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State of the art CASSCF and CASPT2 calculations have been performed to elucidate the nature of the electronic
transitions observed in the experimental spectrum of the octacyanomolybdate(V) cation. Assuming a triangular
dodecahedral structure for this complex gives a convincing agreement between theory and experiment. All absorption
bands are assigned to low-lying charge-transfer transitions involving excitations from ligand orbitals to 4d,2—,2. The
calculated molecular orbitals reveal weak sz interactions between the metal and ligand orbitals, compared to much
stronger o interactions. This calculated electronic structure substantiates the previous hypothesis concerning the
giant spin ground states of magnetic clusters and networks containing Mo(CN)s®~ as a constituent part.

Introduction based on the covalent interactions between the metal cation
Cyanide complexes of transition metal ions are important and the cyamde ligands has been put forvaBdrprisingly, .
2 . . the electronic structure of the key octacyano complexes in
building blocks of magnetic clusters and netwotkspical ; .
i . . these clusters is almost entirely unknown, and the 1963 paper
examples are the cyano-bridged perovskites of the Prussian . o .
of Perumareddi et &lstill is the primary source for spectral

blue family. In these complexes the core consists of a . :
information.

hexacyanometalate. Strong magnetic interactions through the L S .
cyanide bridge between C- and N-coordinated metal ions Tofill this gap we initiate in this paper a detalled.study
" of the electronic structure of Mo(CR¥). The synthesis of

!I\_/I 1;S|'2;ul\l/lazr’_§;§$nn;[zenlizst;giéﬁsengsgpée);iso_lgazgg_ the octacyanomolybdate(V) complex was first reported by
c g y Y Bucknall and Wardlaw back in 1927Since then there has

I rs hav n repor havin nometal ) . S .
clusters have been reported, having octacyanometa ate%een a debate in the literature concerning its geometrical

Mo(CN)g3~ and W(CN)3~ as building blocks:* Examples . "
structure as well as on the nature of the electronic transitions

are the MgMos and MW, fully capped cubane clusters . . .
: I . . _responsible for the observed absorption bands. For eight
which exhibit giant spin ground states. For an understanding . : .
.Y coordinated complexes in general two conformations stand

of the origin of the observed ferromagnetism a hypothesis .
9 9 yp out, a dodecahedral structure possessiDg;@ymmetry and
*To whom correspondence should be addressed. E-mail: marc.hendrickx@a tEtragonal antiprism @Dag symmetry. For the ’dcomplex

chem.kuleuven.ac.be. Mo(CN)g®~ and the analogous W(CM) complex the ex-
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with respect to charges and configurations) calculation based
on a square-antiprismatic arrangement of the ligands around
the molybdenum(V) cation. According to their findings all
the observed bands in the electronic spectrum are due to
charge-transfer transitions involving excitations from the
ligand orbitals to the lowest lying 4d orbital of the metal
ion. The authors reached this conclusion after assuming that
the symmetry-allowed charge-transfer transitions are 10 times
more intense than the symmetry-forbidden ones and 100
times more intense than the-d transitions. No attempt was
made to calculate oscillator strengths.

Computational Method

In giant spin clusters the geometry of Mo(Gi)is found to be
nearly a trigonal dodecahedréin order to exploit the advantages
of symmetry we carried out calculations for an idealized dodeca-
hedron in which all the carbon atoms and all the nitrogen atoms
are equidistant from the central metal cation. The-Mband C-N
distances were set at their experimental value of 2.14 and 114 A,
respectively, with linear MeC—N bonds. The origin of the
coordinate system used in the calculations is placed in the
molybdenum cation. The axis coincides with th&, axis of the
Dyq4 point group while thex andy axes are situated on the tv@
axes. Besides the results for the isolated Mo@Nanion a second
series of calculations were carried out in which the effect of the
complete crystal surroundings is incorporated by means of a limited
set of counterions, the charge of each of these ions being determine

by a fit of the Madelung potenti# in the region of Mo(CNg~.

