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Quantum chemistry calculations of CASSCF/CASPT2 level together with ligand field analysis are used for
the investigation of magnetic anisotropy of [Mo(CN)7]4- complexes. We have considered three types of
heptacyano environments: two ideal geometries, a pentagonal bipyramid and a capped trigonal prism, and
the heptacyanomolybdate fragment of the cyano-bridged magnetic network K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O.
At all geometries the first excited Kramers doublet is found remarkably close to the ground one due to a
small orbital energy gap in the ligand field spectrum, which ranges between a maximal value in the capped
trigonal prism (800 cm-1) and zero in the pentagonal bipyramid. The small value of this gap explains (i) the
axial form of theg tensor and (ii) the strong magnetic anisotropy even in strongly distorted complexes.
Comparison with available experimental data for theg tensor of the mononuclear precursors reveals good
agreement with the present calculations for the capped trigonal prismatic complex and a significant discrepancy
for the pentagonal bipyramidal one. The calculations for the heptacyanomolybdate fragment of K2[Mn(H2O)2]3-
[Mo(CN)7]2‚6H2O give g⊥/g| ≈ 0.5 and the orientation of the local anisotropy axis close to the symmetry
axis of an idealized pentagonal bipyramid. These findings are expected to be important for the understanding
of the magnetism of anisotropic Mo(III)-Mn(II) cyano-bridged networks based on the [Mo(CN)7]4- building
block.

Introduction

Currently there is a revival of interest in the investigation of
magnetic anisotropy of molecular magnets, mainly as a result
of its capability to create barriers for reversal of magnetization
in polynuclear complexes resulting in the phenomenon of single-
molecule magnets.1 On the theoretical side, the understanding
of the mechanisms allowing control of the magnetic anisotropy
of monomer molecules and clusters becomes therefore increas-
ingly important.2 The important sources of magnetic anisotropy
in polynuclear complexes are the single-ion anisotropy of
magnetic sites and the anisotropy of intersite exchange
interactions.3-5 Both these contributions are determined by the
effects of spin-orbit coupling in the ground state of individual
metal sites, which are generally quite sensitive to the geometry
of the corresponding coordination environments. Of particular
interest in this respect is the heptacyanomolybdate complex
[Mo(CN)7]4-, which exhibits significant magnetic anisotropy
for different geometries of the cyanide environment.

Five geometries exist for seven-coordinated metal ion, the
pentagonal bipyramid (D5h), capped trigonal prism (C2V),
monocapped octahedron (C3V), heptagon (D7h), and hexagonal
pyramid (C6V). [Mo(CN)7]4- is known to adopt two major
geometries in the precursor form: pentagonal bipyramid and
capped trigonal prism. In the investigated complexes, such as
K5[Mo(CN)7]‚H2O, K4[Mo(CN)7]‚2H2O (and the aqueous solu-
tion),6 Na5[Mo(CN)7]‚10H2O,7 or the mixed salt NaK3[Mo-

(CN)7]‚2H2O,8 it has a pentagonal bipyramidal structure.
However, in the solid state, the anion of K4[Mo(CN)7]‚2H2O
adopts a capped trigonal prismatic structure.6

Recently, a new class of molecular magnetic materials, Mo-
(III) -Mn(II) cyano-bridged networks synthesized using the
[Mo(CN)7]4- precursor, has been investigated.9-13 In these
networks (see the Supporting Information for structural details),
the structure of the heptacyanomolybdate fragment was viewed
either as a distorted pentagonal bipyramid11,12,14,15 or as a
distorted capped trigonal prism.9,13,15In these networks the spin
S ) 1/2 of molybdenum sites is expected to be strongly
anisotropic, giving rise to both single-ion anisotropy9,11 and
strong anisotropic exchange interactions in the Mo(III)-CN-
Mn(II) pairs.14 These contributions, together with the contribu-
tions from the magnetic dipolar interaction,9,11 are the reason
for the anisotropic magnetic behavior observed in all cyano-
bridged networks, which is manifested as a strong orientation
dependence of the magnetization, field-induced spin reorienta-
tion transitions, and unexpected ferromagnetic Curie-Weiss
susceptibility.9-13 All these aspects will be analyzed in a
forthcoming publication.16

