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ABSTRACT: A family of virtually isostructural tetra-capped ε-Keggin-type
polyoxomolybdate(V) cluster compounds, [Mo12

V O28(μ
2−OH)10(μ

3−OH)2-
{MII(H2O)3}4]·nH2O ({M4

IIMo12
V }, M = Ni, Co), exhibits magnetic-field-dependent

optical response in their electronic absorption spectra in the 0−33 T range. On the basis
of Effective Hamiltonian Crystal Field calculations, we find that the observed field-induced
decrease in reflectance of these compounds can be related to the formally spin-forbidden
on-site d−d excitations. We tentatively position the observed effect among other known
magneto-optical effects and predict that similar features may be found for other {M4

IIMo12
V }

analogues.

■ INTRODUCTION

Polyoxomolybdates provide a large set of diamagnetic scaffold
structures that can be magnetically functionalized via
integration of spin centers such as 3d transition-metal cations,
resulting in spin clusters of unusual symmetries and
connectivities exhibiting diverse magnetic characteristics, such
as molecular spin frustration, spin-glass transitions, magnetic
metastability, or charge-dependent exchange coupling.1−3 A
synthetic strategy in this context is based on the generation of
highly nucelophilic polyoxoanions, which readily coordinate to
cations via their structurally exposed oxygen positions. In the
case of the reduction of buffered aqueous molybdate solutions
by strong reducing agents such as hydrazine in the presence of
Ni2+ or Co2+, this results in the direct self-assembly of charge-
neutral clusters of general composition [Mo12

V O28(μ
2−OH)10-

(μ3−OH)2{MII(H2O)3}4] = {M4Mo12}, which crystallize as
hydrates {M4Mo12}·nH2O (n = 12−14).4,5 The {M4Mo12}
cluster structures comprise the central almost Td-symmetric ε-
Keggin-type fragment, [Mo12

V O28(μ
2−OH)10(μ3−OH)2]8−, and

four fac-[MII(H2O)3] groups coordinate each to three μ2−O
sites of the ε-Keggin cluster, defining an almost-regular M4 spin
tetrahedron. The Mo positions form six Mo2

V pairs with short
Mo−Mo single bonds (<3 Å). The Mo−Mo single bonds result
in spin pairing, which is directly evident from the diamagnetism
of an analogous {Mo4

VIMo12
V }-type cluster (even at 300 K), in

which four (diamagnetic) MoVIO3 groups occupy the positions
of the MII(H2O)3 groups in the {M4Mo12} clusters.

7 In our two
title compounds, superexchange between the M spin centers is

mediated by −O−Mo−O− pathways, with average M···M
distances of 6.6 Å.
The energy-dependent magneto-optical response of the Ni

compound reveals an interesting structure slightly above the
range of the allowed d−d excitations, which is our focus in this
paper. To understand whether this is merely a feature of
{Ni4Mo12} or a manifestation of a more general effect, we
synthesized the Co analogue and carried out similar experi-
ments. Bringing our spectroscopy data on {Ni4Mo12} and
{Co4Mo12} together with complementary calculations, we find
that the magneto-optical response can be linked to formally
spin-forbidden excitations of the d-manifold.

■ EXPERIMENTAL SECTION
Materials. The Ni- and Co-based {M4

IIMo12
V } compounds have

been prepared as previously described.4,5 Their structure is depicted in
Figure 1. We are currently working on the synthesis of other
{M4

IIMo12
V } derivatives, e.g., with M = Fe.

Optical and Magneto-optical Measurements. The optical
response of pressed pellet samples of {Ni4Mo12} and {Co4Mo12}
compounds was measured using a series of spectrometers, as described
previously.6 An open flow cryostat provided temperature control. The
magneto-optics work was carried out at the National High Magnetic
Field Laboratory in Tallahassee, FL, using a powered magnet.