. : for the near-degeneracy effects, followed by second-order perturba-
I h I h
neorporating the counterions lowers the symmetrpio tion (CASPT2) calculations for the incorporation of a sufficient

Ftor tthe carbon and Inlt;ogeg ?tor(r; 3 ba5|s_ set Or: thehgenetr:Iamount of dynamic correlation. In the latter method all electrons
contraction type was selected. Exiended experience has snown az&re correlated with the exception of the 1s electrons of carbon and
an atomic natural orbital (ANO) set based on a rather small number

f primitive G ian t functi . fficient to gi d nitrogen, and of course the core of the molybdenum (ECP basis).
of primitive ->aussian type functions 1S sutlicient 1o give a 9ooa ¢ 4141 number of electrons correlated at the CAPSPT2 level
description of the electronic spectra of transition metal compl&xes.

For both these atoms three s-type orbitals, two p-type orbitals andamounts to 87 for the Barandiaran basis and 89 for the Hay and
. . Lo = S Wadt basis. The MOLCAS.5.0 softwaP throughout.
one d-type orbital of the ANO-Z3 basis as implemented in the adt basis e MOLCAS.5.0 softwabewas used throughou

. All calculations were carried out within thB, point group, and
MO.LCAS‘S'O suntg of programs were chosen. For _the molybdenum therefore in discussing the results the irreducible representations
cation two effective core potentials (ECP) which incorporate

relativistic effects and the corresponding basis set were employed (rreps) of this point group will be used. However, d_eviations frqm

The first one consisted of the E%P bagis set of Ha d &/ 3(; ‘Dyg are always very small and when more appropriate the orbitals
. T y an adt and states are classified accordingCig. In this case it will be

widely I_<nown as LANL2DZ (pontractlon. [3s, 3p, 2d]), the segond indicated explicitly in the text. For the sake of completeness we

onﬁ being a.[SS,. 3p, A.m] basis set as.constructed by Baranqlaran eFnave included in a last section results obtained for the square-

oo e A et et f 100 amp tsomer of Wo(CHY . I this way our concusion

and Wadt basis and once with the Barandiaran basis. Comparisonregardmg the experimental spectrum can be substantiated.

of two sets of transition energies showed an average deviation of Resylts and Discussion

about 500 cm?, the difference never exceeding 1100 ¢émBoth o ) .

basis sets are therefore equally suitable for the study of the electronic 1he free cyanide ion is known to bind to the transition

structure of Mo(CNy*~, both leading to the same conclusions. For Mmetal cations by means of ther,127*, and % orbitals.

the presentation of the computational results and their interpretation Within the dodecahedral (Ch) cluster there are two sets

in the following sections we have used arbitrarily the data obtained of symmetry equivalent cyanide ligands. A first set of four

ligands is situated close to tl& principal axis g axis) and

is denoted in Figure 1 by the subscript ax (abbreviation for

axial), whereas the second set of four ligands is closer to

Figure 1. Idealized dodecahedral structure of Mo(GN)and coordinate
system as used in the calculations.

by the Barandiaran basis. From this discussion of the electronic
structure it will become clear that a multireference approach for
c}he calculation of the various states is a necessity. Hence, the
computational method of choice is obviously CASSCF to account

(9) Corden, B. J.; Cunningham, J. A.; Eisenberglrf®rg. Chem197Q
9, 356.
(10) Almlof, J.; Wahlgren, UTheor. Chim. Actdl973 28, 161.
(11) Pierloot, K.; Van Praet, E.; Vanquickenborne, L.JGPhys. Chem.
1993 97, 12220.

(15) Andersson, K.; Barysz, M.; Bernhardsson, A.; Blomberg, M. R. A.;

(12) Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B. Theor. Chim.
Acta 1995 90, 87.
(13) Hay, P. J.; Wadt, W. RJ. Chem. Phys1985 82, 270. Hay, P. J,;

Wadt, W. R.J. Chem. Phys1985 82, 284; Hay, P. J.; Wadt, W. R.

