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ABSTRACT: Magnetic anisotropy is the property that confers to
the spin a preferred direction that could be not aligned with an
external magnetic field. Molecules that exhibit a high degree of
magnetic anisotropy can behave as individual nanomagnets in the
absence of a magnetic field, due to their predisposition to maintain
their inherent spin direction. Until now, it has proved very hard to
predict magnetic anisotropy, and as a consequence, most synthetic
work has been based on serendipitous processes in the search for
large magnetic anisotropy systems. The present work shows how
the property can be predicted based on the coordination numbers
and electronic structures of paramagnetic centers. Using these
indicators, two CoII complexes known from literature have been
magnetically characterized and confirm the predicted single-
molecule magnet behavior.

■ INTRODUCTION
During recent decades considerable effort has been made to
produce molecular materials that could behave as small
nanomagnets (single-molecule magnets, SMMs).1,2 In general,
such systems are polynuclear transition-metal complexes that
exhibit slow relaxation of their magnetization, which is
essentially controlled by an energy barrier that may fix the
spin direction. The following spin Hamiltonian gives the zero-
field splitting (ZFS) terms that involve magnetic anisotropy:
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where D stands for the axial ZFS parameter (related to the
anisotropy of the system) and S ̂ (S ̂i) is the total spin operator
(and the operators of its components) of the molecule.3 The
height of the magnetic anisotropy barrier depends on the total
spin of the system and is given by the product |D|·S2 (|D|·S2

− 1/4 for half-integer systems). The spin direction may be
flipped (relaxation process) due to thermal crossing of the
barrier or thermal-assisted tunnelling effects usually quantified
by E, the rhombic ZFS parameter. SMM behavior has two
specific characteristics that have been well-described in the past:
steps in the hysteresis loops due to tunnelling effects and
frequency dependence of the imaginary part of the magnetic
susceptibility using ac magnetic fields. From a practical point of
view, the frequency dependence of the imaginary part was
employed to assign SMM behavior because in many cases it is
technically difficult to characterize the hysteresis steps. The

presence of tunnelling effects causes the real measured barrier
(Ueff) to be smaller than the maximum value |D|·S2. Since
Sessoli et al.4 detected SMM behavior for the first time at a low
temperature in a [Mn12O12(CH3COO)16(H2O)4] complex
usually known as Mn12(8MnIII4MnIV), many research groups
have been searching for new polynuclear systems with large
barriers in the hope of devising high-temperature applications
(as current SMMs normally only function below 10 K). In
general, the goal was to increase the total spin of the molecules
(S) by adding more paramagnetic centers to the complexes
together with seeking parallel alignment among the spins
(ferromagnetic coupling), but this has not provided improved
materials.5 Best results for polynuclear systems containing first-
row transition metals were obtained in 2007 with a Mn6
complex, [Mn6O2(Et-sao)6(PhCOO)2] (Et-sao: ethyl-salicyla-
doxime), with six MnIII cations, achieved by Brechin and co-
workers6,7 which slightly overcomes the barrier of the original
Mn12 complex. Meanwhile the magnetic anisotropy quantified
by the D parameter (which depends on the spin−orbit
contribution) is in principle a difficult property to predict
and/or control. Hence, in many cases, as in those mentioned
above, MnIII cations were routinely employed as the source of
magnetic anisotropy.8

In 2003 a mononuclear complex [TbPc2]
− containing one

TbIII cation was reported9 to exhibit slow magnetization
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relaxation together with huge anisotropic barrier.10 Since 2008,
several mononuclear lanthanide complexes,11−13 especially
those containing ErIII and DyIII cations, and some actinide
species, with UIII and NpIII centers,14−16 have showed similar
SMM behavior and have also been called “single-ion magnets”,
despite that such term was widely employed, we prefer to call
them “mononuclear single-molecule magnets”. Based on these

results it was pointed out that the presence of heavy elements
with large spin−orbit made possible the appearance of similar
SMM phenomena,17,18 and their structural and electronic
requirements were also analyzed.19−21 However, in 2010, Long
and co-workers synthesized a family of mononuclear
tetracoordinate FeII complexes that show similar magnetic
activity by applying a weak static magnetic field reducing this

Figure 1. Structure determined by single-crystal X-ray diffraction of [FeII(N(TMS)2)2(PCy3)] (1), [Fe
II(N(TMS)2)2(depe)] (2), [Fe

