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Abstract: In this work we have analyzed in detail the mag-
netic anisotropy in a series of hydrotris(pyrazolyl)borate
(Tp�) metal complexes, namely [VTpCl]+ , [CrTpCl]+ ,
[MnTpCl]+ , [FeTpCl] , [CoTpCl] , and [NiTpCl] , and their substi-
tuted methyl and tert-butyl analogues with the goal of ob-
serving the effect of the ligand field on the magnetic prop-
erties. In the [VTpCl]+ , [CrTpCl]+ , [CoTpCl] , and [NiTpCl]
complexes, the magnetic anisotropy arises as a consequence
of out-of-state spin–orbit coupling, and covalent changes in-
duced by the substitution of hydrogen atoms on the pyra-
zolyl rings does not lead to drastic changes in the magnetic
anisotropy. On the other hand, much larger magnetic aniso-
tropies were predicted in complexes displaying a degenerate
ground state, namely [MnTpCl]+ and [FeTpCl] , due to in-
state spin–orbit coupling. The anisotropy in these systems

was shown to be very sensitive to perturbations, for exam-
ple, chemical substitution and distortions due to the Jahn–
Teller effect. We found that by substituting the hydrogen
atoms in [MnTpCl]+ and [FeTpCl] by methyl and tert-butyl
groups, certain covalent contributions to the magnetic ani-
sotropy energy (MAE) could be controlled, thereby achieving
higher values. Moreover, we showed that the selection of
ion has important consequences for the symmetry of the
ground spin–orbit term, opening the possibility of achieving
zero magnetic tunneling even in non-Kramers ions. We have
also shown that substitution may also contribute to
a quenching of the Jahn–Teller effect, which could signifi-
cantly reduce the magnetic anisotropy of the complexes
studied.

Introduction

The analysis of the origin of magnetic interactions in com-
plexes with d- and f-metal ions has become the subject of ex-
tensive research in the past few years, and the theoretical as-
pects have been described in many books and papers.[1] De-
tailed analyses and further explanations of magnetic properties
at the molecular level could give a deeper insight into the
characteristics of magnetization at the macroscopic level.

One of the most interesting discoveries has been the slow
relaxation of magnetization at the molecular level.[2] This prop-

erty strongly contrasts with that found in conventional bulk
magnets, in which the magnetization decay is directly linked
to the particle size, becoming faster as the particle size is re-
duced. Systems of this kind are called single-molecule magnets
(SMMs)[3] and are very interesting candidates for high-density
data storage[4] as well as for the development of quantum
computers.[2b]

The basic requirement necessary for a long relaxation time is
the existence of an energy barrier that separates states with
the same magnitude of magnetic moment but opposite direc-
tions. In other words, magnetic anisotropy manifests itself as
an energy barrier that spin vectors must overcome when they
switch from one direction to the other. For systems with axial
symmetry, the energy of this barrier is usually described by
Equation (1), in which Ueff represents the effective barrier, D
represents the axial zero-field splitting (ZFS) parameter, and
Smax is the total spin of the molecule.

Ueff ¼ Djj S2max ð1Þ

Ueff has been found to be largely independent of the total
spin as D is inversely proportional to S2.[5] The axial parameter
D is a measure of the magnetic anisotropy energy (MAE) of
a complex, that is, the higher is the absolute value of the axial
parameter, the greater will be the MAE of the system. For
Equation (1) to represent a barrier between two stable mag-
netic states, as required for most technological applications, D
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must be negative.[6] However, for a half-integer spin ground
state, even positive D values are found to show SMM behav-
ior[5a] because magnetic tunneling is exactly zero due to sym-
metry arguments. The MAE in transition-metal complexes is
still not well understood, particularly its link with the geometry
of the system, and significant effort has been made[7] to clarify
this situation as such knowledge would probably facilitate the
discovery of new systems with suitable properties for applica-
tion.