J. Chem. Phys1985 82, 299.
(14) Barandiaran, Z.; Seijo, L.; Huzinaga, S.Chem. Phys199Q 93
5843.

Carissan, Y.; Cooper, D. L.; Cossi, M.; Fleig, T./Ischer, M. P.;
Gagliardi, L.; de Graaf, C.; Hess, B. A.; Karlsing G.; Lindh, R.;
Malmaqvist, P.-A; Neograly, P.; Olsen, J.; Roos, B. O.; Schim-
melpfennig, B.; Schiz, M.; Seijo, L.; Serrano-Andee L.; Siegbahn,

P. E. M.; Stalring, J.; Thorsteinsson, T.; Veryazov, V.; Wierzbowska,
M.; Widmark, P.-O.MOLCAS version 5.0; Lund University: Lund,
Sweden 2001.
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the equatorial planexy plane) and is denoted as eq in Figure Table 1. Explorative Calculations of the Electronic Structure of
1. The orbtials for both sets give rise to the same number of MO(CN)*”*

irreps of theD,q point group: &, by, and e for thes orbitals _ ~ excitation

and a, &, by, by, and 2e for the & and 2r* orbitals. Since 2;2\\::2 e’s‘f;tid (ec”nf[?f’ ature of transition

both sets of cyanides are equidistant from the central metal—

: . : . : . 9i13  2A 20888 62% CTLM (14a~x’—y?), 30% LF (—y>—22)
cation and since there is no direct bonding between neigh- 2A 31848 30% CTLM (14a-2—y?) 63% LF (C—y?—7)

boring ligands, the splitting of the various levels is small. 2A 50154 86% CTLM (14a-2)
Taking further into account that the and the & orbitals 8, 36518 90% CTLM (15b32—y?)
are close energetically to each other in complé&esrong 2B, 52587 96% CTLM (15p—2)
near-degeneracy effects can be expected. Incprporating point 28, 28904 84% CTLM (15p——y?)
charges at the crystal positions of the counterions lowers the 2B, 44845 90% LF x2—y2—xzy?2)
symmetry toD, thereby splitting the e irrep ingtgnd B, 17113 2A 30811 28% CTLM (14a-x2—y?), 63% LF (2—y2—7)
while &, by and a, b, subduce to a and;prespectively. 2A 34233  64% CTLM (14a-x2—Yy?), 28% LF (C—y>—7?)
. . 2 2__\/2

For the purpose of understanding the electronic structure A 36966 95% CTLM (132 -y
of Mo(CN)g*~ preliminary CASSCEF calculations were carried EBI 33877 932/0 CTLM (15b—>x§—y§)
using an active space made up of, besides the five d orbitals B 39909 96% CTLM (14bx*-y")
of the metal, an occupied or s orbital (depending on the aCASPT2 excitation energies based on state average CASSCF (no

: . ; counterions) for different active spaces. These preliminary results indicate
results of the calculation) and one unoccupigdrbital per that the ground state of the dodecahedral complék @B1 in D) (ce_p)*

irreducible representation @f,. The resulting active space and that the lowest excitations are CTLM. For the 17i13 active space no
can be described as distributing 9 electrons among 13 orbitalsconvergence could be achieved in the case offestates.

(9i13). The three lowest roots 6A symmetry and the two
lowest roots ofB; and?B, symmetry were calculated. From
these results it could be concluded that the ground state of
the complex corresponds to?A (B; in D,g) in which the
unpaired electron occupies theeg orbital. The most
remarkable result is that the lowest lying excited states are
of the charge-transfer type and more in particular of the type
where an electron is transferred from a ligand orbital to the
metal dz_y2 (CTLM). The highest?A and 2B, states cor-
respond to transitions from the highest ligand orbitalsAp d
the excitation energies amounting to more than 50000'cm
An analysis of the CASSCF wave function revealed that the
27* orbitals contribute much less to all of the wave functions
than the T and % orbitals and explains the finding that
there are no low-lying @ 2 — 27* (CTML) transitions. The
picture emerging from these results places theaorbital

well below dz, both situated between the low-lying occupied
(50, 1) levels and the high-lyings2* levels, however much
closer to the occupied ligand orbitals. The high formal
oxidation state of the molybdenum cation and large energy
gap between the HOMO and the LUMO of the free cyanide
anion are consistent with this description of the electronic
structure of the dodecahedral Mo(GK)