Details of the Effective Hamiltonian Crystal Field (EHCF)
Calculation. The Effective Hamiltonian Crystal Field (EHCF)
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method used for theoretical estimates of the energies of d−d
transitions is described in the literature.8 We also give a brief summary
of this method in section S1 in the Supporting Information, for the
convenience of the readers. The Slater−Condon parameters for the
Mo atoms were obtained from the Oleari’s parameters,9 and the core
attractions and resonance parameters were taken from ref 10. All of the
remaining parameters are either standard8 or are modified, as is
specified later.
The molecular geometries are known from the X-ray experiment

only for the nickel and cobalt compounds.4,5,11 Even they are uncertain
up to positions of the protons. One can assume three types of the
protons in these compounds: 24 of them are those of the 12 H2O
molecules coordinated to the capping M2+ ions. An additional 12
protons are distributed between the internal cavity and 12 bridging O
atoms of the O−Mo2−O groups. The presence of two H atoms inside
the cavity is established for the isostructural {M4

VIMo12
V } compound.7

We performed calculations for all five possible 2-vs-10 proton
distributions.
The coordinates of the protons were restored as follows. The water

molecules were put coordinated to the respective M2+ ions, so that the
O atom had coordinates obtained from crystallographic data and the
directions of the bisectors of the water HOH angles coincided with the
⎯ →⎯⎯
MO vectors. The distances between the protons from different water
molecules were controlled to be greater than 3 Å. The OH distances of
the monoprotonated O atoms were set to be 1 Å. The angles
(∠H(μ2−O)Mo) were set to be 120°.

■ RESULTS AND DISCUSSION
Crystal Field Considerations. Considering the composi-

tion and the available structure information of the two title
compounds, a first approach would be to interpret the observed
spectra as those of the corresponding dn ions in octahedral
environments, i.e., equivalent to that of the hexahydrate
complexes. In this case, [Ni(H2O)6]

2+ (ground state 3A1g)
shows two spin-allowed low-energy transitions at 8500 and 13
800 cm−1, respectively, to the 3T2g and 3T1g states, whereas

[Co(H2O)6]
2+ (ground state 4T1g) shows three such transitions

at 8100, ca. 16 000, and 19 400 cm−1 to the 4T2g,
4A2g, and

4T1g′
states with the complication that the 4A2g transition, whose
difference with 4T2g yields the key 10Dq value, is weak and thus
cannot be positioned with sufficient precision. The interpreta-
tion of the spectrum of the Ni hexaaquacomplex is facile, the
first transition yielding the value of 10Dq and the second being
adequately reproduced with the value of the Racah parameter
(B) recommended14 for this compound (B = 930 cm−1).
Assuming the octahedral environment not to differ too much in
the polyoxometallate cluster, two peaks are, in principle,
expected in the reflectance spectrum, however, with somewhat-
reduced average values of 10Dq and B, because of slightly larger
Ni−O bond distances, compared to those in the hexahydrate
and the nephelauxetic reduction, because of the presence of the
polarizable ε-Keggin cage.13 Unfortunately, the situation for Co
is less clear. Even for [Co(H2O)6]

2+, the value14 of 10Dq =
9200 cm−1, which stems from ref 12, where the Jahn−Teller
character of both the ground state and the first excited state is
mentioned. This value seems to be an overestimate since it is
clearly larger than the difference of 7900 cm−1 between the
measured energies of the →4T2g and →4A2g transitions in the
hexaaquacomplex, which, here, must be equal to 10Dq. It is also
counterintuitive since the M−O bond length is larger in case of
the hexaaquacobalt ion than in the case of the hexaaquanickel
ion. [R(Co−O) = 2.09 Å, and R(Ni−O) = 2.06 Å. Data taken
from Clack, D. W. and Farrimond, M. S. J. Chem. Soc. A 1971,
2, 299.] However, using this value, together with the
recommended14 Racah parameter of B = 850 cm−1 leads to a
very distorted description of the spectrum of [Co(H2O)6]

