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CASPT2 calculations are performed on the dodecahedral and square antiprismatic isomers of the [Mo(CN)g]*~ and
[W(CN)g]*~ complexes. The high-energy experimental bands above 40000 cm~* are assigned to MLCT transitions.
The experimental observed trend of the extinction coefficients for the molybdenum and tungsten complex is reproduced
by our CASSCF oscillator strengths. All bands below 40000 cm~ can be ascribed to ligand-field transitions, although
small contributions from forbidden MLCT transitions cannot be excluded. In order to account for all experimental
bands in the electronic spectrum of these octacyanocomplexes, a dynamic equilibrium in solution between the two
isomeric forms must be hypothesized. Spin—orbit coupling effects are found to be more important for the square
antiprismatic isomers; in particular, large singlet—triplet mixings are calculated for this isomer of [W(CN)g]*~. Ligand-
field and Racah parameters as well as spin—orbit coupling constants are determined on the basis of the calculated
transition energies. The obtained values for these parameters support the recently proposed model for exchange
interactions in magnetic clusters and networks containing pentavalent octocyanometalates of molybdenum and
tungsten.

Introduction importance for the development of single molecule magnets.
It has been shown that the incorporation in cyano-bridged
compounds of second- and third-row transition metal cations
with diffuse d valence orbitals leatis'* to strong magnetic
exchange couplings between the metal centers. A thorough
E-mail: understanding of the origin of the ferromagnetic coupling is
currently the subject of theoretical research. Beside quantum
chemical investigation® 17 models for kinetic exchange
interaction based on Anderson’s theory of superexchdnge
have also been propos&d?! The efficiency of the model

During the past years interest in the cyanocomplexes was
revived due to the fact that they are building blocks of
magnetic clusters and networks! They are of potential
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therefore depends strongly on the quality of the parameters.

Table 1. Irreducible Representations of the d Orbitals g, D2y, and

The values for these parameters were often derived severalle Pz Point Groups

decades ago on the basis of wrong assignations of the

experimental spectra of the corresponding mononuclear
complexes, as has recently been proven by us for the d
complex [Mo(CN}]®.2223 In the present contribution, we
extend our ab intio study to the spectra of the relatéd d
complexes [Mo(CNjJ*~ and [W(CN}]*~, which will allow

us to derive Racah repulsion parameters.

[Mo(CN)g]4~ and [W(CN}Y]*~ cyanometalates serve fre-
quently as textbook examples of octacoordinated com-
plexes?*?5> In crystals, these complexes possess either
dodecahedral or square antiprismatic structéfes, the
actual structure depending on the specific counterions
involved. In solution, the situation is less clear. For the two
title complexes, the experimental UWis spectra in aqueous
solutions were first reported by Perumareddi e¥ah the

D2d D2 D2 D4d
7 a a z a a
X2 —y2 by a X2 —y2, Xy a, b &
Xy b, by Xz, yz b, bs &
Xz, yz e by, bs

et al?2and Golebiewski et af} made for the pentavalent d
complex [Mo(CN}]3~ a similar assignment, i.e., ligand-field
bands in the low-energy part and CT bands in high-energy
part of the spectra (although of the inverse LMCT nature).
Recently, a more rigorous ab initio treatment of the spectrum
of the latter [Mo(CNyJ®~ complex clearly showed that at
least for the d complexes this picture of the electronic
structure is incorrect State-of the-art CASPT2 calculations
on this complex arrived at a completely different assignment.
All experimentally observed bands were ascribed to low-

same paper, an assignment of the spectra is given on thdying charge transfer states of the type LMCT of the
basis of the assumption of a dodecahedral structure for bothdodecahedral isomer. Therefore, in view of these CASPT2

complex anions. Later, an NMR stuipf aqueous solutions

of K4Mo(CN)g] and magnetic circular dichroism spectros-
copy*® on several [W(CNj*~ salts further indicated that the
structure for both complex anions is dodecahedral. The

assignment of Perumareddi et al. was later contested by

Golebiewski et al*! who proposed a square antiprismatic
coordination geometry for [Mo(CNJ)~. Both semiempirical

results for [Mo(CN})]®~ a reassessment of the assignment
of the spectra of the tetravalent [Mo(Giif) and [W(CN}]*~
iSs necessary.