From the large number of ¢5 1) levels and the expected

electronic structure in the sense that the second low-lying
CTLM originating from a lower lying ligand level was found.
Due to the limitations of the active space this transition could
not be calculated with the (9i13) active space. An analysis
of the CASSCEF results revealed that the contributions to the
wave function are mainly due to exchanges of an electron
among levels that belong to the same irrep. On the basis
this experience it is clear that the only possible way to
calculate all states relevant to the electronic spectrum, while
at the same time incorporating all the near-degeneracy effects,
is to use four different active spaces, one for each irrep of
D,. Common to the four different active spaces are the five
d orbitals. For each irrep these orbitals are supplemented by
all 50 and Ir levels of that particular symmetry (six in total
for each symmetry) giving rise to four (13i11) active spaces.
In this way all the d-d transitions and all the low-lying
CTLM transitions are accessible. Doublet spin states are
calculated at the CASPT2 level using the molecular orbitals
that are obtained from average CASSCF calculations that
included 8 states for théA symmetry and 7 states for the
other three symmetries. The excitation energies for the states
belonging to a particular symmetry were derived by calculat-
ing the ground state with the active space of that symmetry.
e A _In this way we can have an idea about the performance of
small splitting one must anticipate that more CTLM transi- o computational model used. It was found that the energies
tions need to be considered. To achieve this thiiedbitals of the ground state changed for no more than 1200%cm

in the active space were replaced in each of the four irrepsyeqyeen the various active spaces, a value that allows us to
by an additional occupied ligand orbital. This resulted in 516 reliable predictions about the nature of the transitions
CASSCEF calculations in which 17 electrons are distributed i, the experimental spectrum. Previous CASPT2 calculations

among 13 orbitals (17i13). This is the largest active space Cr(CO) have successfully employed the same strategy
for which the active orbitals are spread out evenly over the ¢, calculating the electronic spectrith.

different irreps, which is still computable and for which each Using this computational scheme the influence of the

state considered is described by the same active space. Thgagelung potential on excitation energies was studied. Figure
calculated CASPT2 excitation energies are collected in the , depicts the effect of the crystal surroundings. Most

lower part of Table 1. They confirm the ideas about the y4nsitions are shifted downward when counterions are

(16) Vanquickenborne, L. G.; Hendrickx, M.; Hyla-Krispin, |.; Haspeslagh, (17) Pierloot, K.; Tsokos, E.; Vanquickenborne, L.JIGPhys. Chenml996
L. Inorg. Chem.1986 25, 885. 100, 16545.
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Table 2. CASPT2 Excitation Energies Obtained for the Dodecahedral Isomer by Using the Molecular Orbitals of State Average CASSCF (13i11)

Calculations, Including the Madelung Poterttial

excited state excitation energy (cH nature of transition oscillator strength eXatm1)

°A 25311 52% CTLM (13a-x?—y?), 35% LF (>—y>—7?)
31041 35% CTLM (13a-x>—y?), 61% LF (>—y>—7?)
34919 98% CTLM (14a-x2—y?)
35461 88% CTLM (12a-x>—Yy?)
46727 83% CTLM (11la-x>—y?),
48676 79% CTLM (13a-2)
53789 73%CTLM (14a-2?)

2B, 28061 98% CTLM (15b—x2—Yy?) 0.000000
33815 98% CTLM (14b—x?—y?) 0.002405
37204 95% CTLM (13b—x*—Y?) 0.000001
37972 96% CTLM (11b—x?—y?) 0.000000
41114 98% CTLM (12b—x?—Yy?) 0.064714 39800 (?)
43474 93% CTLM (10b—x?—Yy?) 0.000000
47698 97% LF$°—y?>—xy) 0.000000

2B, 26025 91% CTLM (15p—x2—Y?) 0.021892 25800
31386 92% CTLM (14p—~x2—Yy?) 0.000126
30955 91% CTLM (13p—x*—Y?) 0.015344 32000
36634 85% CTLM (12p—x2—Yy?) 0.039816 36800, 39800 (?)
38589 97% CTLM (11p—~x2—Yy?) 0.010918 36800, 39800 (?)
44667 90% LF$>—y?*—x2) 0.003208
44713 95% CTLM (15p—2?) 0.000167