2+. In
particular, the first transition occurs at too low energy (calcd.
6873 cm−1 vs measd. 8100 cm−1) and the difference between
→4A2g and →4T1g′ transitions of ca. 4000 cm−1 instead of the
observed 3400 cm−1. The situation can only be partially
improved by reducing the value of the Racah parameter B. If
the latter is set to 750 cm−1, then the calculated energy of the
first transition becomes ca. 6920 cm−1 and the difference
between →4A2g and →4T1g′ amounts to 2500 cm−1. This
suggests a significant reduction in the Racah parameter B
already in the Co hexaaquacomplex. Generally, B is the only
free parameter controlling this part of the spectrum, under the
condition that 10Dq is fixed at the measured energy difference
between the →4A2g and →4T2g transitions. An agreement with
the position of the first observed peak only very slowly
improves with decreasing B, which, in turn, affects the relative
position of the →4A2g and →4T1g′ transitions.
Turning back to the uncomplicated case of the hexaaquanick-

el ion, modeling the behavior of the {Ni4Mo12} compound, one
immediately sees (see Table 1 in section S0 in the Supporting
Information) both from the pure crystal field consideration and
a simple EHCF calculations16,17 that the formally spin-
forbidden transition is located slightly above the higher of the
two lowest allowed transitions. This is precisely where the
depletion of the reflectance has been observed previously6 for
{Ni4Mo12}, which motivated the interpretation of the magneto-
optical effect, as related to the spin-forbidden transitions.
Applying this hypothesis to {Co4Mo12} suggests that, because
of the much-higher number of spin-forbidden transitions
occurring between the spin-allowed ones, one can expect a
more-structured spectrum of the magneto-optical response.
However, a simplistic crystal field interpretation in this case
seems to be insufficient, because of stronger geometry
distortions occurring to the CoO6 chromophores when

Figure 1. Molecular structure of {Ni4Mo12} and {Co4Mo12}.
Hydrogen atoms are omitted for the sake of clarity. Color code:
Mo, blue; Ni/Co, green; and O, red. Orange lines highlight the
tetrahedral M4 substructure. See the Supporting Information for
structure files (xyz format) for five different proton distribution
patterns.
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decorating the ε-Keggin than those of the NiO6 chromophores.
Thus, the EHCF calculations have been undertaken for the
realistic geometries of the title compounds.
Optical Reflectance Spectra and Spin-Allowed Tran-

sitions. Reflectance measurements were previously performed6

and presented as optical conductivitya more-processed
formfor the {Ni4Mo12} compound. Here, we step back to
the raw spectra and compare the results with our EHCF
calculation (Figure 2). Analogously, in Figure 3, we represent

the reflectance vs excitation energies data for the {Co4Mo12}
compound, as well in comparison with the EHCF calculated
energies of the spin-allowed transitions.
The ground states of the Ni2+ ions in all four positions are

3A2g. [Hereinafter, we use, for the electronic states, the
symmetry notation with respect to the Oh group, which is an
approximate symmetry of the local environment of each of the
M2+ cations in the {M4Mo12} compounds and the formal
notation of the spin multiplicities derived from the model with
a vanishing spin−orbit coupling. However, it should be
understood that, in fact, the spatial multiplets are significantly
split by the additional predominantly trigonal field stemming
from the difference of the contributions to the effective crystal
field as coming from three water molecules of the [MII(H2O)3]
units and from the three μ2−O sites of the ε-Keggin cluster
coordinating these latter. The Td-symmetry of the {M4Mo12}
clusters themselves is as well approximate so that the local
geometries of the four distorted MO6 octahedra are all
somewhat different, which causes a difference in the transition
energies of these four. To summarize, the ground-state notation
3A2g in the case of the Ni compound means nothing, but that it
is the spin triplet with no closely lying states of the same spin.
By contrast, the ground-state notation 4T1g for the Co
compound reflects the fact that the numerical spin-quartet
ground state is accompanied by two more closely lying quartets,
as can be seen in section S3 in the Supporting Information.]
Two reflectance peaks are assigned to the transitions to the
respective groups of the 3T2g and