Computational Details

The Dy and Dyg Symmetry point groups of the respective
dodecahedral and square antiprismatic geometries of the octacy-
anocomplexes have irreducible representations (irreps) that are

treatments of the electronic structure agree in the sense thagegenerate and therefore are not directly usable in the MOLCAS

the low-energy bands of the spectra40000 cn?) find their
origin in ligand-field transitions between the split d orbitals
of the metal cations. In addition, these studies ascribe the

suite of computer prograntd which can handle only point groups
with nondegenerate irreps. For both isomers, the wave functions
were calculated by imposing, symmetry, inducing deviations in

high-energy bands to charge transfer transitions, which areenergies that are known to be small (a few 100 Emaximum).

further characterized by Golebiewski et'dhs an excitation
of an electron from the lowest lying doubly occupied d orbital
to an unoccupied ligand orbital (MLCT). Both Perumareddi
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Table 1 shows the correspondence betweerDheD,q, andD,
point groups for the irreps of the d orbitals of the metal cations.
On the basis of crystallographic data, all bond distances-®lo
and C-N in our ab initio calculations are set equal to values of
2.16 and 1.15 &S respectively, while for the tungsten complexes,
average W-C and C-N bond distances of 2.18 and 1.13 A were
choser?® The M—C and C-N bonds are collinear for each ligand.
For the dodecahedral isomers of the molybdenum and tungsten
complexes, the two sets of cyanide ligands are placed at polar angle
values of 37 and 70 (idealized dodecahedron corresponding to
the closest ligand packing) with the princip® axis (z-axis in
Figure 1a); these two sets will be denoted as axial and equatorial
ligands, respectively. In the square antiprism isomers, all cyanide
ligands are symmetry equivalent, the polar angle with $e
principal axis g-axis in Figure 1b) was put equal to 58

In the previous studies of the spectra of transition metal
complexes in generdf, 46 the CASPT2 method proved to be
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Figure 1. Dodecahedral (a) and square antiprismatic (b) structures as used in the calculations. For both isomeexs tberresponds to the principal
symmetry axisx andy axes are defined in Figure 4.

reliable. In particular, the well-known and characterized ligand- addition to the metal d orbitals all 327land 2z* orbitals of the
field spectrum of MoGF~ has been accurately reproduced, whereas cyanide ligands, obviously an active space that is far too large to
for the Mo(CN)®~ a reasonable value for the D parameter is be handled by present-day computers and computational chemistry
predicted’” Both for ligand-field and charge transfer transitions, software. In order to circumvent this limitation, a reduction of the
the deviations of the transition energies between theory and active space is needed. A procedure identical to the one applied in
experiment are generally smaller than 2000 &nin the present our CASPT2 study of the [Mo(CN)*~ complex?® and which was
study, the ligand part is described by exactly the same atomic naturaloriginally used with success for assigning the charge transfer
basis (ANO) set as the one used in our previous calculations onspectrum of Cr(CQ)** will also be utilized for the description of
molybdenum cyanide complex&s.This also applies for the  the electronic structure of [Mo(CRJf~ and [W(CN}]*~. Four
effective core potential (ECP) basis set used for the expansion of different active spaces, one for each irrepaf are constructed
the orbitals occupied by the valence electrons of*Md-or the according to the following procedure. In addition to the five 4d
valence orbitals (5p, 5d, and 6s) off\a similar Barandiaran ECP ~ (Mo) or 5d (W) orbitals, each of the four different active spaces
basis set was selectéiwhich consists of three s, three p, four d, includes 4 linear combinations of the occupied and 4 linear
and two f contracted functions (as implemented in MOLCAS 5.4). combinations of the unoccupiedr2ligand orbitals that transform
Relativistic effects are accounted for by simulating the metal cores according to that specific irrep. Regardless of spin multiplicity, the
by the appropriate relativistic effective core potentials. Ligand-field wave function of each electronic state for which the spatial part
states are calculated at the CASSCF level as individual roots, transforms according to a particular irrep is expanded in the specific
whereas because of the high density of charge transfer (CT) termsactive space of that irrep. The active spaces for all four irreps
a state averaged CASSCF is performed for this type of states. Thecomprise 13 orbitals to be populated by 10 electrons, and can
CASSCEF treatment, which takes into account the most important therefore be abbreviated as (10i13).
near-degeneracy effects, yields orbitals that are subsequently used An improved correspondence between calculation and experi-
in a second-order perturbation (CASPT2) treatment of the dynamic ment, especially for the tungsten complex, can be reached by taking
electron correlation. Only the 1s electrons of C and N, and obviously into account spir-orbit coupling. Due to the technical implementa-
the core electrons of molybdenum and tungsten (ECP basis), aretion of spin—orbital coupling in the MOLCAS program all states
excluded from the wave function expansion in the perturbation that are involved in such a calculation must be described at the
treatment. A total number of 88 electrons is correlated for the two CASSCF level with the same active spd@dor this reason we
isomeric structures of [Mo(CN)*~ and [W(CN}]*~. recalculated all relevant ligand-field states with a smaller active
Of critical importance in a CASPT2 description of a wave space, which includes the five different d orbitals only. For the
function is the extent of the active space used in the CASSCF partcomplexes at hand this results in distributing the two d electrons
of the calculation. An adequate choice requires some knowledgeamong five orbitals: (2i5) active space. The transition energies
of the electronic structure of the system to be studied, in particular obtained in this way will be compared with the peak positions of
if the active space needs to be large. If such knowledge is not the experimental spectra.
available, preliminary test calculations using different active spaces
are needed in order to assess the most important contributions toResults
the electronic wave functions. In the case of [Mo(gN) and