Computational simulations have been found to be a very
useful tool for understanding and predicting the magnetic
properties of d- and f-metal complexes.[8] Of all the different
existing quantum mechanical methods, the Kohn–Sham densi-
ty functional theory (KS-DFT)[9] is especially relevant in the sim-
ulation of large systems, including tens of atoms, due to the
compromise offered between accuracy and computational
cost. However, it is essential to mention that DFT techniques
based on perturbation theory may give very poor results if
they are employed for the analysis of the MAE in transition-
metal complexes.[7a] On the other hand, highly correlated
wavefunction-based methods provide, in principle, accurate re-
sults, but they are computationally very expensive. A very rea-
sonable compromise may be found by using a multidetermi-
nant DFT-based method combined with ligand-field theory
(LF-DFT), which has been shown to perform remarkably well
for calculations of MAEs.[10] The LFD-FT model[10b,c] is based on
a multideterminant description of the multiplet structures[11]

originating from the dn (or fn) configurations of transition-
metal ions in the presence of coordinating ligands through
a combination of the configuration interaction (CI) and KS-DFT
approaches. In doing so, both dynamic correlation (by the DFT
exchange-correlation potential) and nondynamic correlation
(by CI) are considered. This procedure yields multiplet energies
and fine-structure splitting.[10b,c] It has been shown that all
common molecular properties, for example, zero-field split-
ting,[10g,12] Zeeman interactions,[13] hyperfine splitting,[13] Jahn–
Teller (JT) effects,[14] magnetic exchange coupling,[15] shielding
constants,[16] electronic structure and transitions in f ele-
ments,[12a,17] and f–d transitions,[8a,18] can be calculated by this
procedure. LF-DFT proved to be particularly good for deter-
mining the MAEs in trigonal-bipyramidal Ni2+ complexes[12c]

and complexes of Fe+ .[10i] In both cases, LF-DFT gave excellent
agreement with highly accurate MRCI[12c] and CASPT2[10i] calcu-
lations, respectively. Furthermore, LF-DFT was able to calculate
the very low experimentally observed value of MAE in the
acetylacetonate·Cr3+ complex, and it was even appropriate for
calculations of the MAEs in excited states.[19] In addition, we
will show and prove that this method allows the analysis of
the influence of relevant excited states on the MAE. The LF-
DFT method can be applied to complexes with a large number
of atoms and even with no symmetry without a significant
impact on valuable computational time. More importantly,
values of variables that are familiar to experimentalists and
that can be directly compared with experimental data are ob-
tainable by using LF-DFT.

To examine the influence of different metal ions and their
electronic configurations on the MAE, it is essential to choose

a specific type of ligand that can bind a variety of metals. A
suitable candidate is the “scorpionate”-type ligand hydrotris(-
pyrazolyl)borate (hereafter denoted as Tp�). However, there are
still only a few papers dealing with the magnetic properties of
transition-metal complexes with this particular kind of li-
gand.[7a,20]

In the present study, the LF-DFT method was applied to ana-
lyze the influence of different metal ions and their electronic
configurations on the MAEs in a series of Tp� metal complexes,
namely [VTpCl]+ , [CrTpCl]+ , [MnTpCl]+ , [FeTpCl] , [CoTpCl] , and
[NiTpCl] , and their methyl-substituted analogues (Fig-
ure 1a,b).[20] Furthermore, the systems with degenerate ground

states that undergo JT distortions, that is, [MnTpCl]+ and
[FeTpCl] , are of special interest due to the unquenched orbital
moment, which leads, in many cases, to large MAE values.[21]

Because the JT effect competes with spin–orbit coupling,
which in many cases leads to a reduction in the MAE in these
systems after the distortion,[22] we also examined in detail how
substitution by methyl and tert-butyl groups in the [MnTpCl]+

and [FeTpCl] complexes (Figure 1b,c) influences the distortion
and, consequently, the value of the MAE. The primary objective
of this study was to find ways to fine-tune the magnetic prop-
erties of these systems from the viewpoint of Equation (1).

The paper is organized as follows. First, we describe the
theory behind LF-DFT, and briefly review the MAE. We then
present and discuss the results before reporting our main con-
clusions. Finally, we describe the details of the computational
method employed.

Figure 1. Structure of the investigated hydrotris(pyrazolyl)borate (Tp�) metal
complexes: a) The unsubstituted systems, b) the methyl-substituted systems,
and c) the tert-butyl-substituted systems.
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Theoretical background

In all the structures under study, the central metal ion is tetra-
coordinated by one chloride ligand and three nitrogen atoms
of Tp� . The specific structure of the Tp� ligand is responsible
for the pseudotetrahedral C3v geometry of the investigated
complexes. It is noteworthy that even the substituted com-
plexes (Figure 1) have C3v symmetry. As a result of this pseudo-
tetrahedral symmetry, the splitting between the d levels of the
complex is generally small and favors the high-spin configura-
tion in all the tested complexes. A schematic representation of
the splitting of the d orbitals for different configurations is
given in Figure 2.

It should be pointed out that in C3v symmetry, mixing be-
tween e1(xz,yz) and e1(xy,x2�y2) orbitals is allowed and does occur,
and the labels in Figure 2 only indicate the main character of
the orbital. This fact is clearly seen when representing the orbi-
tals with predominantly d character obtained from KS-DFT cal-
culations (Figure 3).