II(Me)L3] (L3:
N,N′-bis(2,6-di-isopropylphenyl)-2,2,6,6-tetramethyl heptane-3,5-di-iminato-N,N′) (3), [FeII(iPr5C5)(2,6-iPr2C6H3)] (4), [CoII(NCS)2L1] (5),
[CoII(NCS)2L2] (6) (L1 and L2: R = Me or Ph, bis(imino)pyridine, 2,6{ArNC(R)}2NC5H3), [Co

II(SPh)4]
2− (7), and [CoII(Cl)L4]

+ (8) (L4:
1,1,1-tris-[2N-(1,1,3,3-tetramethylguanidino) methyl]ethane). Green, blue, yellow, pink, light-green, orange, light-blue, and brown represent iron,
cobalt, sulfur, phosphor, chlorine, silicon, nitrogen, and carbon atoms, respectively. Transition-metal atoms and the ligand atoms linked to the metal
are represented with spheres. The other atoms are represented with sticks, while hydrogen atoms are omitted for clarity.

Table 1. Calculated CASSCF+RASSI Values of D and |E| (in cm−1), ZFS Parameters for Some FeII and CoII Complexes and First
Excitation Energies (in cm−1) Calculated at the Spin-Free CASSCF Levela

complexes coordination SMM Dexp (Eexp) Dcalc (|Ecalc|) ΔE1

1 [FeII(N(TMS)2)2(PCy3)] trigonal planar-3 yes -24 −54.7 (1.6) 289
2 [FeII(N(TMS)2)2(depe)] tetrahedron-4 no -24 −9.3 (2.6) 2805
3 [FeII(Me)L3] trigonal planar-3 - > ± 5037 −58.0 (1.0) 248
4 [FeII(iPr5C5)(2,6-iPr2C6H3)] 6 (5 + 1) yes −51.4 (−0.32)25 −72.9 (1.1) 177
5 [CoII(NCS)2L1] square pyramid-5 yes −27.930 −62.1 (10.5) 923
6 [CoII(NCS)2L2] square pyramid-5 yes −28.030 −121.7 (16.8) 1197
7 [CoII(SPh)4]

2− tetrahedron-4 yes −7429 −52.2 (0.6) 389
8 [CoII(Cl)L4]

+ tetrahedron-4 yes +12.7 (1.2)31 +16.9 (1.3) 2008
aFor each complex we indicate whether mononuclear SMM behavior was detected using ac measurements. TMS = SiMe3; Cy = cyclohexyl; depe =
1,2-bis(diethylphosphino) ethane; L1 and L2: R = Me or Ph, bis(imino)pyridine, 2,6{ArNC(R)}2NC5H3; L3: N,N′-bis(2,6-di-isopropylphenyl)-
2,2,6,6-tetramethylheptane-3,5-di-iminato-N,N′; and L4: 1,1,1-tris-[2N-(1,1,3,3-tetramethylguanidino)methyl]ethane
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way the magnetic tunneling.22,23 Recently, some mononuclear
complexes containing FeII (and FeIII S = 3/2 state) and CoII

centers have been reported exhibiting exactly the same
behavior.24−33 The origin of the large anisotropy in first-row
mononuclear transition-metal complexes is the presence of low-
lying spin−orbit free excited states (CASSCF energies without
spin−orbit contributions) with close energies to the ground
state; this results in a large contribution to the D value thanks
also to their first-order spin−orbit contributions.34−36
Following the latest developments, our goals in the present

manuscript are to gain understanding of, and thereby
rationalize, the origin of magnetic anisotropy in first-row
mononuclear transition-metal complexes using theoretical
methods and to apply this understanding in the production
of new mononuclear SMMs, in a nonserendipitous way,
stressing which building blocks will be optimal for achieving
very large magnetic anisotropy in polynuclear systems with
ferromagnetic or ferrimagnetic spin arrangements.