[W(CN)g]*, it appeared that the 4d and 5d orbitals, respectively,

are energetically placed between and almost at an equal distancéhe dggeneracy of the d shell of the metal catlpns. The
from the occupied 4 and the unoccupied:2 orbitals of the resulting pattern depends not only on the geometrical shape

cyanide ligand. Therefore, the ideal active space should include in Of the ligand cluster but also on the specific interaction
between the ligand and metal cation. In semiempirical

The dodecahedral or square antiprismatic crystal field lifts
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Table 2. CASPT2 (10i13) Results for the Dodecahedral and Square Antiprismatic isomers of [M{fCN)

dodecahedron square antiprism
excited state nature of transition excitation energy excited state nature of transition excitation energy
1A LF: (¢ —y9)— (B 22015 1A LF: Z2—x2—y? 26106
MLCT: (X2 —y3) — a* 32562 MLCT: 22— 7* 35879
MLCT: (X2 —y?) — a* 41329 MLCT: Z2—a" 44619
1B, LF: (% —y9) — (xy) 38070 1B: LF: Z2—xy 25833
MLCT: (X2 — y3) — a* 42599 MLCT: 22— 7* 44154
MLCT: (X2 —y?) — a* 40335 MLCT: 22— a* 40989
MLCT: (X2 —y?) — a* 40360 MLCT: 22— z* 44736
1B,3 LF: (2 —y9) — (xz Y2 33093 1B,3 LF: Z2—xzyz 36291
MLCT: (X2 — y?) — a* 43753 MLCT: 22— a* 42567
MLCT: (X2 — y?) — a* 39932 MLCT: 22— z* 40548
MLCT: (X2 —y?) — a* 44146 MLCT: 22— 7* 40626
SA LF: (% —y9)— (D 19413 SA LF: Z—x2—y? 23136
MLCT: (X2 — y?) — a* 32016 MLCT: 22— z* 35347
MLCT: (X2 —y?) — a* 38760 MLCT: 22— a* 42231
3B, LF: (X2 —y?) — (xy) 35126 3By LF: Z2—xy 23232
MLCT: (X2 — y?) — a* 42307 MLCT: 22— a* 38342
MLCT: (X% —y?) — a* 39638 MLCT: 22— a* 43288
MLCT: (X2 —y?) — a* 39716 MLCT: 22— 7* 43119
B3 LF: (@ —Yy9) — (xz Y2 30009 3Bo3 LF: 2—xzyz 33126
MLCT: (X2 — y?) — * 43056 MLCT: 22— z* 42189
MLCT: (X2 — y3) — * 38346 MLCT: 22— 7* 39502
MLCT: (X2 —y?) — a* 42663 MLCT: 22— 7* 39765

a All ligand-field (LF) transitions are calculated as individual CASSCF roots, whereas state averaged CASSCF wave functions were used for the MLCT
transitions. States are classified according toDagoint group, all transition energies in wavenumbers.

methods, as applied in the original pajdeto the title such an approach has been successfully applied to the
complexes, this pattern and the extent of splitting were electronic spectra of a wide range of transition metal
acquired from a fitting procedure of a set of parameters complexe$ 46 and molybdenum complexes in particuias?
(ligand-field parameters, iz, and to some degree the Racah As can be deduced from these tables, the two isomers of
repulsion paramete® and C) to transition energies of the  both complexes have in common that the lowest states are
experimental spectra, with no assurance that the supposedalculated to be ligand-field states. The excitation from the
natures of the various excited states were correct. This ligand-ground state to these states involves the promotion of an
field parametrization, although 40 years old, is still the major electron from the lowest d orbital, i.ex? — y? for the
source of information about the electronic structure of these dodecahedral complexes amtlin the case of the square
complexes and related mononuclear fragments of magneticantiprismatic shaped anions, to a higher positioned d orbital.
clusters and networks. In the present study, we extract newWithout any exception, all these ligand-field ord transi-
parameters but now from calculated total energies. Thetions are situated at energies lower than 40000cm
advantage of our approach is that the expected accuracy of Around 40000 cm! we encounter typical charge transfer
a few thousand wavenumbers for the excitation energies will transitions. In particular the spectroscopic important singlet
allow us to assign with great certainty the true nature of the charge transfer staté®,s which give rise to symmetry
various experimental bands. In comparison with previous allowed intense absorption bands, can be found in an energy
studies??#tit will become clear that our theoretical analysis range 4000650000 cm®. Not a single CT is found below
leads to a completely different interpretation of the spectra 32000 cm* above the ground states. Analyses of the wave
and a more reliable description of the electronic structure of functions revealed that all CT states result from a promotion
these d complexes. of an electron from the lowest lying metal d orbital to the
Applying the (10i13) active spaces in CASPT2 calculations 27* ligand orbital and therefore can be described as metal
on [Mo(CN)J]*™ and [W(CN}]*" results in transition energies  to ligand charge transfer transitions (MLCTSs). This finding
that are collected in Tables 2 and 3, respectively. Both is just the opposite of the result obtained for [Mo(GR)
complexes in both isomeric forms exhibit a low-spin singlet where the lowest transitions in the spectrum are characterized
ground state. This is consistent with the fact that in a strong as a charge transfer transition of the type LMETFor the
ligand-field created by cyanide ligands two electrons tend latter complex, ligand-field transitions fall in the same energy
to pair in the lowest well-isolated nondegenerate d orbital. region as the CT transitions and, because of their low
In the case of the dodecahedral structure, the two d electrondgntensity, are masked in the experimental spectrum. The
occupy thex? — y? orbital, whereas in the square antipris- completely different assignment for thé cbmplexes is due
matic isomer the ground state is obtained by placing the two to two reasons. First, the lowest d orbital for the M(IV)
metal electrons in the? orbital. The excitation energies in  complexes is doubly occupied so that the electron in an
Tables 2 and 3 for the various excited states of a particular LMCT excitation must be promoted to the next-lowest d
symmetry are obtained by calculating the ground states with level, which raises the excitation energy by more 20000
the active space of that symmetry. It has been shown thatcm . Second, the formal oxidation state-6f of the metal
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Table 3. CASPT2 (10i13) Results for the Dodecahedral and Square Antiprismatic Isomers of [ACN)