3T1g states stemming from the
Ni2+ ions in slightly different coordination environments that

occur in each {M4Mo12} cluster. The calculated energies (we
slightly modified the Racah parameter B(Ni)it is set to 830
cm−1, compared to its value of 930 cm−1 in the corresponding
hexaaqua complexin order to reproduce the experimental
reflectance spectrum of the Ni compound) are close to
experimental ones, and generally there is no strong dependence
on the protonation pattern. Only in the case of the II
decoration position of the protonation pattern E (see section
S3 in the Supporting Information and the file NiE.xyz available
online), the effective crystal field felt by the corresponding d-
shell turns out relatively strongly deformed, which manifests
itself in the low-energy split from the 3T2g peak, which is
observed well in Figure 2.
The measured optical reflectance spectrum of the

{Co4Mo12}-compound, together with the predicted d−d
transition energies is shown in Figure 3. The ground state,
according to our calculations, is the 4T1g state. Because of the
stronger deformation of the CoO6 chromophores, ascribing the
spectral structure directly to the crystal field states of
octahedrally coordinated Co2+ ions may be too simplistic.
The plausible interpretation of the smaller, but distinct peak at
ca. 8000 cm−1 (ca. 1 eV) in the reflectance spectrum of the
{Co4Mo12} compound as →4A2g transition may be misleading,
since it implies an unrealistically small value of average 10Dq of
ca. 3000 cm−1. Following the suggestion14 that →4A2g
transitions are weak and appear largely as shoulders of the
stronger →4T1g′ line at ca. 12 000 cm−1 (ca. 1.5 eV), we
estimate the average 10Dq as 6000−7000 cm−1, which is
confirmed by our direct calculation shown in Figure 3 and in
section S3 in the Supporting Information. If the standard (free
ion) Racah parameters8 are used, the spin-allowed transition
→4T1g′ becomes of a higher energy than the highest reflection
band observed in the experiment. We previously discussed the
reasons why the Racah parameter B(Co) must be reduced
already in the hexahydrate. However, the Racah parameters
B(Co) and C(Co) do further change in the polarizable
polyoxometallate environment, because of the nephelauxetic

Figure 2. Optical reflectance (R) spectrum, as measured previously6 at
7 K and compared with calculated allowed transition energies for four
positions of the Ni2+ ions and five protonation patterns for the
{Ni4Mo12} compound.

Figure 3. Optical reflectance (R) spectrum for the {Co4Mo12}
compound measured at 7 K, compared to the calculated allowed
transition energies for four positions of the Co2+ ion five protonation
patterns.
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effect.12,13 Taking this into account allows us to reproduce the
experimental spectrum by fixing the Racah parameter B(Co) =
650 cm−1. In this case, the energy for the 4T1g →

4T1g′ transition
in the {Co4Mo12} compound amounts to ca. 12 000−13 000
cm−1 (1.5−1.6 eV), which fairly accurately corresponds to the
strongest observed peak in the reflectance spectrum shown in
Figure 3. This nephelauxetic renormalization of the Racah
parameter can be attributed, in principle, to the presence of an
easily polarizable, all-Mo(V) ε-Keggin cluster responsible for a
stronger nephelauxetic effect.13 A similar amount of this effect
is observed in the Ni compound (see above).
Generally, one can consider the agreement between the

observed features in the {M4Mo12} series to be reasonable.
Magneto-optic Response and Spin-Forbidden Tran-

sitions. The main goal of this work is to tentatively interpret
the magneto-optic effect previously observed in the {Ni4Mo12}
compound6 and to learn whether it is an isolated feature or a
more general one. Thus, we recorded the reflectance spectra in
an applied field of up to 33 T and calculated the ratio of the
reflectance measured in the field to reflectance measured in
zero field (hereinafter referred to as the reflectance ratio). That
for the {Ni4Mo12} compound is presented in Figure 4. It is

remarkable that the single feature, rather broad band, of this
spectrum occurs well above the upper band of the spectrum of
the reflectance itself (Figure 2). Considering the d−d excitation
spectrum of the [Ni(H2O)6]

2+ ion either experimental14 or
calculated16,17 by the EHCF method8 we found that the spin-
forbidden 3A2g →