■ RESULTS AND DISCUSSION
The theoretical magnetic anisotropy of a family of tetracoordi-
nate FeII complexes synthesized by Long and co-workers has
previously been analyzed.35,36 Applying the same method (a
CASSCF+RASSI method, see Computational Details section),
we analyzed some of the mononuclear FeII and CoII complexes
that have recently been reported to exhibit SMM behavior
(Table 1). All the complexes 1−7 present negative D values; as
opposed to compound 8, a mononuclear SMM CoII complex,
which has a positive D value. It is worth mentioning that
systems with positive D values are not generally considered
suitable SMM candidates; however, we can now anticipate that
systems with half-integer total spin and positive D values may
also exhibit such properties (see below).31,32 From an
experimental point of view, the determination of the ZFS
parameters using magnetization measurements is not the
preferred technique, but large D values prevent the use of the
most accurate high-field EPR technique. Taking these draw-
backs into account, reasonable agreement between experimen-
tal and theoretical results should still be found. In order to
facilitate the comparison between theoretical and experimental
results, not only through the numerical D and E values of Table
1, we have included as Supporting Information (Figures S1 and
S2) the calculated and the experimentally available χT and
magnetization curves. Regarding this point, the degree of
agreement between experimental and theoretical values in
Figure S1 (χT vs T) and S2 (M vs HT−1) may be different in
some cases because the magnetization figures correspond only
to the low-lying states that are populated at low temperature,
while the susceptibility curves also include high-temperature
contributions. The employed computational approach usually
gives better agreement in the magnetization data (see Table
S5).
Following the theoretical approach described in the

Computational Details section, the calculated results (Table
1) show that SMM behavior should be present in complex 1 (S
= 2), where the FeII cations adopt a trigonal planar
coordination.24 It is worth noting that the most studied
systems exhibit Jahn−Teller distortions: thus, to describe the
coordination mode, for instance in the case of complex 1,
pseudotrigonal planar coordination could be used to indicate
the presence of a slightly distorted geometry. The calculated D
value for such a system is around −50 cm−1; similar to the
largest value obtained by Long and co-workers for the family of

tetracoordinate SMM FeII complexes that exhibit trigonal
pyramid coordination, the [Fe(tpat‑Bu)]− complex(tpa =
tris(pyrrolylmethyl)amine; t-Bu = tert-butyl).22,23 For complex
3, [FeII(Me)L3], synthesized by Münck and co-workers,37 a
large D value has been reported, but no AC measurements were
carried out. The calculated large negative D value suggests that
this complex may also present SMM behavior. In the case of
the [FeII(N(TMS)2)2L] family,24 replacing a monocoordinate
phosphine (complex 1 with trigonal planar coordination) by a
bidentate one leads to a distorted tetrahedral coordination
(complex 2) which suppresses the SMM behavior, as
corroborated by a considerable decrease in the calculated D
value. The organometallic complex 4 [FeII(iPr5C5)(2,6-
iPr2C6H3)] with an unusual 6 (5 + 1)25 coordination, also
exhibits SMM behavior in agreement with our calculated large
negative D value.
In general, for the CoII complexes, SMM behavior is

exhibited in the distorted square pyramid coordination
mode30 (complexes 5 and 6 in Table 1 with calculated large
negative D values). Despite the experimental D values for the
[CoII(NCS)2L]-type complexes being almost identical, the
calculated large D value for complex 5 is consistent with the
large experimental relaxation barrier (Ueff) of 17 cm−1, in
comparison with complex 6 (11 cm−1). The case of the CoII

complex 7 is particularly interesting because the complex shows
relaxation of the magnetization and a maximum in the χ″ signal
without the application of any external dc magnetic field.29

From a structural point of view, this complex is also remarkable
because it shows a distorted tetrahedral structure despite the
fact that in theory no Jahn−Teller distortion, neither first nor
second order, should be expected for a d7 tetrahedral system.
Thus, packing effects or sulfur−sulfur intramolecular inter-
actions may play a significant role in the geometrical distortion.
The calculated results (Table 1) also reproduce the large
negative value found experimentally. Recently, Plass and co-
workers reported two new distorted tetrahedral CoII complexes
with negative D values (−35 and −41 cm−1) similar to that
present in 7 showing slow relaxation with an applied dc field of
400 Oe.33 Furthermore, the calculated D value properly
reproduces the positive D value found for the CoII complex 8
with a distorted tetrahedral coordination which exhibits SMM
behavior.31 It is worth noting that the positive D parameter of
such a CoII complex is smaller than the absolute D value of the
rest of the mononuclear SMM systems (with negative D
parameters). Some attempts to correlate the electronic
configuration and the symmetry of a complex with the sign
of the magnetic anisotropy were made for Oh and D4h systems
by Oshio et al.38 Recently, McGarvey also analyzed state
stability as a function of the geometrical distortion of the
coordination sphere for the family of tetracoordinate FeII

complexes synthesized by Long and co-workers, and how the
ground state determines the D value.39 Our goal here is to
elucidate the causes of SMM behavior and to elaborate a
qualitative approach to predict which ligands, coordination
modes, and electronic configurations of the metal center will
lead to mononuclear complexes that show this property.
The ZFS parameters (D and E) are calculated from the

elements of the diagonalized D tensor (see eq 2):8,40,41

= − + = −D D D D E D D( )/2; ( )/2zz xx yy xx yy (2)