In the present article, we investigate the magnetic anisotropy
of [Mo(CN)7]4- for two ideal geometries of the pentagonal
bipyramid (Figure 1a) and capped trigonal prism (Figure 1b)
along with the heptacyanomolybdate fragment of the cyano-
bridged magnetic network K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O
(Figure 2). To this end, we combine quantum chemistry
calculations with the ligand field analysis and compare the
calculatedg tensors with available data from experiment. Our
results show that the ligand field spectra of [Mo(CN)7]4- anions
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at different geometries have a low-lying excited state, which is
the reason a significant magnetic anisotropy at molybdenum
sites persists for variously distorted coordination environments
in the fragments of Mo-Mn cyano-bridged networks.9-13

Computational Details

The electronic structure of the [Mo(CN)7]4- complexes has
been studied by an ab initio method. Due to the near-degeneracy
effects arising from the ligand field splitting of the d orbitals,
the CASPT219 method was chosen to calculate the excitation
energies of the low-lying ligand field states. The active spaces
employed in the CASSCF part of this computational technique
consisted of the five d orbitals among which the three valence
electrons of the metal cation are distributed. By using these
CASSCF wave functions as a reference, the dynamic electron
correlation was estimated by a multiconfigurational second-order
perturbation approach. In this part of the CASPT2 calculations,
all the valence electrons of the complex anion were taken into
account, namely the 2s and 2p electrons of carbon and nitrogen
and the 4s, 4p, and 4d electrons of molybdenum.

This computational approach has been proven in the past,
by a similar CASPT2 study on the related [Mo(CN)8]4-, to be
sufficient for obtaining a reliable description of the ligand field
spectrum.17 The molecular orbitals of the two complexes are
expanded in an all-electron basis set for all the atoms of the
complex. For the molybdenum cation an ANO basis set of the

type (21s, 17p, 12d, 5f)/[6s, 5p, 4d, 1f] was used,18 whereas
for carbon and nitrogen atoms the [3s, 2p, 1d] ANO-L basis
sets as present in the library of the MOLCAS software package
were chosen.19 In crystals the [Mo(CN)7]4- complex is fre-
quently observed as a more or less distorted pentagonal
bipyramid or capped trigonal prism. All the Mo-C and C-N
bond distances of an idealizedD5h geometry of the pentagonal
bipyramidal isomer were set equal to the average X-ray values
of 2.151 and 1.154 Å, respectively.11 Geometrical parameters
for the capped trigonal prismatic isomer were taken from a
recently published X-ray study of K2[Mn(H2O)2]3[Mo(CN)7]2‚
6H2O.10 Within this isomer three types of cyanide ligands can
be distinguished: one top cyanide, two wedge cyanides, and
four cyanides located at the four corners of a square. The
experimental bond distances and angles were averaged to obtain
an idealizedC2V geometry. The Mo-C and C-N distances
employed are: 2.185 and 1.144 Å for the top cyanide, 2.127
and 1.158 Å for the wedge cyanides, and 2.155 and 1.154 Å
for the remaining four cyanides (square). C(top)-Mo-C
(square) and C(top)-Mo-C (wedge) bond angles were set equal
at 81° and 142°, respectively. In close agreement with the
experimental structures, for both idealized geometries a bond
angle of 180° was chosen for all Mo-C-N fragments. In
addition to these two symmetric limits, additional calculations
on the actual geometry of the [Mo(CN)7]4- complex anion in
K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O were carried out. CASPT2
total energies were calculated by taking into account scalar
relativistic effects according to the Douglas-Kroll method,20

whereas spin-orbital coupling effects were obtained by evaluat-
ing effective one-electron Hamiltonian matrix elements between
CASSCF reference wave functions.21

Results and Discussion

Ligand Field Parameters. An analysis of our CASPT2
transition energies for various excitations of thepentagonal
bipyramid isomer (Figure 1a) confirms the well-known elec-
tronic structure. The ground state is calculated to be a2E1′′ state
as a result of the occupation of the e1′′ shell (dxz and dyz, thez
axis coinciding with the C5 axis of theD5h point group, Figure
1a) by three valence electrons. The lowest-lying quartet and
doublet ligand field states arise from a single electron excitation
to the higher-lying e2′ orbitals and are situated at energies higher
than 24 000 cm-1. Excitations to the highest-lying dz2 (a1′) orbital
are found at even higher energies. The spectrum of lowest ligand

Figure 1. Pentagonal bipyramidal (a) and capped trigonal prismatic
(b) coordination environment of the molybdenum site.