1Eg transition occurs in the energy range right
above the allowed d−d transitions. Thus, we undertook the
respective calculation of the forbidden 3A2g →

1Eg transitions
for the four Ni2+ ions of the {Ni4Mo12} compound. The results
are shown in Figure 4.
We find a remarkable agreement between the calculated

energies of the 3A2g →
1Eg transitions and the position of the

band in the reflectance ratio spectra. This allows us to
formulate a hypothesis, that the reflectance depletion observed
in the strong magnetic field occurs due to a magnetic field

induced intensity redistribution between the spin-allowed and
spin-forbidden d−d transitions.
With this hypothesis in mind, we performed further

measurements of the reflectance ratio spectra for the
{Co4Mo12} compound as well in comparison with the
EHCF-calculated energies of the spin-forbidden transitions.
As evident from the results shown in Figure 5, the situation in
the {Ni4Mo12} compound is by no means unique and much
richer reflectance ratio spectra can be observed for the
{Co4Mo12} analogue.

The reflectance ratio spectrum of the {Co4Mo12} compound
contains many more features than that of the {Ni4Mo12}
compound. This is in agreement with the general crystal field
theory prediction concerning the number of the states of
different spin and symmetry. Correspondingly, one can expect
the following spin-forbidden transitions for the Co2+ ion: 4T1g
→ 2Eg, →

2T1g, →
2T2g, →

2A1g, and → 2T1g′ . The energy of the
first forbidden transition is ∼8000 cm−1 and does not fall into
the range studied for the magneto-optical response. On the
basis of calculations of the hexahydrate complex [Co(H2O)6]

2+,
which, as in the case of the Ni compound, serves as a simplest
approximate model of the corresponding {M4Mo12} species
one could expect magneto-optical features at the energies of ca.
9000, 14 000, 17 000, and 20 000 cm−1 (ca. 1.12, 1.73, 2.11, and
2.5 eV). The energies of the two highest transitions →2A1g and
→2T1g′ are almost degenerate in the hexahydrate complex, thus
resulting in a single feature in the reflectance ratio spectrum.
Our calculations performed for the crystallographically

determined geometry of the {Co4Mo12} cluster predict some
magneto-optic effect, because of the →2Eg transition at an
energy of ∼8000 cm−1 (1 eV). However, it can be masked by
the strong allowed transitions seen in Figure 3 in that spectral
range. The strongest reflectance ratio band at the energy of 14
000 cm−1 (1.74 eV) is tentatively attributed to the →2T1g
transition, its twin peak refers then to the →2T2g transition, the
higher energy features at ca. 18 000 cm−1 (ca. 2.23 eV) is then

Figure 4. Reflectance ratio spectra of the {Ni4Mo12} compound,6

compared to the calculated energies of the forbidden d−d transitions
for four positions of the Ni2+ ions and five protonation patterns.

Figure 5. Reflectance ratio spectra of the {Co4Mo12} compound,
compared to the calculated energies of the forbidden d−d transitions
for four positions of the Co2+ ions and five protonation patterns.
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the →2A1g transition, whereas the highest energy features at ca.
21 000 cm−1 (ca. 2.55 eV) refer to the →2T1g′ one. We see that
the →2A1g and →2T1g′ almost degenerate in the hexahydrate
complex split apart at the lower (average) values of 10Dq and B
characteristic for the {Co4Mo12} compound. However, one
must not take the symmetry labeling too rigorously, because of
significant geometry distorsions characteristic for the
{Co4Mo12} cluster. We can conclude that the initial hypothesis
concerning the attribution of the bands in the reflectance ratio
spectra to the spin-forbidden d−d transitions is consistent with
the spectra of the {Co4Mo12} compound.
One may wonder how it is possible that the magneto-optic