The elements of such a tensor can be obtained from
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where ζeff
2 is the spin−orbital coupling constant, lk is the k-

component of the angular momentum operator, and φ are the
molecular orbitals (with orbital energy ε) with the subindex i, p,
or a to indicate double- and singly-occupied or empty orbitals,
respectively. In order to elucidate the origin of the D values, we
analyze the different contributions, Dii, as a function of the
coordination of the metal (splitting of the d orbitals) and the
electronic configuration. As was previously observed,35 for
systems 1−8 there is also a correlation between the calculated
D value and the first excitation energy before applying the
spin−orbit corrections (see Table 1). This fact may
considerably facilitate the analysis of the results, since we can
consider a simple theoretical model in order to estimate the
first excitation energies, and such terms will be the most
important in determining the Dii components that depend
inversely on the energy of the orbitals (or excitation energies).
In order to perform the qualitative analysis, we estimated the
splitting of the d orbitals using simple extended-Hückel
calculations. The splitting of the d orbitals basically depends
of the symmetry of the coordination mode, hence, a simple
method as extended-Hückel gives a reasonable description of
such splitting (see Table S4).
To build the qualitative model, we had to consider the

following features: (i) The sign of D will depend on the relative
values of the Dzz and (Dxx + Dyy)/2 terms; thus, if |Dzz| is larger
than |(Dxx + Dyy)/2|, the D value is negative, while the opposite
case leads to a positive D value; (ii) the magnitude of the Dii
components depends chiefly on two factors: the ml of the
orbitals involved in the integrals with the angular momentum
operator (equivalent to the magic pentagon usually employed
in EPR to determine the coefficient of the spin−orbit
contributions to the anisotropy g components as function of
the orbital occupation); and (iii) the difference in energy
between such orbitals that can be qualitatively estimated at the

extended-Hückel level considering only the excitations with the
same multiplicity (see eq 3). Hence, significant contributions to
the integrals with the z-component of the angular momentum
operator, lz, are obtained when the pair of orbitals involved in
the first excitations are those with the same |ml| value, dxy and
dx2−y2 (ml = ± 2) or dxz with dyz (ml = ± 1). For the Dxx and Dyy
terms, larger integral values will be related to ml changes of ±1
of the orbitals involved.41

For instance, an FeII complex (d6 electronic configuration)
displaying trigonal planar coordination (e.g., complexes 1 and 3
in Table 1) presents a Jahn−Teller distortion that breaks the
degeneracy of the nonbonding dxz and dyz orbitals (see Figure
2). The first excitation energy will involve these two orbitals
which have the same |ml| value and make a large contribution to
the Dzz component and, consequently, gives rise to a large
negative D value. The nonbonding nature of such orbitals will
contribute to high values of |D| because even large geometrical
distortions will result in small energy differences between these
two d orbitals (eq 3). However, for systems containing a MnIII

cation (d4) with elongation of the axial M−L distances which
has been widely employed to induce magnetic anisotropy, the
Dzz contribution will involve large excitation energies from the
nonbonding dxy to the antibonding dx2−y2 orbital (see Figure 2).
Such large energy differences in eq 3 will lead to a small
negative D value. Thus, we can distinguish three groups of
excitation energies as a function of their magnitude: (i) the
smallest values are those involving two nonbonding orbitals
(d6-trigonal planar coordination, Enn in Figure 2); (ii) the
largest values are those with a nonbonding/antibonding pair of
orbitals (d4-octahedral coordination, Ena in Figure 2); and (iii)
the pairs of antibonding orbitals that can lead to a moderate
splitting of energy (d4-prism trigonal coordination, Eaa in Figure
2) if they are involved in a Jahn−Teller distortion.
Table 2 contains the calculated predictions for high-spin

mononuclear complexes with ammonia ligands and employing
FeII cations for the calculations using the extended-Hückel
method to estimate the orbital energies (an equivalent table
with π-donor chloride ligands is provided in Table S1). Low-
spin cases were not considered because they show only S = 0 or
1/2, making the existence of a magnetic anisotropy barrier