Figure 2. Local coordination environment of Mo site of K2[Mn-
(H2O)2]3[Mo(CN)7]2‚6H2O.
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field levels is shown in Figure 3. A fitting of the CASPT2
transition energies (Table 1S in Supporting Information) to
ligand field expressions yields the following ligand field and
Racah parameters: eσ ) 25 850 cm-1, eπ ) 9100 cm-1, B )
290 cm-1, andC ) 1150 cm-1. These values agree very well
with the results obtained recently for [Mo(CN)6]3- by using the
same computational approach.22 Due to spin-orbit coupling the
ground state is found to split into two Kramers doublets. The
zero-field splitting between them amounts to 489 cm-1, which
is therefore our calculated value for the spin-orbit coupling
constantú.

For the second geometry of [Mo(CN)7]4-, thecapped trigonal
prism (Figure 1b), the electronic structure is slightly more
complicated and therefore less well understood in the literature.
The calculated spectrum of lowest ligand field levels is shown
in Figure 4. From an analysis of the CASSCF reference wave
functions of the low-lying ligand field states and their relative
energies, we deduced the following orbital splitting scheme.
When placing the top cyanide on thez axis, the four square
cyanides between thex and y directions and the two wedge
cyanides in theyz plane (Figure 6), we calculate the dxz and
dx2-y2 orbitals as the lowest ones. They are, however, nearly
degenerate, as is reflected by the fact that the two resulting

doublet states are quite close in energy. At the CASPT2 level,
the ground state turns out to be a2B1 ((dxz)1(dx2-y2)2) while the
energy difference with the2A1 ((dxz)2(dx2-y2)1) amounts only to
803 cm-1. After incorporating spin-orbit coupling this energy
gap is slightly raised to 854 cm-1, which implies a spin-orbit
coupling constantú of 317 cm-1. The smaller value of this
constant as compared to the value calculated for the pentagonal
bipyramid reflects the more covalent character of the dx2-y2

orbital. Indeed, in the capped trigonal prismatic isomer this
orbital has a substantialσ-type interaction with the two wedge
cyanides. Other excited states are located at energies higher than
20 000 cm-1. Fitting the transition energies (Table 2S in
Supporting Information) to ligand field expressions yields
parameters that resemble quite well the values obtained for the
pentagonal bipyramid: eσ ) 25 300 cm-1, eπ ) 8200 cm-1, B
) 230 cm-1, andC ) 900 cm-1. To achieve the correct order
of the lowest two states,2B1 and 2A1 mentioned above, a

Figure 3. Lowest ligand field terms of pentagonal bipyramidal complex
Mo(CN)74-.

Figure 4. Lowest ligand field terms of capped trigonal prismatic
complex Mo(CN)74-.

Figure 5. Lowest ligand field terms of Mo(CN)7
4- fragment of K2-

[Mn(H2O)2]3[Mo(CN)7]2‚6H2O.

Figure 6. Single-electron excitations in the capped trigonal pris-
matic complex Mo(CN)74- from the ground electronic configuration
(dx2-y2)2(dxz)1 shown by dashed arrows. The component of the orbital
momentum that can admix for each transition is indicated in the right-
hand side of the energy diagram.

Magnetic Anisotropy of [Mo(CN)7]4- Anions J. Phys. Chem. A, Vol. 109, No. 32, 20057253



different Racah parameterA for the lowest d orbitals is
needed:∆Axz ) 829 cm-1 and ∆Ax2-y2 ) -3922 cm-1. The
obtained smallerA for dx2-y2 reflects a stronger covalency of
this orbital as compared to that of dxz.