dodecahedron square antiprism
excited state nature of transition excitation energy excited state nature of transition excitation energy

1A LF: (¢ —y9)— (B 19967 1A LF: 22— x2 —y?2 24715
MLCT: (X2 —y3) — a* 32990 MLCT: 22— 7* 33983
MLCT: (X2 —y?) — a* 45228 MLCT: 22— a* 47258

1B, LF: (% —y9) — (xy) 38632 1B: LF: Z2—xy 24152
MLCT: (X2 —y?) — a* 45566 MLCT: 22— 7* 42877
MLCT: (X2 — y?) — a* 42936 MLCT: 22— a* 44744
MLCT: (X% —y?) — a* 49788

1B23 LF: (@ —y?) — (xz Y2 30627 1B23 LF: 2—xzyz 36528
MLCT: (X2 —y?) — a* 42093 MLCT: 22— 7* 43098
MLCT: (X2 — y?) — a* 42766 MLCT: 22— n* 42767
MLCT: (X2 — y3) — * 49896 MLCT: 22— z* 42178

SA LF: (R —y)— (D 18006 SA LF: Z2—x2—y? 22969
MLCT: (X2 — y?) — a* 32556 MLCT: 22— a* 32827
MLCT: (X% —y?) — a* 40088 MLCT: 22— x* 46028
MLCT: (X2 —y?) — a* 42660 MLCT: 22— x* 43678

3B, LF: (X2 —y?) — (xy) 37301 3By LF: 22— xy 22427
MLCT: (X2 — y?) — a* 42610 MLCT: 22— n* 43627
MLCT: (X2 — y3) — * 42088 MLCT: 22— z* 41519
MLCT: (X2 —y?) — a* 44257 MLCT: 22— 7* 43749

B3 LF: (@ —Yy9) — (xz Y2 29111 3Bo3 LF: 2—xzyz 35031
MLCT: (X2 — y?) — * 41912 MLCT: 22— z* 43010
MLCT: (X2 — y3) — * 40654 MLCT: 22— 7* 40825
MLCT: (X2 — y?) — a* 43734 MLCT: 22— 7* 42015

a All ligand-field (LF) transitions are calculated as individual CASSCF roots, whereas state averaged CASSCF wave functions were used for the MLCT
transitions. States are classified according toDagoint group, all transition energies in wavenumbers.

cations in the 8icomplexes shifts the d orbitals upward with oscillator strength of 0.3 for [Mo(CN)*~ is much larger
respect to the d orbitals of the M(V) complexes. The than the values (between 0.02 and 0.064) calculated by us
combination of these two factors gives rise to higher LMCT recently?® for [Mo(CN)g]3~ and matches the observation that
(above 40000 crt) in the M(IV) octacyanocomplexes. the extinction coefficients for the latter complex are con-
These observations agree with the well-known fact that in siderably smallerq values between 1350 and 2000).

the series of isostructural heterovalent complexes of the same The CASPT2 results obtained for ligand-field states by

element (such as MnO, MnOs#~, MnO#~, or Cro#, utilizing the smaller (2i5) active space are collected in Tables
CrO#~) LMCT energies decrease with the increasing oxida- 4 and 5 for [Mo(CN)J*~ and [W(CN)J*~, respectively.
tion state?® When comparing these results with those for the larger active