The upper set of e1 orbitals has a larger contribution of dxz

and dyz orbitals, whereas in the lower set, the dxy and dx2�y2 or-
bitals dominate. The interactions between d-metal orbitals and
the p orbitals of chlorine in the upper e1 set are p antibonding,
whereas the lower e1 orbitals are nonbonding with respect to
the chloride ligand. The mixing of orbitals with E symmetry
gives rise to very interesting changes in the magnetic behavior

of the investigated complexes, especially in structures with
a degenerate ground state, as will be shown later.

Because the active electrons in the systems under study are
localized over the metallic ion and its surrounding ligands, the
Hamiltonian can be written as Equation (2), in which ĤER, ĤLF,
and ĤSO represent the electrostatic repulsion between the
active electrons, ligand field, and spin–orbit interactions of the
3d electrons of the metal ion, respectively.

Ĥ ¼ ĤER þ ĤLF þ ĤSO ð2Þ

ĤER can be approximated in terms of the Racah parameters B
and C, which parametrize the radial part of its matrix elements,
ĤLF represents both the electrostatic and bonding effects of
the ligands on the metal, and is commonly expressed in terms
of spherical harmonics functions Yk,q [see Eq. (S1) in the Sup-
porting Information], and ĤSO is the effective one-electron
spin–orbit coupling (SOC) operator, which is expressed by
Equation (3), in which the symbol a represents the fine-struc-
ture constant, ZðcÞeff the effective charge of the nucleus, x the
spin–orbit constant of the metal ion, and ril the distance be-
tween the electron and the nucleus.

ĤSO ¼
1
2
a2

X
il

ZðxÞeff

r3il
~Iil~si ¼

X
i

~zð~riÞs i ð3Þ

In orbitally nondegenerate systems, the MAE of the ground
state exists only due to the out-of-state SOC with the excited
states and is measured by ZFS parameters. In particular, the
ground-state splitting term is described by the spin Hamiltoni-
an given in Equation (4), in which D and E represent the axial
and rhombic ZFS parameters, respectively.

Ĥ ¼ ½DðS2z �
SðSþ 1Þ

3
þ EðS2x � S2gÞ� ð4Þ

Figure 3. Molecular orbitals with predominantly d character, obtained from
KS-DFT calculations.

Figure 2. Splitting of the d orbitals in the C3v symmetry group and the distri-
bution of electrons for different electronic configurations. Note that the d2/
d8, d3/d7, and d4/d6 configurations of the V3+/Ni2+ , Cr3+/Co2+ , and Mn3+/
Fe2+ complexes, respectively, give rise to the same multiplets.
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By using DFT calculations combined with a ligand-field
scheme,[10b,c] the values of D and E can be derived from a com-
parison of the splittings in the lowest multiplet with the spin
Hamiltonian given by Equation (5).[23] It is noteworthy that in
pure axial systems, for example, C3v symmetry, as in the present
cases, the E parameter is equal to zero. In distorted structures
of complexes with S=2, in addition to the well-defined ZFS
parameters D and E, additional fourth-order splitting parame-
ters, B4, B4

2, and B4
4, are needed to fully describe the fine-split-

ting of the ground-state term [see Eq. (S2) in the Supporting
Information].[23b] However, when the lowest term is orbitally
degenerate, the MAE exists mostly due to the in-state SOC.
The angular momentum is unquenched and Equation (4) is no
longer valid.[24] Thus, it is necessary to develop new Hamilto-
nians[12c] to describe the situation that exists, for example, in
complexes involving Mn3+ and Fe2+ ions (see Figure 2). In
both systems, the ground-state term is 5E and it experiences
first-order splitting by spin–orbit coupling.[21,25] Thus, the
nature of this splitting will be studied first by evaluating the
spin–orbit Hamiltonian for the 10 microstates of the 5E term.

To perform this calculation, it is important to remember that
in cases in which a reflection plane exists perpendicular to the
main axis of the molecule, then the e(x2�y2,xy) and e(xz,yz) orbitals
do not mix. Each of these orbitals can then be expressed in
terms of pure angular momentum functions, that is, e(lz=2,lz=�2)
and e(lz=1,lz=�1) orbitals can be produced from e(x2�y2,xy) and e(xz,yz)
orbitals, respectively. The splitting of the 10 microstates due to
only the in-state SOC, as well as to the combined in-state and
out-of state SOC, is presented in Figure 4 for the general cases
l=2 and l=1.

