgr}dhgﬁyomfggﬂgenr,"\",l‘gtal

O — Co transition starts at 26000 c? lons University Press: Cambridge, 1961.
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Table 2. State Energies, Crystal Field Parametarand 1B, and
Crystal Field Transition Energigs

[COW1204o] 6- [COC|4] 2=

[ACT)e34T,0 13711 11049
63T 1)€e%4T,0 7126 4249
|t23EA;4A2D 0 0

A 7126 4249
128 6585 6800
E(%A2 — 4T1(P)) 18274 14050
E(*A; — “T4(F)) 11335 7197

aAll values in cntl.

Maestre et al.

(7000-9000 cm) may be ascribed to Co-ed transitions,

but it is worth noting that superposed to these transitions
there are charge transfer transitions between d—€av
orbitals. The relatively low energy of these transitions is
related to the small energy gap between the d Co orbital of
symmetry $ and the unoccupied band ofetld W orbitals.
The calculations have also shown the importance of Jahn
Teller distortions in the excited configurations studied.
Calculations were also carried out on the related [GJ3CI
ion. With the exception of the consequences derived from a
smaller splitting of d Co orbitals because of the weaker field

is that the multiplets should have a pure metal character. generated by the Clligands, no significant differences were
The reader can observe in Figure 2 how the molecular orbi- observed between the-dl spectra of [CoG]?~ and of the

tals involved, e and,tare quite localized on the cobalt center,
the localization being somewhat higher in the [C4TI

more complex Keggin anion. The energies computed for the
lowest electric dipole forbidden and electric dipole allowed

anion. The estimate for the electrostatic off-diagonal element transitions of 2700 and 4900 cthagree very well with the

[E,4(3T1);*T1|GIE2(CALS T, 0= 6B, whereG is the electror
electron repulsion operator, is therefore acceptable.

Applying the procedure outlined above, we obtained the

energies fofT,(P) and*T(F) that are shown in Table 2. It
is worth mentioning that the doubly excited stat€;(P),

bands between 2000 and 4100 ¢nand between 4450 and
7000 cntl. This important coincidence comes about when
Jahn-Teller distortions are considered for the excited states.
There is less coincidence for the-© Co charge transfer
band assigned to the band that originates at 26000 and
which, according to our calculations, is shifted 5000-¢m

appears now higher in energy than the singly excited statéyqyard the UV region. This result, together with the low
& ; i ) . ! . .
Ty(F), that is, we reproduce the correct order as obtained gnergies found for the excited configurations corresponding

by MCSCEF calculationd! For the Keggin anion, the transi-
tion to the*Ty(P) is found at 18274 crmt The experimental
signal, on the other hand, was found at 15730 tnfor
[CoCly)?~, the computed value of 14050 chrcompares quite
well with the experimental signal at 14300 ciThe results
obtained for the [CoG]?>~ system were in better agreement

to the promotion of one electron from orbitals 8to) to
19e(W), suggests that d Co orbitals are excessively shifted
toward tre d W band. And finally, the energy of the
bielectronic transitiortA, — 4T,(P) was estimated using an
approximate procedure based on ligand field theory.

We should finally comment that in the present work we

with the experimental results because of the greater metalhave been capable of reporting a semiquantitative analysis

character of the molecular orbitals. The putative Jaheller
distortion in the &° configuration is not expected to change
these results significantly, since it only affects therbital.
The transition to théT,(F) state is found at 11335 crhfor
the Keggin anion and at 7197 cffor the [CoC}]?~ anion.

Summary and Conclusions.Here, we report the first

attempt to use DFT calculations to interpret the electronic

spectrum of [CBW1,040%", a molecule with a rather

complicated electronic structure. The calculations were

carried out using thASCF method proposed by Ziegler et

al., a method that has been used to study several system

S

of the electronic spectrum of [®@/1,0,0%"; nevertheless,
we want to remark that the nice agreement between
experimental and theoretical data should be viewed cau-
tiously, since this agreement may be due to a cancellation
of errors. We have explained, for example, that &feCF
method itself is unable to correctly describe states of the
same symmetry, like th&Ty(F) and*T(P), because of the
coupling between these two Co states. But, we must take
into account that these two states may also mix with charge
transfer states of the same symmetry and that similar
couplings may occur in the quadruplets of symmetsyol
Ssymmetry E in theDyqy structures.

and which has provided good results. The study has been i )
limited to transitions in which d orbitals of the Co atom take ~ Acknowledgment. All calculations have been carried out
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