In order to get an idea about the absorption intensities of space, as depicted in Figures 2 and 3, we must conclude
the various transitions, oscillator strengths were determinedihat the differences are rather small. For all ligand-field states,
by calculating the transition dipole moment integrals at the they are less than 1000 cf Therefore, the smaller active
CASSCEF level. As can be expected, certain charge transferspace can equally well be used for the description of the
transitions are found to possess oscillator strengths that arg|ectronic structure of the four structures. A possible reason
much larger than any ligand-field transitions. The most for this finding is that the energetic position of the d orbitals
intense charge transfer absorption is at least 2 orders ofig gimost exactly in the middle of therland 2¢* orbitals
magnitude stronger than the most intenseddexcitation.  f the cyanide ligand. Indeed, the large energy gap between
In the region between 40000 and 45000 ¢nour calcula-  these orbitals as a consequence of the strong triple bond of
tions even predict several strong CT absorptions for the e free cyanide results in small contributions in the CASSCF
dodecahedral as well as for the square antiprismatic isomers, 5ve functions. The CASPT?2 energies of the (2i5) active
of both complexes. In this energy interval, both isomers of space were subsequently used as diagonal elements in the
[Mo(CN)g]*” exhibit CT transitions with oscillator strengths g orhital coupling calculations. The off-diagonal interac-
of about 0.30, whereas in the same interval somewhat largerion elements between the various terms were evaluated by
oscillator strengths of about 0.40 are obtained for the two using the CASSCF wave functions of the same active space.

tungsten isomers. This reflects the experimentally observediq procedure has recently been applied succes#fillge
trend of the extinction coefficients for the two complexes in (o its of this computational approach for the presént d

aqueous solutioff. Indeed, an extinction coefficient of 15540 octacyanocomplexes are also shown in Tables 4 and 5. As
is reported for the transition at 41670 chin the molyb- could be expected, the difference induced by taking into
der_“ljm complex, and a muc?_larger value of 25060 at 40160 5.:nt spir-orbital coupling effects is indeed small for the
cm 1S reported for [V,VECCNE)] 'I. These experimental transi- [Mo(CN)g]*~ complex. For the dodecahedral isomer as well
tion energies are satisfactorily reproduced by our CASPT2 as for the square antiprismatic isomer, the general features

results, as is testified by Tables 2 and 3. The average of the CASPT2 ligand-field spectrum are nearly completely

(50) Lever, A. B. Plnorganic Electronic Spectroscop@nd ed.; Elsevier: re.tair_]ed.' A'graphical_ representation of the results depicting
Amsterdam, 1984. this finding is shown in Figure 2. The splitting of the various
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Table 4. CASPT2 (2i5) and SpinOrbital Coupling (SOC) Results for [Mo(CH}~ 2

dodecahedron square antiprism
SOC SOC
state CASPT2 (2i5) singlet triplet singlet triplet CASPT2 (2i5) state
Doy D, AE AE contribution  contribution  contribution  contribution AE AE D, Dag
1A; 1A 0 0 100 0 100 0 0 0 1A 1A,
B: A 19673 19621 0 100 0 100 22977 23570 A SE,
19640 0 100 0 100 22978 24185 3B,
19640 0 100 7 93 23353
14 86 23852
B: A 22075 22011 98 2 0 100 24831
0 100 24831
SE B3 30051 29722 0 100
29734 2 98 85 15 26277 25902 1A =
30086 1 99 92 8 26550 26287 1B,
30086 1 99
30551 0 100 0 100 32723 33177 3By JEs
30566 0 100 0 100 32788
2 98 33146
= 1B,s 33264 33301 94 6 2 98 33218
33301 94 6 0 100 33767
0 100 33772
A, %B; 35252 35452 0 100
35469 5 95 98 2 36915 36754 B,z B
35469 5 95 98 2 36918
1A, 1B, 38568 38688 99 1

aAll transition energiesAE) in wavenumbes, singlet and triplet contributions to the SOC wave functions in percentage.

Table 5. CASPT2 (2i5) and SpinOrbital Coupling (SOC) Results for [W(CR}~ 2

dodecahedron square antiprim
SoC SOC
state CASPT2 (2i5) singlet triplet singlet triplet CASPT2 (2i5) state
Dog D, AE AE contribution  contribution  contribution  contribution AE AE Dy Dag
A A 0 98 2 98 2 0 A A1
B:  °A 18123 17900 0 100 1 99 20499 22577 A E=
18001 2 98 1 99 20499 22672 3By
18001 2 98 35 65 21173
34 66 21352
B; A 20094 19942 93 7 0 100 25468
0 100 25468
SE %B23 30055 30041 7 93
30112 0 100 64 36 25977 23884 1B: R
30504 12 88 65 35 26107 24028 A
30504 12 88
31423 6 94 0 100 34420 35287 %Bos  Es
31667 1 99 2 98 34970
27 73 35101
E 1B23 31471 32231 81 19 27 73 35101
32231 81 19 1 99 37596
1 99 37666
SA;  %Bs 37437 38582 5 95
38582 5 95 72 28 38631 36963 B,z Es
38781 1 99 72 28 38631
A,  1B: 38492 39521 94 6

a All transition energiesAE) in wavenumbes, singlet and triplet contributions to the SOC wave functions in percentage.