Figure 2. Splitting of the d orbitals due to the Jahn−Teller effect for three cases with negative D values: d6-trigonal planar coordination (left), d4-
octahedral coordination (middle), and d4-prism trigonal coordination (right). The energy difference indicated by the arrow in each case corresponds
to the first excitation that leads to the main contribution to Dzz (and D, see eqs 1 and 2). The smaller the excitation energy, the larger |D| becomes.
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impossible. Thus, the applicability of such a model is mainly
first-row transition-metal complexes, while for the second- and
third-rows, only those complexes with low coordination
numbers that could reach a high-spin configuration can be
considered. For such systems with heavy metals spin values
larger than S = 1 can be reached with triply degenerated orbitals
usually showing high excitations energies but can be
compensated by large spin−orbit contributions. For the d1

and d9 electronic configurations, the D value is not properly
defined, but there is a similar g term.41 As criterion to assign
large or small D values in Table 2, we have considered that if
the energy difference between the two orbitals involved in the
eq 3 is larger than 0.03 au the D value should be small.
Concerning the information shown in Table 2, there are

some examples that can have D values of opposite signs

depending on the symmetry of the distortion caused by the
Jahn−Teller effect; see for instance octahedral MnIII cations,
where axial elongation of the ligands leads to small negative D
values while compression results in positive D values (see Table
2). In contrast, there are situations with two possible D values
of the same sign (e.g., large or small negative values represented
by green and blue squares in Table 2, respectively) since the
magnitude of D will depend on the degree of distortion induced
by the Jahn−Teller effect. Hence, if the orbitals involved have a
nonbonding character, the excitation energy will be small.
However, if two antibonding orbitals (d3/d8 and d4/d9

electronic configurations) are involved in the degeneracy, the
scale of the distortion may considerably modify the excitation
energy and it is difficult to determine whether the value of D
will be large or small (see Figure 2). Furthermore, there are

Table 2. Estimation of the D Values for High-Spin Mononuclear Transition-Metal Complexes with Different Electronic
Configurations and Coordination Modes Using Ammonia Ligands (Using the Molecular Orbitals of FeII(NH3)x Models)a

aGreen and blue squares indicate large and small negative values, in that order, while red and orange represent large and small positive values,
respectively. Cases with more than one color indicate that the nondistorted structure has a zero D value, and different options are possible depending
on the symmetry of the Jahn−Teller distortion.
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some cases with three possible D values due to the presence of
triply degenerate orbitals that give different results depending
of the relative orbital stabilities caused by the Jahn−Teller
distortion.
Our predictions indicate that the d6 electronic configuration

with σ-donor ligands is the most appropriate to lead to SMM
with large negative D values. This is consistent with previous
explanations where the Jahn−Teller effect involves the two
lowest-lying orbitals with nonbonding character. A similar
situation was recently reported by Mossin et al.28 for a trigonal
pyramid FeIII complex with spin S = 3/2 showing SMM
behavior. The S = 3/2 value is due to an electronic
configuration similar to that of the high-spin FeII complexes
just suppressing the electron in the highest-energy dz2 orbital,
while the two lowest-lying orbitals (dxz and dyz) bear three
electrons, as in high-spin FeII complexes, resulting in large
negative magnetic anisotropy. For π-donor ligands (see Table
S1), if the dxz and dyz (which are often the two lowest-lying
degenerate orbitals) are destabilized by the π-interaction, then
in some cases the d2/d7 electronic configuration becomes the
most likely to have large negative anisotropy. The π-donor
ligands induce a reduction of the difference of energy between
antibonding d orbitals and the low-energy d orbitals becoming
slightly antibonding.
The accuracy of the predictions in Table 2 can be checked by

comparison with the previously mentioned mononuclear SMM
complexes. Thus, the trigonal planar FeII complexes (1 and 3 in
Table 1), and the trigonal pyramid FeII complexes22,23

correspond to large negative D values in Table 2. Also, the
lack of SMM behavior is properly predicted for distorted
tetrahedral FeII complexes (as it happens for 2). Recently, a
new family of linear SMM FeII complexes with large negative D
values has been reported in agreement the predicted behavior
in Table 1.26,27 For high-spin CoII complexes (d7), there are
fewer cases with large negative D values (better than the d6