The excitation energies calculated for theactual geometry
of the [Mo(CN)7]4- fragment in K2[Mn(H2O)2]3[Mo(CN)7]2‚
6H2O (Figure 2, Figures 1S-3S in Supporting Information)
resemble to a large extent the ones obtained for the capped
trigonal prism. The splitting between the two lowest states is
reduced to 318 cm-1 at the CASPT2 level of calculation (Figure
5, Table 3S in Supporting Information). These states mainly
correspond to the configurations (d1)2(d2)1 (ground) and (d1)1-
(d2)2 (excited). The frontier d orbitals have the following form
in the coordinate system related to the magnetic axes of the
crystalabc* (Figure 7):

The gap between the ground and the first excited state is raised
to 447 cm-1 when the spin-orbit coupling is included, from
which we derivedú ) 310 cm-1. Next excited states are located
at energies>19 300 cm-1 (Figure 5). The best fit of the ligand
field energies to the CASPT2 transition energies (Table 3S in
Supporting Information) is achieved for the following ligand
field and Racah parameters: eσ ) 25 400 cm-1, eπ ) 7500
cm-1, B ) 220 cm-1, andC ) 900 cm-1. As in the case of
capped trigonal prismatic geometry, to fine-tune the relative
energies of the lowest two states a correction to the Racah
parameterA corresponding to the orbital dz2 was introduced,
∆Az2 ) -1460 cm-1.23

Calculation of the g Tensors. The obtained ligand field
parameters have been used for the calculation of theg tensor
of [Mo(CN)7]4- in the three geometries (Table 1). To this end,
the Zeeman interaction has been introduced:

where the sum runs over the molybdenum 4d electrons,s and
l are electron spin and orbital operators, respectively,H is the
applied magnetic field, andk is the orbital reduction factor. The
elements of theg tensor have been extracted from the Zeeman
splittings of the lowest Kramers doublet for different orientations
of the applied magnetic field. The orbital reduction factork
entering eq 2 has been estimated as the ratio of the spin-orbit
constantú at a given geometry (Table 1) to the spin-orbit
constant in a free ion Mo3+, úion ) 817 cm-1.24 The resulting
orbital reduction factors for each geometry are listed in the last
row of Table 1.

The g tensor of pentagonal bipyramidal complex is axial as
expected and very anisotropic. The obtained high magnetic
anisotropy is the result of the joint effect of fivefold axial
symmetry with a large crystal field gap to the excited orbitals.
The degenerate ground electronic configurations, (dxz)2(dyz)1 and
(dyz)2(dxz)1, are split by spin-orbit interaction into two Kramers
doublets. The components of the ground doublet are described
by the configurations (d+1)2(d-1)v and (d-1)2(d+1)V. Here the new
orbitals d( 1 ) (dxz ( idyz)/x2 have definite values of the
projection of orbital momentum ((1) on the z axis of the
pentagonal bipyramid (Figure 1), and the arrows in the
superscripts denote the spin projection on the same axis. These
configurations differ by one orbital and one spin projection and
therefore cannot be mixed by the Zeeman interaction. As a
result, no magnetic moments can be induced in the equatorial
plane, and we have for the corresponding component of theg
tensor: g⊥ ) 0. The Zeeman energies of the two components
of the Kramers doublet are(µB(1/2ge + k)Hz, which for k )
0.6 gives forg| the value 3.2 as seen in Table 1. Note that we
derive the effect of Zeeman interaction on the spin-orbital
states, that is, with spin-orbit coupling already included, and
therefore the excited terms (e.g., the first excited Kramers
doublet) will admix only in the second order after the Zeeman
term and hence will not contribute to theg tensor. On the other
hand, the excited configurations can admix to the ground one
via the electron repulsion in the d shell (multiplet effects), which
results in a nonzero value ofg⊥. As ligand field calculations
show, this effect is very small because of large crystal field
gaps to the excited configurations. The negligible admixture of
these configurations can be also seen in CASSCF results, which
show 99% weight of the ground configuration in the ground
state. Despite this clear picture, the obtained results differ much
from the measured ESRg tensor components of the complex
NaK3[Mo(CN)7]‚2H2O,8 claimed to be close to a pentagonal
bipyramid, for which the valuesg| ) 3.89,g⊥ ) 1.77 have been
obtained. We can suggest that theseg components result from
the deviations of the actual geometry of the complex from an
ideal pentagonal bipyramidal geometry. Such deviations are seen
indeed in the X-ray data of the compound; however, the
published structural data in ref 8 is not detailed enough for a
quantum chemistry calculation. Further structural investigations
are clearly necessary to settle this controversy.