singlet and triplet terms is the largest for the triplet states of the lowest excited singlet and triplet terrh3A and 3B;,

the square antiprism and amounts to about 2000'cm both components of the®E; (D), are strongly mixed. The
Nevertheless, Table 4 clearly demonstrates that the spinenergy difference between tRE, and3E; terms of about
guantum number is conserved to a fairly large extent. The 1300 cmt at the CASPT2 level is more than quadrupled to
triplet—singlet mixing remains limited to 6% and 15% in about 5500 cm! by incorporating spirrorbit coupling. Table

the case of the electronic states of the dodecahedron and th& shows that the singletriplet mixing in these states is as
square antiprism, respectively. For the two isomeric forms high as 35%, which is more than twice the mixing obtained
of the [W(CN]*~ complex, the effects of the spirorbit for the same states of the same isomer of the molybdenum
coupling are definitely more pronounced. This is withessed complex. These observations are consistent with the fact that
by the larger splitting of the triplet CASPT2 terms, which the spir-orbit coupling for 5d electrons is generally much
now also notably affects the dodecahedron, although still to stronger than for 4d electrons. Larger sporbit splitting

a lesser extent than the square antiprism. In the latter isomerof the energy levels in the square antiprismatic complexes
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dodecahedron experiment square anti-prism Xy
XZ YZ
oo TE g e
P 1A2 T ST s XZ  VE
—~ L p— T— —s — 'Ea -
e 35000 — A, . XAy xy
S — 'E — S—__ o =T — %, —
> z2
o —_—
© 300004 — E — T=
q:) 85%S+15%T
170
c —_—
2 =8 —= 152 —
Z, 25000 4 . :T — xz-yz __,2
© < — = E, —
= — B, — s—
86%T+14%S
200004 B — T 27
Mo(CN),]*
[Mo(CN),] . e
Figure 2. Comparison of ab initio (CASPT2 and spiprbital coupling €q o I s o A
transition energies) results for [Mo(C#fj~ with experimental dat& [ g | _ax [~ ‘\\ X,
Numbers at experimental transition energies are the extinction coefficients ] 1~ ~
at peak position of the corresponding absorption bands. X yd .
| - [ ] )
dodecahedron experiment square anti-prism ™. | /
CASPT2  CASPT2 soc soc CASPT2  CASPT2 C L N e
(10i13) (2i5) (2i5) (10i13) Hx o L 1 . . e
40000 _ 1A2 B — S — ,_‘nﬁ*zs%.r ‘:q. ..-.‘;-"I - \\\ ,///
— A, — N ST e L
3
~ 35000 =3 E, — (a) (b)
5 §1%s H\Q/I_i TINTETAS Figure 4. Qualitative orbital pattern for the d orbitals of the dodecahedral
= _E— = (a) and square antiprismatic isomers (b). Black and white circles indicate
o 300004 g — — ligands at positions at a larger distance above or beneattytimane,
2 251 65%S +35%T respectively. Dark or light gray circles symbolize ligands at a shorter distance
2 T above or beneath they plane, respectively.
G 25000 T g —
= 111 = 7
é’ . — g, — complexes at energies slightly lower than 20000 trithe
5 200004 — B, — §— A8 T —eswTiasis very low extinction coefficients for these transitions in
] —m — 1 comparison with the other ligand-field transitions suggest
15000 [W(CN)J* spin-forbidden transitions from the singlet ground states to
Figure 3. Comparison of ab initio (CASPT2 and spinrbital coupling t_”pIEt eXC_|ted State_s' For the_ _mObedenum complex, the most
transition energies) results for [W(CHj~ with experimental dat& likely assignment is a transition to the lowest triplet ligand-

Numbers at_e_xperimental transition_ energies are the extinction coefficients fia|d state of the dodecahedral isomer, which involves an
at peak position of the corresponding absorption bands. excitation of an electron from the — y? orbital to Z2. For

1 i 3
is related to the unquenched orbital momentum in the upper S COmplex, the lowest triplet state?(ang Bl)zgggg
(x — y2, xy) and &z y2) doubly degenerate orbital levels sqléarg ant|pr:|sm Isomer a][e Sf'tuati at adout gm
(Figure 4). As a result, the first-order spinrbit splitting a;]] ’ ﬂl\éen tledaccuracy 0 % ew t ch]usan Wavenulrnb er;,
of triplet states takes place in the antiprismatic complexes Sh ould be rug Olljéé%g‘g:r: uthe to the experlmelnta h_a”
while in the dodecahedral complexes they split in the second-at IS situated at n the tungsten complex, this

order weak transition is located slightly higher at 19900 ¢ém
' Figure 3 shows that the best match here is the lowest triplet
Discussion state A and®B; as components GE, (D)) of the square