configuration), but with our approach, SMM behavior is also
well predicted and comparable to that found in square pyramid
CoII complexes (such as 5 and 6). The occurrence of SMM
behavior with large positive D values (less common) requires
half-integer S values. However, as we have seen previously, the
positive D value for the reported mononuclear CoII SMM
complex 8 is smaller than those of negative sign. This may be
because the Dxx and Dyy components are averaged in eq 2.
Therefore, high-spin d7 and d3 electronic configurations appear
here to be very promising for achieving mononuclear SMM
complexes with moderate positive D values. Lately, a distorted
octahedral CoII complex with a large positive D value (+98
cm−1) showing slow relaxation has been published.32 Such
behavior is in concordance with the predicted value in Table 2
for octahedral d7 CoII cations. Recently, Ruamps et al. reported
heptacoordinate CoII complex with a pentagonal bipyramid
with a smaller positive D (+31 cm−1), but no ac measurements
were described to verify the SMM behavior of such system.42 It
is worth noting that for some coordination modes (trigonal
planar-3, vacant tetrahedron-3, tetrahedron-4, and those with
coordination number 2) the highest energy d orbitals show very
weak antibonding behavior. This is the reason why excitation
energies from e to t2 orbitals are smaller than expected from the
classification proposed in Figure 2. This is crucial for the CoII

complex 7 (see Table 1) which adopts a distorted tetrahedral
coordination mode, where the highest-energy e orbital (dx2−y2)
is very close to the lowest-energy t2 orbital (dxy) thus leading to
a large negative Dzz (and D) term. Finally, the presence of

cations with high oxidation states has two opposite
contributions: the increase of spin−orbit effects due to the
contraction of the atomic core, and also the increase of the
energy splittings of the d orbitals (spectrochemical serie of
metals) being usually this second factor predominant for high
oxidations states. In principle, our qualitative model accurately
predicts anisotropy parameters for homoleptic complexes, but
due to the similarities between the ligands coordinated to
metallic centers, the predictions can be extended to non-
homoleptic systems. Thus, from the eight complexes shown in
Table 1, only 7 is homoleptic, all of them are correctly
predicted in our model in Table 2 (with exception of the 4
complex because its coordination with a ciclopentadiene ligand
is not considered there). Nevertheless, it is important to keep in
mind that complexes with different ligands which can produce
very different energy splitting of the d orbitals will make the
application of this straightforward orbital model more difficult.
In such cases, individual analysis of the splitting of the d orbitals
for each complex will be required.
The final section is devoted to the synthesis and character-

ization of complexes that, based on our predictive approach,
have been proposed as good candidates for SMM behavior.
This part of the work was performed with cations that adopt
different coordination modes from those of previously reported
mononuclear SMMs. Taking into account the nature of the
metal, it should be mandatory to have a relatively large total
spin (S) which therefore involves many states in the magnetic
anisotropy barrier. For instance, d8 NiII complexes with S = 1
and only three states are poor candidates for exhibiting SMM
properties, despite the fact that for some coordination modes
they can present large negative anisotropy (see Table 2).
However, the most prolific cation to present SMM behavior in
mononuclear systems is FeII, as shown above (Table 1). As
candidates we selected the d7 electronic configuration, for
instance CoII cations, because SMM behavior could occur
either via the trigonal pyramid (large positive D values) or the
trigonal prism (large negative D values) coordination modes. In
these cases, the coordination is the same as that present in the
trigonal pyramid FeII complexes,22,23 however the sign will
differ in Table 2 predicting large positive D values for CoII

complexes, while the equivalent with FeII shows negative D
values. To test this, and after a detailed search in the Cambridge
Structural Database,43 we selected two CoII complexes that had
already been reported to adopt the aforementioned coordina-
tion spheres, but whose magnetic properties had not previously
been measured. In general, the Jahn−Teller effect for these
complexes causes distortions that break the orbital degeneracy.
The degree of structural distortion is related to the decrease of
the D value compared with the maximum value that would
correspond to a hypothetically nondistorted structure. Hence,
highly symmetric coordination spheres will enhance the SMM
behavior. Thus, complexes showing small structural distortions
are those expected to present larger D values, and we
performed the selection of the complexes with the help of
continuous shape measurements.44,45