Theg tensor of a capped trigonal prismatic complex (second
column in Table 1) is far less anisotropic than the pentagonal

Figure 7. Mo(CN)74- fragment of K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O
relative to the magnetic axes of the crystalabc*. The axesg1, g2, and
g3 are the principal magnetic axes of the fragment.z1 shows the direction
of the main symmetry axis of the pentagonal bipyramid (cf. Figure 1).

d1 ≈ 0.82dxz- 0.43dx2-y2 +0.35dxy

d2 ≈ 0.75dz2 + 0.54dx2-y2 + 0.39dxz (1)

HZee) µB∑
i

(gesbi + k lBi)HB (2)

TABLE 1: g Tensors of Mo(CN)74- Complexes in Different
Geometries

PBP (D5h) CTP (C2V)
K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O

fragment (C1)

g|| ) 3.20 gy ) 2.23 g1 ) 2.53
g⊥ ≈ 0.00 gx ) 1.88 g2 ) 1.41
ú ) 489 cm-1 gz ) 1.87 g3 ) 1.39
k ) 0.60 ú ) 317 cm-1 ú ) 310 cm-1

k ) 0.39 k ) 0.38
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bipyramidal one, which is obviously due to its lowerC2V
symmetry. This symmetry requires one axis of theg tensor to
coincide with the C2 rotational axis and the other two to lie on
the mirror planesσv andσv′. The corresponding coordinate axes
arez, x, andy, respectively, in Figure 6. Table 1 shows that the
g tensor is close to an axial one, which is not expected in the
C2V geometry. To understand this we first examine the admixture
of excited configurations to the ground one, (dx2-y2)2(dxz)1, by
different components of the orbital momentum. Only four
excited configurations contribute to theg tensor in the first order
after spin-orbit coupling as shown in Figure 6,25 which give
the following conventional expressions26 for theg components:

Taking k and ú from the second column of Table 1 and the
excitation energies from Figure 6, we obtain with these equations
gy ) 2.284,gx ) 1.994,gz ) 1.991.

While the anisotropy in they direction is reproduced correctly
by eq 3 (the larger value ofgy is obviously due to the small
excitation energy∆E(x2 - y2 f xz)), the orbital corrections to
gx andgz are too small (cf. the results in Table 1). The reason
is a relatively large spin-orbit coupling compared to the energy
gap between the lowest states, which makes the first-order
perturbation theory afterú insufficient for the correct treatment
of theg tensor. We show this by an exact treatment of the effect
of spin-orbit coupling on the lowest two configurations.
According to Figure 6, for these states the only nonzero matrix
elements of the spin-orbit operator are〈dxzvdx2-y2vdx2-y2V|∑iê(ri)
l y

i sy
i |dxzvdxzVdx2-y2V〉 ) ú/2 and a similar one for opposite spin

projections, which gives rise to the following matrix for the
two Kramers doublets:

where the notation∆ ≡ ∆E(x2 - y2 f xz) was introduced.
Diagonalizing this matrix gives the solution for the lowest
Kramers doublet:

A straightforward calculation of the matrix elements of the
Zeeman operator (eq 2) with these wave functions gives the
following expressions for theg components:

In the first-order approximation we have for the lowest solution
of (eq 4)c ) -ú/2∆ ≈ -0.2. Substituting this into eq 6 gives
values of theg components that reproduce well the results in
Table 1. We may draw two conclusions from this analysis. First,
we observe from eq 5 that the spin-orbit coupling admixes
configurations of opposite spin to each component of the
Kramers doublet. This leads to a reduction of the spin moments
in these states ((1/2) by the factor (1- 2c2). Since the orbital
momentum is quenched in thex and z directions (Figure 6),

the corresponding components of theg tensor are the free spin
valuege multiplied by this factor. Note that these corrections
to theg tensor are of the orderc2 ≈ ú2/∆2, which is asecond-
order effectafter spin-orbit coupling. Second, the axial form
of the g tensor emerges automatically because the orbital
momentum gives nonzero contribution only in one direction (y).
The orthorhombic symmetry of theg tensor is restored by the
admixture of other excited states (Figure 6) but the resulting
corrections are small as discussed above.

The obtainedg components are in reasonable agreement with
experimental ones derived from ESR spectrum of K4Mo(CN)7‚
2H2O: g| ) 2.103,g⊥ ) 1.973.6 We find, however, that the
anisotropy axis (g|) is not oriented along the symmetry axis of
the complex (z in Figure 6) but in a different direction (y). This
is an example of strong orbital symmetry control of theg factor
anisotropy, found also for other low-symmetry complexes,27

which is entirely defined by the lowest ligand field orbitals.
Indeed, earlier ligand field simulations for this compound in
ref 6 gave the order of orbitalsε(dxy) < ε(dx2-y2) < ε(dyz) <
ε(dxz) < ε(dz2), yielding in particular the ground configuration
(dxy)2(dx2-y2)1, which differs substantially from single-electron
excitations in Figure 6. As a result, the authors of ref 6 came to
a different assignment of theg components:g| ) gz, g⊥ ) gx

≈ gy. One should stress that the present results are obtained by
a rigorous ab initio method. Moreover, the order of one-electron
excitations in Figure 6 cannot be reproduced by any ligand field
parameters eσ and eπ without introducing orbital-specific cor-
rections to the Racah parameters. Such corrections could not
be anticipated within the ligand field approach alone.

Finally, theg tensor for the Mo(CN)74- fragment of K2[Mn-
(H2O)2]3[Mo(CN)7]2‚6H2O (Figure 7) is expected to be of a
general form according to theC1 symmetry of this fragment.
In theXYZcoordinates related to the magnetic axes of the crystal
it is obtained as follows:

Diagonalization of eq 7 gives the main values of theg tensor
as shown in the last column of Table 1, and the local magnetic
axes which are oriented relative toabc* as shown in Figure 7.
One can deduce from Table 1 that theg tensor is again of the
axial form. The reason for that is the same as in the case of
capped trigonal prism: the small energy gap between the ground
and the first excited configuration (318 cm-1 in the present case).
Indeed, due to the small value of this gap we can again confine
ourselves to the two lowest electronic configurations, (d1)2(d2)1

and (d1)1(d2)2, where the orbitals d1 and d2 are defined in eq 1.
Now, it is well-known that any two real d orbitals defined in a
canonical way are connected by only one Cartesian component
of the orbital momentum and have zero matrix elements for
another two components (see, for example, Appendix 2 in ref
3). This is easily generalized over any pair of real orbitals d1

and d2: we always can find such directions for the new Cartesian
axes (123) that〈d1|L1|d2〉 * 0, 〈d1|L2|d2〉 ) 〈d1|L3|d2〉 ) 0.28

Then the results obtained above for theg tensor of capped
trigonal prism, eqs 4-6, are equally applicable to the present
case. We merely need to relabel in these equations the Cartesian
axesx, y, andz by 2, 1, and 3, respectively, and replace the
orbitals dx2-y2 and dxz by d1 and d2, respectively. The only
modification is the coefficient in front ofú in eq 4, which is
different from1/2 for arbitrary orbitals d1 and d2. Accordingly,

gy ) ge + 2kú
∆E(x2-y2fxz)

- 6ú
∆E(xzfz2)

gx ) ge - 2kú
∆E(xzfxy)

, gz ) ge - 2kú
∆E(xzfyz)

(3)

Ĥ ) (0 ú/2
ú/2 ∆ ) (4)

|ΓR〉 ) x1 - c2|dxzvdx2-y2Vdx2-y2V| + c |dxzvdxzVdx2-y2V|

|Γâ〉 ) x1 - c2|dxzVdx2-y2vdx2-y2V| + c | dxzvdxzVdx2-y2v|
(5)

gx ) gz ) ge(1 - 2c2)

gy ) ge - 4kcx1 - c2 (6)

g )

X Y Z

(1.44 -0.17 -0.12
2.07 0.53

1.82 ) (7)
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the axial component of theg tensor (g1 in Table 1) is related to
the axis 1 defined above.