2B 26202 96% CTLM (15p—x2—y?) 0.021075 25800
30850 97% CTLM (14p—~x2—Yy?) 0.000001
31398 88% CTLM (13p—x2—Yy?) 0.014880 32000
36317 86% CTLM (12p—x2—Yy?) 0.035315 36800, 39800 (?)
38418 96% CTLM (11p—~x2—Yy?) 0.007400 36800, 39800 (?)
44085 93% LF2—y>—y2) 0.002850
45984 94% CTLM (10p— x>—y?) 0.000008

a States and orbitals labeled according to Brepoint group. Comparison with the experimental spectrum of MogENn aqueous solutior?. Refer-

ence 6.

Figure 2. Influence of the Madelung potential on the CASPT2 excitation

energies for the dodecahedral structure. For each symmetry the right and

the left column represent the excitation energies with and without point
charges, respectively. LF indicates ligand field-() transitions.

incorporated in the calculation. The extent, however, is
limited, on the average amounting to about 500 &nThis
implies that the Madelung potential in the region of the
Mo(CN)g®~ complex is rather flat. Without any doubt the

of the Mo(CN)}*~ complex and the comparison with the
experimental spectrum in the following paragraphs we have
chosen to use the results of the CASSCF and CASPT2
calculations that incorporate the Madelung potential. Al-
though we feel that incorporating the crystal surroundings
makes the computational model more realistic, it is, however,
not essential for obtaining a qualitative and even quantitative
description of the electronic properties of Mo(GN) This
conclusion was also obtained for the hexacyano complexes
of the first-row transition metal cations, where it was found
that CASPT2 calculations without incorporating the coun-
terions were able to reproduce the experimental spectra either
for aqueous solutions or for solids.

The experimental spectrum exhibits four distinct absorp-
tion bands in the region between 25000 and 40000 wave-
numbers. The lower energy part shows two intense absorp-
tions at 25800 and 32000 cri) possessing extinction
coefficients of 1350 and 800 at their maxima, respectively.
Two nearly equal and even more intense bands are observed
at 36800 é = 2000) and 39800 cni (¢ = 1900). Comparing
these experimental values with our calculated CASPT2
energies in Table 2 shows that an unambiguous assignment
based solely on excitation energies is not possible. A close

observed shifts do not exceed the accuracy of our calcula-inspection of Table 2 shows that between 25000 and 42000

tions. The splitting of théE (D.g) states ir’B; , at the far

cm~* no fewer than 14 states can possibly be at the origin

right-hand side of Figure 2 is even less, reflecting the fact of the observed absorption bands. Additional information is

the Doy Symmetry is to a large extent conserved. This allows

therefore needed. For this purpose the oscillator strengths

us to classify the various states of the complex according to for the transitions from the ground state to all fillg, ?B,,
this point group. For the discussion of the electronic structure and 2B; states are calculated by using the CASSCF wave

Inorganic Chemistry, Vol. 42, No. 2, 2003 593
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dodecahedral Mo(CN)~ structure), implying that théB;
transition is calculated too low by the CASPT2 method.
Whatever may be the case, we can safely state that all
excitations observable in the experimental spectrum are of
the CTLM type and involve transitions of an electron from
ligand orbitals to ¢-,2 of molybdenum.

The important metal valence d orbitals and the nature of
the ligand orbitals that are involved in the experimentally
observed spectrum are depicted in Figures 4 and 5, respec-
tively. These figures show the natural orbitals that are nearly
singly occupied in the root (average state CASSCF calcula-
tion) corresponding to a specific ligand field or charge
transfer state. Figure 4a shows the 15a orbital which is almost
a pure ¢ metal orbital. The minute ligand part of this