The first system selected was a trigonal pyramid CoII

complex previously reported by Borovik and co-workers (9,
in Figure 3).46 The synthesis of the complex was repeated (see
Supporting Information), and we also performed single crystal
X-ray diffraction and magnetic characterization. SQUID studies
of complex 9 show no ac magnetic susceptibility signal without
an applied external dc field. The ac magnetic susceptibility at 2
K under different external dc fields was investigated, and as
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shown in Figure S4, a peak appeared at 190 Hz under a field of
250 Oe. This peak slightly shifts to lower frequencies and
intensifies with an increase in the applied dc field to 1500 Oe.
At this applied dc field the dependence with the temperature

was investigated, and the ac magnetic susceptibility showed the
characteristic dependence on the out-of-phase (χ″) and in-
phase (χ′) susceptibilities with the frequency (Figures 4 and
S5) due to the slow relaxation of the magnetization and SMM
behavior.
In order to check whether the relaxation processes were

thermally activated, Cole−Cole plots were fitted using the
generalized Debye model47 (Figure S6), and the relaxation
times (τ) together with the α parameter values were obtained.
The logarithmic relaxation time versus 1/T was represented
(Figure S7), and the curve presents a complex dependence
probably due to the concurrence of different mechanisms
(quantum tunneling, direct, Raman, Orbach).26,27 Despite such
dependence a characteristic Arrhenius linearity was assumed
between 2.75 and 5 K. The application of the Arrhenius law
gives an effective barrier (Ueff) of 8.7 cm

−1 and a τo of 8 × 10−6

s (with α values between 0.09 and 0.02). From the dependence
of the magnetization on the temperature and magnetic field, the
D(|E|) value of +16(0.0) cm−1 was extracted45 (Figure S8) in
agreement with the CASSCF-RASSI results D(|E|) =
+36.9(0.5) cm−1 and the predicted value in Table 2. It is
important to keep in mind the uncertainties in the
determination of the D values for this kind of system, as
mentioned above, due to the limitations of the Hamiltonian
employed.34

Figure 3. Structure determined by single-crystal X-ray diffraction of
K{Co(N[CH2C(O)NC(CH3)3]3)} (9) and [Co(P(S){[N(CH3)N
CHC3N2H3]3)}][(NO3)2] (10). Blue, yellow, light-pink, red, light-
blue, and brown represent cobalt, sulfur, phosphor, oxygen, nitrogen,
carbon, and hydrogen atoms, respectively. Transition-metal and ligand
atoms linked to the metal are represented with spheres. The other
atoms are represented with sticks, while hydrogen atoms are omitted
for clarity.

Figure 4. Variable-frequency out of phase ac susceptibility data of complex 9 at 1500 Oe applied dc field (top left) and of the complex 10 without an
applied dc field (top right), for the same complex 10 with 375 Oe applied dc field (down left) and with 2000 Oe applied dc field (down right).
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The following system chosen for such studies was a trigonal
prism CoII complex49 (10 in Figure 3), which according to the
predictions in Table 2 should present a large negative D value,
in contrast with octahedral CoII complexes that exhibit a large
positive D value. The complex was synthesized following a
procedure similar to that previously reported (see Supporting
Information). The magnetic studies of complex 10 showed an
ac magnetic susceptibility signal without an external applied
static dc field, but no maximum in the χ″ signal was found
(Figure 4). However, when different small dc fields are applied,
the χ″ versus frequency signal at 2 K dramatically changes with
the magnitude of the applied dc field (Figure S11). The signal
observed without dc field shows a maximum and diminished
when the dc field was increases; from 2000 Oe the signal
disappears. On the other hand, another peak at 10 Hz appeared
with the application of the dc field, the increase of the dc field
shift the peak to lower frequencies enhancing in magnitude.
Due to this behavior, the variations of the χ″ versus frequency
signal with the temperature at two different dc applied fields
were studied. At 375 Oe, χ″ showed the existence of two peaks
and at 2000 Oe, where χ″ only presented the lower frequency
peak. When a dc field of 375 Oe was applied, the χ″ versus
frequency signal at 1.8 K showed two peaks at 700 and 10 Hz
(Figure 4). When the temperature was increased to 3 K, the
higher-frequency peak does not shown dependence with the
temperature, indicating a quantum regime, while the lower-
frequency peak showed a shift in the maxima to higher
frequencies, which indicates a thermal activated regime. At
higher temperatures, the two peaks are indistinguishable. At
2000 Oe, the χ″ versus frequency signal for complex 10 only
showed one peak (Figure 4), and when the temperature was
increased, the peak shifted to higher frequencies, which again
indicates a thermal activated regime and confirms the predicted
SMM behavior and should be the first example of trigonal
prism mononuclear SMM. As before, the Cole−Cole plots were
fitted47 (Figure S14), and the relaxation times and α parameters
calculated. The logarithmic relaxation time versus 1/T was
represented (Figure S15). Characteristic Arrhenius linearity was
observed between 5 and 9.5 K giving a Ueff of 23 cm