On the other hand, when the symmetry plane does not
exist, as in the complexes considered in the present study,
e(x2�y2,xy) and e(xz,yz) mix and the resulting orbitals can be written
as given by Equation (5).

e� ¼ cos qeðlz ¼ �2Þ þ sin qeðlz ¼ �1Þ ð5Þ

By using the orbitals in Equation (5) and the pure S=2 func-
tions for the spin and orbital angular momentum terms, the

Hamiltonian matrix can be formed by evaluating the spin–
orbit operator. A similar reasoning was followed in ref. [21b] .
The diagonal matrix given by Equation (6) is obtained.

5
Sz

D
Eg HSOCjj 5

S0z
Eg0 i ¼ xdlg0dSzS0z ð2 cos2 qþ sin2 qÞ Sz

4
ð6Þ

In the above expression, g and g’ take � values like the orbi-
tals in Equation (5). Because the e� orbitals do not interact
through the spin–orbit Hamiltonian, it is clear that all the ei-
genvalues of Equation (6) are repeated twice (i.e. , they are
either degenerate or accidentally degenerate). According to
Equation (6) (see also Figure 5), the spin–orbit levels of the

states in which pure e(x2�y2,xy) or e(xz,yz) orbitals are occupied
would be equally separated by the quantity Uin-state (the split-
ting due to the in-state SOC) with a total separation between
the lowest and highest levels twice that in the case of e(x2�y2,xy)
[q=0 or equivalent] as compared with e(xz,yz) [q=p/2 or equiva-
lent] . In intermediate cases, for which 0<q<p/2, the energies
show a smooth transition between the cases with lz=2 and
lz=1 with a highly degenerate crossing point for the “magic”
angle tan2q=2$q�54.78, for which the magnetic anisotropy
is zero when only the ground 5E term is considered. This point
corresponds to the point at which the wavefunctions behave
approximately with a pure tetrahedral symmetry (see
ref. [21b]) and the system becomes quasi-isotropic with a very
small magnetic anisotropy. This proves that covalency with li-
gands controlling the mixing angle q is determinant in the un-
derstanding of the magnetic properties of these systems. Thus,
it is to be expected that these properties will largely be altered
when the coordination of the transition metal is changed. Fi-
nally, it should be noted that the inclusion of out-of-state cou-
pling with excited terms breaks the accidental degeneracy of
two of the doublets transforming them into four singlets,

Figure 4. Splitting of the 10 microstates due to in-state SOC only and com-
bined in-state and out-of state SOC for a) the Fe2+ complex and b) the Mn3+

complex.

Figure 5. Diagram of the splitting of the 5E term as the mixing of the
e(x2�y2,xy)/e(xz,yz) orbital changes as controlled by the angle q described in Equa-
tion (6).

4

ht
tp

://
do

c.
re

ro
.c

h



yielding six excitations from the ground state for the system.
Another important change occurring in the ordering of the
spin–orbit levels can be observed when the orbital giving rise
to the ground state is predominantly lz= �1 or lz= �2
(Figure 4). In particular, the lowest two states can be
A1+A2, the separation of which is the magnetic tun-
neling splitting or E, in which case the magnetic tun-
neling is exactly zero. This means that the stability of
a spin prepared for a complex in which the lowest
state is E will be much larger (essentially zero in the
absence of out-of-state SOC and external perturba-
tion) than for an A1+A2 case. It should be noted that
although this mechanism allows non-Kramers ions to
have zero magnetic tunneling, similarly to Kramers
ions, the degeneracy and spin stability in the latter
are more resistant to perturbations because, for ex-
ample, they cannot be altered by vibrations.

It is important to note that these Hamiltonian
levels (five doubly degenerate states) are very differ-
ent to those of an S=2 system (two doubly degener-
ate states and a singlet). Thus, this shows that Equa-
tion (4) cannot be used to describe the levels in this
system.