antiprism. Quite interesting is the fact that the spambit

The data as presented in Tables 4 and 5 allow us to proposeénteraction shifts this term downward for about 2000 ¢ém
an assignment of the low-energy bands in the experimentalplacing it almost exactly at the experimental band position.
spectrum. An overview of our proposed assignment of the However, the lowest triplet state of the dodecahedron isomers
ligand-field spectra for the molybdenum and tungsten is calculated at 18000 crhand could, given an error margin
complexes is given in Table 6. In this table the transitions of a few thousand wavenumbers for our calculations, also
are not only classified according to tBg point group that contribute to the experimental low-intensity band at 19900
is used in our CASPT2 calculations, but also according to cm™®. The second lowest transition in the experimental
the actual symmetry of the dodecahedial} and the square  spectra of the complexes is located at about 23000t @mn
antiprism isomersli,g). The assignments are also depicted slightly above. Its intensity is higher than the lowest
in Figures 2 and 3 as dashed lines that connect the theoreticairansition, which suggests a spin-allowed ligand-field transi-
(CASPT2 energies corrected for spiarbit interaction) tion. For the molybdenum complex, the most likely candidate
energetic positions of the various excited states and theis thex? — y> — 7 transition of the dodecahedron that is
experimental transition energies, which are in the middle of calculated in the vicinity of 22000 cri. For the tungsten
Figures 2 and 3. The lowest transition occurs in both complex, the same transition is probably accountable for this
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Table 6. Assignment of the Experimental Band Positi&f®r [Mo(CN)g]*~ and [W(CN}]4~ 2

[Mo(CN)g]*~
dodecahedron square antiprism
Dag D, experiment D, Dag
1A;— 3By 1A —3A X2 —y2— 72 19600 (2.7)
1A;— 1By A —1A X2 —y2— 7 23200 (69)
27200 (170) 22— (X2 =y, xy) 1A —1A,1B; A — 1B
A;—1E 1A —1B,,1B3 X2 —y2— (Xz,y2) 32450 (262)
A, — 1A, 1A —1B; X2 — y2—xy 37400 (1350) 22— (X2 Y2 1A —1B,,'B;3 Y =)
MLCT 41670 (15540) MLCT
[W(CN)g]*~
dodecahedron square antiprism
Dag D> experiment D> Dag
1A; —3B; 1A —3A X2 —y2— 7 19900 (4.8) 22— (X% — y2, xy) 1A —3A, 3B, A1— 3B
A1 —1B: 1A —1A xR —y2— 7 23000 (111) 22— (% — y?, xy) 1A —1A, 1B, A — 1B
27000 (251) 2 (@ — y2xy) 1A—1A,1B; A—1E
A,—1E 1A —1B,, 1Bs X2 —y2— (Xz, Y2 33000 (520)
A — 1A, 1A —1B; X2 —y2—xy 36500 (3000) 22— (Xz Y2 1A — 1By, 1B3 1A —1E;
MLCT 40160 (25060) MLCT

aPeak positions in wavenumbers, numbers in parentheses are the corresponding extinction coefficients.

band, although the correspondence between theoretical andhere are some MLCT transitions, which are either spin or
experimental excitation energies is not as good. Also, a Laporte forbidden (Tables 2 and 3).

contribution from the spinrorbit states at 21173 and 21352 On the basis of the completéstameof our assignment of
cm ! (Table 5) is possible. These states have indeed a largethe experimental spectra of the two title complexes as given
singlet contribution which matches the larger experimental in Table 6, we can draw a very important conclusion.
extinction coefficient§ = 111). The bands at about 27000 According to our theoretical results, the presence of an
cm™! in both complexes are beyond any doubt to be absorption band at 27200 cm(Mo) and 27000 cmt (W)
attributed to the square antiprism isomers. Again, their unambiguously proves the presence of the square antipris-
relatively high intensities suggest spin-allowed ligand-field matic isomer in solutions, whereas the absorption bands at
transitions. After taking into account spiorbit coupling ~ 32450 cmi* (Mo) and 33000 cm* (W) are due to the
effects, thezz — (32 — y2, xy) (A1 — 1E; (D4g)) transitions dodecahedral structures of both complexes. Therefore, we

are in both complexes calculated between 26000 and 26500Must assume that the experimental spectra are the superposi-
cm! (Tables 4 and 5). The nearest singlet states of the tion of the individual spectra of the two isomers. This means
dodecahedral isomers of both complexes Bes both that in aqueous solutions the two isomeric forms of the
components of théE (D) states. They are positioned well tetrayalent octlacyan.qco.mplexes of molybdenum and tungsten
above 30000 crr, namely at 33300 and 32200 cinfor ~ &re in dynamic equilibrium:

the molybdenum and tungsten complexes, respectively, and
are therefore not engaged in the absorption at 27006.cm
Furthermore, from Figures 2 and 3 it follows that these states o¢ mentioned in the Introduction, these two structures are

are solely to be held responsible for the experimental bandsgreqently encountered in X-ray analysis of crystal structures
at 32450 cm! of [Mo(CN)g]*" and 33000 cm' of of these complexes. Apparently, the two isomers of the
[W(CN)e]-*" These bands therefore corresponddo- ¥ ¢omplex anions are almost equally stable so that the actual
— (xz y2) transitions in the dodecahedron isomers. The strycture in a crystal is determined by the nature of the
highest energy bands at 37400 cnfor the molybdenum  counterions. This is further corroborated by the total energies
complex and at 36500 crhfor the tungsten complex contain  that we have calculated for the ground states of the various
in both cases contributions from the dodecahedral and squarestryctures. For [Mo(CNJ*~ and [W(CNY]4, the difference
antiprismatic isomers. For the latter isomer, the transitfon  petween the ground states of the two isomers is about 4 kcal/
— (xz y2) is responsible for this band, and therefore, the mol (D,4 isomer lower thamD,q isomer), which points to an
excited state involved is orbitally degeneratgs]. For the equilibrium between them.