Figure 3. Comparison of the theoretical results for the dodecahedral c,)rbltal IS mam.ly chated on the equatorial cyamdgs, the aXI.aI
geometry (CASSCF oscillator strengths versus CASPT2 excitation energies)ligands contributing much less. The explanation for this
with the experimental spectrum (lagversus wavenumbers) in aqueous — observation can be found in the larger overlap efdwith
solution® the orbitals of the equatorial ligands. The character of the
functions. Transitions t8A states need not be considered covalent mixing can be seen to be completelymofype.
because they are symmetry-forbidden. Plots b-e of Figure 4 show the 16a, 166k, and 16k
The obtained oscillator strengths are collected in Table 2 metal orbitals which are predominantly og,dd,, dy, and
and represented graphically in Figure 3. A first remarkable d,, character, respectively. Contrary to the 15a orbital (g
conclusion concerns the-di transitions. Compared to the the main ligand contribution to these orbitals is of the 5
CTLM transitions all of them are less intense and are type with only a small contribution of theslorbitals, the
therefore not observable in the experimental spectrum. Theoverall covalent mixing being much more pronounced. A
reason for their low intensity is the high oxidation state of common feature of all the metal type orbitals, includirg,e
the molybdenum cation that does not allow extensive is their antibonding nature with respect to the ligand orbitals.
covalent mixing with the ligand orbitals to occur, implying This places them energetically above the occupiedaid
that the selection rules for the pure d orbitals hold rather 50 orbitals of the cyanide ligands. Hence, the calculated
strongly for these transitions. For tP; group of states only  ligand field splitting of the 4d shell on Mo (Table 2) can
two CTLM transitions give rise to more or less intense nicely be rationalized by simple angular overlap model
absorption bands: a somewhat less intense transition afAOM) considerations. According to AOM the transition
33815 cm! and a far more intense one at 41114ém  energies in an idealized Mldodecahedron as a function of
Inspection of the orbitals shows that these excitations involve the ligand ¢ and e parameters are given by
levels which transform almost as axiaep of theD,q4 point
group, resulting in excitations 1,2€D,q) — die—y2 (b1 in D), E(C—y*—7) = 1.243 g—0.8%¢
which are dipole allowed. For the other transitions in the
2B, group of states an electron is transferred from é0aq)
like orbital to de—y2. Our calculated oscillator strengths in
D, indeed confirm that these excitations are to a very large
extent forbidden. Again we can conclude that although the E(C—y*—xy) =2.699 ¢ — 3.599 ¢
incorporation of counterions in our model reduces formally
the symmetry td,, the effective symmetry of the electronic  Using an average,garameter of 33000 cmhand a ratio of
structure of the Mo(CN§~ part remains largelyDyq. e,/e, = 3, transitions are predicted at 31185, 43494, and
Within the 2B, and ?B; group €E in Dy transitions in 49478 cm?, in good agreement with the corresponding
general are more intense, reflecting that these transitions arévalues of 31041, 44376, and 47698 Cnin the present
symmetry allowed. A comparison with the experimental calculations.
spectrum in Figure 3 shows a rather good correspondence The ligand orbitals giving rise to large absorptions, i.e.,
for the low-energy part. Transitions at 25800 and 32000'cm  12hy, 11k, 12k, 13k, and 15b, are represented in plots
can be ascribed to excitations from two shells: s&band a—e of Figure 5. All these orbitals have metal contributions
13hy,bs, respectively. For the high-energy part of the thatare small, demonstrating that the bonding in the complex
spectrum our calculations are not conclusive. It is possible is to a large extent ionic. Covalent effects can be observed
that the band at 36800 crhis due to excitations from the and are more pronounced in ligand orbitals that are pre-
two close-lying 11bbs and 12b,bs shells, in which case the  dominantly W, as for instance in 12bwhich has a small
highest energy band in the spectrum corresponds to anbut noticeable contribution ofyd Although for the uncoor-
excitation to the’B; state. However, the fact that the two dinated cyanide thedborbital is positioned above therl
absorptions at 36800 and 39800 ¢nare almost equally  orbital, the strongeo bonding interactions in the complex
intense points rather to a spfiB, ; state (distortion of the  stabilize the former orbitals more. The Brbitals are now