effect we observe manifests as a depletion of the intensity of
already forbidden transitions. To clarify this point, we remind
that we use for the electronic states the symmetry notation with
respect to the Oh group, which is an approximate symmetry of
the local environment of each of the M2+ cations in the
{M4Mo12} compounds and the formal notation of the spin
multiplicities derived from the model with a vanishing spin−
orbit coupling. In fact, all the approximate symmetries used for
the states’ labeling are broken. Thus, none of the selection rules
(neither the Laporte evennes rule nor the spin-conservation
rule) for the electric dipole transitions are strictly obeyed. This
is the reason why either optical or magneto-optical signal
appears in the entire studied energy range. In this situation, the
distinction between ”allowed” and ”forbidden” transitions is a
matter of labeling these latter rather than the substance. That is
to say that, in reality, all the discussed transitions are effectively
allowed and the applying the field results only in redistribution
of the intensity between these transitions.
An Attempt to Classify the Observed Magneto-

optical Effect: To MOKE or Not To MOKE? The magneto-
optical measurements6 together with those performed in the
present paper suggest that the observed depletions of the
reflectance at the energies of the formally spin-forbidden d−d
transitions occurring in a strong applied magnetic field
represent a general phenomenon, may be even not restricted
by the particular class of the molecules, where it has been
observed for the first time. Thus, in the present section, we try
to position it among other fairly versatile magneto-optical
effects differing by the specific of the setting geometry (mutual
orientation of the sample, incident and outcoming light beams,
direction of the applied field, etc.) and by this to establish
prerequisites for future development of the model of this
seemingly new effect. It apparently shows up as a depletion in
the reflectance spectra resembling the Fano antiresonances as
they are described in, e.g., ref 18, where such narrow deeps are
indeed observed within a broad allowed transition. Our effect
appears differently: the magneto-optic features in both
compounds do not appear among the allowed transitions, but
rather above the allowed transitions. This manifests in the
applied fieldno depletion occurs without fieldas it was in
the papers;18 thus, these are not Fano antiresonances.
The geometry of the magneto-optical measurements6 and

those reported in this paper is depicted in Figure 6. This setting
is characteristic for studying the magneto-optical Kerr effect in
the polar version: reflection mode (in our case almost normal
incidence) and magnetic field set normal to the sample
surface.19 An important difference to other magneto-optical
effects of the mentioned class is that those are observed for
polarized light and manifest themselves in rotation of the
polarization plane of the reflected beam, relative to that of the
incident beam for the linearly polarized light and/or appearance

of the ellipticity and field dependency of the directions of the
axes of the ellipses in the reflected beam for the circularly
polarized incident beams. Similar to magnetic circular
dichroism (MCD),20 the magneto-optic response observed
previously6 and in the present paper manifests itself in the
dependence of the intensity of the reflected light both on the
applied field and on the frequency/energy. In contrast to MCD,
in our case, the effect is observed for nonpolarized light
(because of the use of polycrystalline powder samples).
As we show in detail in section S2 in the Supporting

Information, where definitions of the basic relevant (magneto-
)optical quantities also are derived, the expression for the
reflectance ratios shown in Figures 4 and 5 reads:

ω
ω

δχ ω
χ ω

χ ω

χ ω
− = +

| |

| |
R
R

( , )
( , 0)

1 2
( , )

( , 0)

( , )

( , 0)
xx

xx

xy

xx

2

2
(1)

where χμν are the Cartesian components of the electric
polarizability tensor, δχxx is the field-induced variation of the
respective component of that tensor, and stands for the real
part of the subsequent expression; is the applied magnetic
field. The second term in eq 1 is always positive, so that the
observed values of the reflectance ratio (less than unity) must
be attributed to a decrease of the diagonal element of the
dielectric tensor at the frequency of a formally spin-forbidden
transition in the applied magnetic field. Since the Hall
conductivity tensor (ultimately contributing the off-diagonal
component of the electric polarizability tensor, χxy) is odd, with
respect to the applied magnetic field (changes its sign when the
direction of the applied field is reverted since the direction of
the Hall current inverts under the same revertion), its lowest-
order expansion term, with respect to the applied field, can be
only linear with respect to . By contrast, the normal
conductivity tensor (and thus the diagonal part of the electric
polarizability tensor χxx) does not change its sign when the
magnetic field is reverted (the direction of the normal current
remains the same when the applied field reverts); it is thus an
even function of and, thus, its expansion cannot start at any
power lower than the second power, with respect to the applied
field. Thus, δχ ω( , )xx cannot be lower than the second power
in either.19,21 Although the effects linear with respect to
and dependent on the off-diagonal element of the dielectric
tensor χxy are well-known (the polar Kerr effect itself, for
example), under the present experimental setting, these terms