−1 and a τo
of 4 × 10−6 s (with α values between 0.14 and 0.02). From the
dependence of the magnetization on temperature and the
magnetic field, the D(|E|) value of −72(7) cm−1 was arrived
at45 (Figure S16) in agreement with the prediction in Table 2
and slightly slower than the CASSCF-RASSI results: D(|E|) =
−141(2.2) cm−1.

■ CONCLUSIONS
In this work, we show that CASSCF methods can provide a
semiquantitative estimation of the ZFS parameters (D and E)
for mononuclear first-row transition-metal complexes. We also
corroborate the existence of a correlation between the magnetic
anisotropy, quantified by means of the D parameters, and the
first excitation energy. In order to predict the magnetic
anisotropy for any mononuclear complex, we employed such a
correlation using the extended-Hückel approach to determine
the energy splitting of the d orbitals qualitatively. The
combination of the results with the analysis of the values of
the angular momentum integrals allowed us to predict the
magnetic anisotropy for mononuclear complexes, by taking into
account their coordination mode and the electronic config-
uration of the metal, showing that mononuclear complexes with
high coordination numbers can also present SMM behavior.
Finally, we validated such predictions with the mononuclear

SMMs described in the literature and two previously reported
CoII complexes, whose magnetic properties we characterized to
confirm the predicted SMM behavior. Thus, the use of such
information and the proposed procedure may forward the
rational design either of new mononuclear SMMs or of
polynuclear complexes using the appropriate mononuclear
building blocks.

■ COMPUTATIONAL DETAILS
The ZFS parameters were obtained using the procedure described by
Maurice et al.,50,51 first performing a CASSCF calculation, and second
the energy of these CASSCF states was mixed within the SO-RASSI
approach (MOLCAS code).52 We used an all electron ANO-RCC
basis set: Fe and Co atoms (6s5p4d2f), N and O (4s3p1d), C (3s2p),
and H (2s) with an active space considering the six d (or seven)
electrons of the FeII (or CoII) centers and the five d orbitals. Extended-
Hückel calculations for the model structures were performed using
Gaussian09 code.53

■ EXPERIMENTAL SECTION
Characterization. Magnetic measurements were carried out using a
Quantum Design MPMS SQUID magnetometer. Analysis was
performed on crushed polycrystalline samples of 23 mg for 9 and
34 mg for 10, respectively. The ac magnetic susceptibility measure-
ments were carried out by applying an ac field of 4 Oe, with ac
frequencies from 1 to 1500 Hz and the external dc field indicated in
the text. The reduced magnetization M/NμB vs H/T plots were made
at applied fields of 0.5, 1, 2, 3, 4, and 5 T, respectively, in the 1.8−6.8 K
range for complexes 9 and 10. The fitting of the data was performed
with a full matrix diagonalization approach.45 X-ray diffraction details
are included ion the Supporting Information. CCDC-894342 and
CCDC-894343 contain the supplementary crystallographic data for 9
and 10. These data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: +44 (0) 1223−336−033; or e-mail: deposit@ccdc.cam.ac.uk.

■ ASSOCIATED CONTENT
*S Supporting Information
Predicted D values for high-spin mononuclear transition-metal
complexes with π-donor chloride ligands (Table S1). Details of
the synthesis and characterization of complexes 9 and 10. X-ray
data of complexes 9 and 10 (Tables S2 and S3). Comparison of
energies of EH molecular orbitals and CASSCF energies (Table
S4). Comparison of calculated and experimental magnetic
properties of complexes 1−10 (Figures S1, S2 and Table S5).
Magnetic characterization of complexes 9 and 10 (Figures S3−
S16). This information is available free of charge via the
Internet at http://pubs.acs.org.
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