dodecahedron, the relevant excited state for this band is The fact that the experimenta| absorption Spectrum is the
nondegenerate since the electron is promoted tzytoebital result of electronic excitations taking place in the two isomers
of the metal. The high extinction coefficient of this bard ( does not prevent us from summarizing the electronic structure
= 1350 (Mo) ande = 3000(W)) is probably due to  of them in terms of common sets of the ligand-field, spin
interactions (intensity stealing) with close by charge transfer orbit coupling, and Racah parameters. This is in line with
transitions. This may also be the case for the bands at 3245Ghe transferability postulate of the angular overlap model.
(e = 262) and 33000¢(= 520) cn1?! of the molybdenum  For the molybdenum complexes, the following set of
and tungsten complexes, respectively. Indeed, in this regionparameters was obtained; = 25857 cm?, e, = 8754 cnm?,

dodecahedror= square antiprism
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¢ =600 cm!, B = 180 cn1?, andC = 1000 cm'. The Therefore, much smallé® andC parameters found for the
valuese, = 19833 cmt, e, = 3685 cn1?, £ = 2000 cm'?, tungsten octacyanometalate seem to be responsible for the
B = 100 cm!, andC = 400 cnt?! gave the best fit for the  origin of antiferromagnetism in W-CN—Mn" exchange
tungsten isomers. The qualitative orbital pattern for the pairs.

ligand-field splitting of the d orbitals as it emerges from our _

CASPT2 transition energies is depicted in Figure 4. In Conclusion

contradiction with the semiempirical treatment of reference o,y CASPT?2 calculations clearly assign the high-intensity
22, thexy orbital of the dodecahedral isomer is found by absorption bands of [Mo(CMf~ and [W(CN)]* at energies
our calculations as the highest energy d orbital. The 5p6ve 40000 cri to charge transfer transitions of the type
antibonding interaction of this orbital with the equatorial \yhere an electron is promoted from the lowest lying metal
ligands that are placed either slightly above (dark gray g orpital to the unoccupied orbitals of the cyanide ligand.
colored in Figure 4a) or slightly undereath (light gray Tps is just the opposite electron transfer of the active one
colored) thexy plgne is responsible for _|ts.h|gh<.ast_ position in the lowest CTs of the related [Mo(CNj~, which was
among the d orbitals. In the square antiprismatic isomer, all yocently demonstrated in our previous ab initio study on the
ligands are positioned at higher locations with respect to the |5¢ter complex. The calculated oscillator strengths are
Xy plane and are simultaneously rotated in the direction of ;, agreement with the more intense CT absorption in

the x andy axes, so that thay orbital is becoming less [Mo(CN)g]*~ as compared to [Mo(CNJ?~. An even more
antibonding and therefore shifted to lower energies. For the jntense absorption band above 40000 tfior [W(CN)g]*
xzandyz orbitals, the opposite situation occurs (increase of ¢ compared to the corresponding band of [Mo(gN)is
antibonding character), and these orbitals are more destabiy|5, predicted by our calculated oscillator strengths. Al
lized in the square antiprism; in fact, they have become the experimental bands below 40000 thtan be assigned to
highest in energy. ligand-field transitions, although some MLCT contribution
The smaller Racah parametédsand C for the tungsten  cannot be excluded. In order to account for all experimental
complexes are illustrated in Figures 2 and 3 by the fact that ansitions in the spectrum of the aqueous solutions of the

the triple?—singlet splitting qf the Eiconfigurations are m.uch complexes, an equilibrium between the dodecahedral and
smaller in the tungsten isomers (Figure 3) than in the gquare antiprismatic isomers is proposed. The smaller
analogue molybdenum structures (Figure 2). This has somegjnglet-triplet splitting of the ligand-field states for the
bearing on the explanation of the magnetic effects of yngsten complexes as reflected in the smaller Racah
compounds possessing octacyanocomplexes as building)arameter® andC is related to the fact that the 5d orbitals
blocks. In particular, this can account for the difference in ¢ W(IV) are definitely more diffuse than the 4d orbitals of
the magnetic behavior of isostructural and isoelectronie M Mo(IV). This corroborates the proposed explanaiai the
Mno(CN)x cyano-bridged clusters based on the [M(g]) origin of ferromagnetic exchange interaction in heteronuclear

d* complexes (M= Mo or W). The molybdenum clusteris  ¢yanide-bridged clusters and networks containif@cta-
ferromagnetic while the tungsten counterpart is antiferro- cyanometalates.

magnetic!52The ferromagnetic contribution to the exchange
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