Figure 6. Experimental setting for the magneto-optical measurements.
The angle between the incident and reflected beams (green lines with
arrows) is twice the incidence angle (ϕi).
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appear to be dependent on 2 (due to the squared absolute
value in eq 1).
Following the estimates of the strength of various electro-/

magneto-optical effects,21 the squared magnitude of the effects
linear in (the second term in eq 1) is at least 2 orders of
magnitude smaller than that of the contributions to δχ ω( , )xx ,

which are intrinsically dependent on 2. The magneto-optical
responses, quadratic with respect to the applied magnetic field,
are the well-known Voigt or (in the case of condensed samples)
Cotton−Mouton effects. They are manifested in the trans-
mission setting as a modification of polarized light being
dependent on the off-diagonal element of the dielectric tensor.
As for the second-order dependence of the diagonal element
of the dielectric tensor δχ ω( , )xx , such effects have been
reported and the name of quadratic magneto-optic Kerr effect
(QMOKE) has been coined for them.22,23 However, the
experimental settings,22,23 are designed to follow the features of
the polarized light (polarization plane rotation and ellipticity
angles), which are, by far, more spectacular than the intensity
variation observed in our setting, although observed at a single
value of the light frequency. Nevertheless, only a detailed
microscopic theory, which seems yet to be developed, will be
able to give substantiated estimates of the magnitude of this
effect.

■ CONCLUSION
By extending the magneto-optical studynamely, the magnetic
field dependence of visible/near-infrared (vis-NIR) reflectance
spectrato the Co member of the family of the {M4Mo12}-
polyoxometallate compounds with the ε-Keggin structure, we
demonstrate that the previously observed findings on the Ni-
member of this family are not isolated. Both compounds exhibit
a complex magneto-optical response in fields up to 33 T at
energies characteristic for formally spin-forbidden d−d
transitions. Our experimental results are rationalized by a
systematic computational study of the electronic structure of
the {M4Mo12} compounds with M = Ni, Co performed with
use of the EHCF method.8 Our numerical analysis adequately
reproduces the positions of the peaks in the reflectance
spectrum without external field by identifying them with the
energies of the allowed d−d transitions. The magneto-optic
response in the reflectance ratio spectra is thus attributed to the
formally spin-forbidden transitions. The spin-forbidden tran-
sitions with a total spin variation of 1 manifest themselves as
depletions of the reflectance in the external field, most probably
proportional to the square of the applied field. Although the
magnitude of the observed magneto-optic effects and their
precise nature deserve additional consideration, we conclude
that, with reasonable allowances to the uncertainties in
geometries, the qualitative agreement between calculated and
experimental spectra in terms of the positions of the
reflectance-ratio bands is achieved.
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performed calulations (section S4) is provided, as well as the
*.xyz files of the molecular geometries of the title compounds
in all five cage protonation patterns. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: andrei.tchougreeff@ac.rwth-aachen.de.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We acknowledge the Russian Foundation for Basic Research for
the financial support extended to the group at the Poncelet Lab
(through Grants Nos. 10-03-00155 and 14-03-00867). Prof. J.
L. Mustfeldt (Department of Chemistry, University of
Tennessee, Knoxville) is acknowledged for helpful discussions
and suggestions. The Referees are acknowledged for comments
which helped to improve the manuscript.

■ REFERENCES
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Cronin, L. Angew. Chem., Int. Ed. 2008, 47, 5609.
(3) Botar, B.; Ellern, A.; Hermann, R.; Kögerler, P. Angew. Chem., Int.
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