The stronger magnetic anisotropy in the investigated Mo-
(CN)7 fragment (g⊥/g| ≈ 1/2) compared to the capped trigonal
prism is due to the lower value of the gap∆ in the former case,
which leads to a higher absolute value of the coefficientc in eq
6.30 Moreover, as Figure 7 shows, the obtained anisotropy axis
(the axis 1) makes only 10° with the symmetry axisz1 of the
pentagonal bipyramid (axisz in Figure 1a). All this reflects the
intermediate structure of the fragment, which is between
pentagonal bipyramidal and trigonal prismatic geometry. Figure
8 shows the occupied orbitals d1 and d2 of the ground
configuration. The doubly occupied one (d1) looks very similar
to one of the lowest orbitals (dxz or dyz) in the pentagonal
bipyramidal complex (the directions of the Mo-CN bonds
passing betweenb andc* in Figure 8 are close to the symmetry
axis z1 of pentagonal bipyramid). The orbital d2 cannot be
viewed, however, as a merely rotated d1 around the axisz1 by
90° (Figure 8b). Its shape is determined by additional contribu-
tions from other 4d orbitals as a consequence of the deviation
of the geometry from a pentagonal bipyramid.

The main structural transformation accompanying the transi-
tion from capped trigonal prismatic to pentagonal bipyramidal
geometry is the rotation of the plane of two wedge cyanides
from the XY coordinate plane (Figure 7) to a plane bisecting
theXZ andXYcoordinate planes, that is, by 45°. We can infer
from our calculations that in the course of this transformation
the gap between the lowest electronic states (∆) will gradually

decrease from its maximal value in capped trigonal prism (800
cm-1) to zero in pentagonal bipyramid. This transition is
accompanied by a gradual increase of magnetic anisotropy, as
follows from eq 6, while theg tensor will always remain axial.
Concomitantly, the anisotropy axis will rotate from the axisY
(Figure 7) to the axisz.1 The magnetic anisotropy is found to
be quite strong in the Mo(CN)7

4- fragment of K2[Mn(H2O)2]3-
[Mo(CN)7]2‚6H2O, with the anisotropy axis close toz1. This is
a remarkable result because the structure of this fragment was
found in the symmetry analysis to be closer to capped trigonal
prism than to pentagonal bipyramid.15 We may expect that
Mo(CN)74- fragments in other Mo(III)-Mn(II) cyano-bridged
networks are even more anisotropic because their structures are
closer to a pentagonal bipyramid than its structure in K2[Mn-
(H2O)2]3[Mo(CN)7]2‚6H2O.

Conclusions

The specific feature of heptacyano Mo(III) complexes is the
presence of a low-lying excited state, separated from the ground
state by only several hundred wavenumbers. This is the reason
for the axial form of theg tensor and strong magnetic anisotropy
of [Mo(CN)7]4- units even at strongly distorted geometries of
the corresponding fragments in cyano-bridged networks. Ab
initio and ligand field calculations of theg tensor of molybde-
num sites in K2[Mn(H2O)2]3[Mo(CN)7]2‚6H2O show that the
principal magnetic axes deviate significantly from the magnetic
axes of this crystal and the magnetic anisotropy of molybdenum
sites is quite strongg⊥/g| ≈ 1/2. This allows us to assume that
the unusual manifestation of magnetic anistropy in cyano-
bridged networks based on [Mo(CN)7]4- is probably because
the magnetic properties of heptacyano Mo(III) fragments remain
close to those of a pentagonal bipyramid.
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