EOC—y*— xzy2) =2.029 ¢ — 2.133 ¢
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Figure 4. Three-dimensional plots of the CASSCF natural orbitals. Figures show orbitals of the dodecahedral isomer with predominant molybdenum d
character: (a) @y, (b) dz, (c) d, (d) de and (e) ¢ Surfaces drawn for orbital function values 40.05(A) 32

situated either among therbrbitals as demonstrated by the sophistication of the computations (basis sets, method, and
12b, or even below thes orbitals as illustrated by the low-  strategy) is the same as the one used for the dodecahedral
lying 10bs in Figure 5f. geometry, so that the two sets of data can be compared. A

Although our calculations on the dodecahedral structure perfectDas geometry for the Mo(CN§~ anion was imposed.
of Mo(CN)g*~ explain rather nicely the experimental spec- As can be anticipated from simple ligand field calculatiéns,
trum as recorded for an aqueous solution, we startedthe CASPT2 method predicts?; ground state with the
calculations for thesquare-antiprisnstructure. In this way ~ unpaired valence electron occupying the arbital. The
we will be able to further substantiate our statement about ligand field transition to the £(dy, de-y?) shell is situated
the nature of the structure that is responsible for the observedat 38970 cm?, and the excitation to the;€dx,, dy;) shell
electronic transitions. Because no experimental X-ray datacan be expected at 47920 thin parallel with the results
are available for this isomer of the octacyanomolybdate(V) for the dodecahedral isomer the charge transfer transitions
anion, the bond distance of the dodecahedral structure wagf the type ligand to metal are calculated to be the lowest
taken, while the angle between the M@ internuclear axis  lying excited states for the square antiprism. These types of
and theS axis was set equal to 58,0which is an average :
value of the experimental angles found in the square- ‘8 Bng'é‘éf' D.; Leipoldt, J. G.; Basson, S. &cta Crystallogr.1970
antiprism geometries of W(ChP*.181% The level of (19) Basson, S. S.; Bok, L. D.; Leipoldt, J. 3970 B26 1209.
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Figure 5. Three-dimensional plots of the CASSCF natural orbitals. Figures show orbitals of the dodecahedral isomer with predominant cyanide character:
(@) 12h, (b) 11b, (c) 12, (d) 13b, (e) 15b, and (f) 10k. Surfaces drawn for orbital function values-80.05(A)~32. The Mo(CN)*~ complex is placed
in the same position as in Figure 4.

states are spread out more or less evenly between 25000 an@onclusion

50000 cmt. However, calculated oscillator strengths reveal - ) .
that only two transitions are predicted to have large intensi-  The calculated CASPT2 transition energies and associated

ties, while the other charge-transfer transitions and ligand oscillator strengths indicate that the dodecahedral structure

field excitations possess intensities that are more than 10is likely to be responsible for the absorption spectrum of
times less. Of the two transitions with high intensities the MO(CN)s*~, not the square antiprism as advocated by
lowest is positioned at 24996 crhand corresponds to an ~ Golebiewski et al. All observed transitions are of the CTLM
excited state ofB, symmetry, while the highest transition type, contrary to the proposition of Perumareddi et al., who
involves a?E; state that lies 37794 crhabove the ground  claimed d-d transitions to be responsible. The Madelung
state. In between these two transitions our theoretical potential is quite flat so that the crystal surroundings do not
treatment of the square-antiprism structure predicts a spec-influence the excitation energies. Both metal basis sets used
troscopic window with no intense transitions. In the experi- are able to reproduce the experimental spectrum. From the
mental spectrum (Figure 3) a transition is observed at 32000magnetic point of view, especially the nature of the semi-
cm, so that we are inclined to reject this isomer of occupied ¢y and the other unoccupied d orbitals is of
Mo(CN)g®~ as being responsible for the experimental spec- importance. The magnetic orbitabdz shows admixture with
trum of this complex in aqueous solution. Our calculations the zr orbitals of the ligands only while all other d orbitals
suggest its structure to be dodecahedral. are hybridized with & orbitals of cyanide. One can observe
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thato covalency in these orbitals is much stronger than the a weakerr channel, again in agreement with the previous
o interactions. This gives direct support to our previous hypothesis.

hypothesis that the observed ferromagnetism in th&-Mo
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