Finally, we would like to note that the introduction
of the JT effect, as necessary when a degenerate
term is present, leads to a progressive quenching of
the angular momentum and so to a smooth transi-
tion between the levels described by Equation (6) at high sym-
metry towards the levels associated with the Hamiltonian in
Equation (4).[21a, 25]

Results and Discussion

Magnetic anisotropy in complexes with a nondegenerate
ground state

Selected structural parameters of the energy-minimized struc-
tures of the [VTpCl]+ , [CrTpCl]+ , [CoTpCl] , and [NiTpCl] unsub-
stituted complexes and their methyl-substituted analogues
with C3v symmetry are presented in Table S1 in the Supporting
Information. Comparison with the crystallographic data for
[NiTpCH

3Cl]
[20b] (see Table S1) indicates that all the bond lengths

and angles are reproduced with a good degree of accuracy
(the errors are close to 1%). The Ni�Cl and Ni�N bond lengths
in the C3v optimized structure of [NiTpCH

3Cl] are 2.188 and
1.987 �, respectively, whereas in the crystal structure they are
2.195 and 1.961 �. In the optimized structure all three Cl�Ni�N
angles are the same, 124,18, whereas in the crystal structure,
one is 122.48 and the two others are 123.78, thus breaking
with the idealized C3v symmetry. The differences between the
geometrical parameters of the optimized and crystal structures
are acceptable because the crystal structure is distorted as
a result of the packing. Furthermore, the geometries obtained
by DFT calculations are in good agreement with the previous
results of Ye and Neese.[7a] These small differences in the geom-
etries do not influence the magnetic properties in any signifi-
cant way. The calculated excitation energies and the D values

for the unsubstituted and methyl-substituted complexes, ob-
tained at the LF-DFT/OPBE level of theory, are tabulated in
Table 1. All nonempirical parameters used in LF-DFT are sum-
marized in Table S2.

The very small values of D obtained for [VTpCl]+ and
[CrTpCl]+ are comparable to the D values determined for struc-
turally similar complexes of V3+ and Cr3+ .[26] Due to the very
small values of D for the [VTpCl]+ and [CrTpCl]+ complexes,
the reliability of our calculations were verified by means of
CASSCF/NEVPT2, and values of +1.33 and 0.10 cm�1 were ob-
tained, respectively.[27] These results are not surprising because
V3+ has a very small spin–orbit (209 cm�1)[28] and the Cr3+

levels in the complexes are almost degenerate, which indicates
that this ion is almost perfectly tetrahedral. Somewhat higher
values of D were calculated for the [CoTpCl] and [NiTpCl] com-
plexes. Although substitution of the methyl groups led to
changes in the geometrical parameters (see Table S1 in the
Supporting Information), the MAE was not drastically affect-
ed.[7a] For Ni2+ complexes, the spin-allowed transitions corre-
spond to the 3E, 3A1, and

3A2 excited multiplets. The calculated
LF-DFT transitions agree reasonably with the experimental
values of 6284 (3A2!3E), 8204 (3A2!3A1), and 11206 cm�1

(3A2!3E). The value of D calculated for the [NiTpCH
3Cl] crystal

structure was in reasonable agreement with the experimentally
obtained D value of 3.9 cm�1.[20b] The distortion from the ideal
C3v geometry in the crystal structure of [NiTpCH

3Cl] causes the
existence of a rhombic ZFS parameter E. The value of E calcu-
lated for the [NiTpCH

3Cl] crystal structure is 0.4 cm�1, whereas
the experimentally obtained value is 0.35 cm�1.[20b] In the cases
of the Co2+ complexes, the calculated transitions of nearly
7000 and 16000 cm�1 correspond well with the experimental
bands at around 6000 and 16000 cm�1.[20a] Furthermore, the
calculated D values are in accordance with the experimental
values for the Co2+ scorpionate complexes (10.88–12.72).

Table 1. The excitation energies (in the absence of SOC) of the most important LF-
DFT transitions and the ZFS parameter Dcalcd.

Complex Transition
1

Transition
2

Transition
3

Transition
4

Transition
5

Dcalcd

[cm�1]

[VTpCl]+
3A2!3E 3A2!3A1

3A2!3E 3A2!1E 3A2!1A1 +2.00
3537 10176 11445 11301 18292

[VTpCH3Cl]+
3A2!3E 3A2!3A1

3A2!3E 3A2!1E 3A2!1A1 +2.10
3624 9924 11144 10962 18866

[CrTpCl]+
4A2!4E 4A2!4A1

4A2!2E 4A2!2A1
4A2!2E +0.50

10966 11898 10891 16170 16873

[CrTpCH3Cl]+
4A2!4E 4A2!4A1

4A2!2E 4A2!2A1
4A2!2E +0.03

10448 11008 11192 11222 16157

[CoTpCl]
4A2!4E 4A2!4A1

4A2!2E 4A2!4E 4A2!4E +6.50
2240 6731 7734 7857 16579

[CoTpCH3Cl]
4A2!4E 4A2!4A1

4A2!2E 4A2!4E 4A2!4E +8.65
2225 6909 7396 7901 16090

[NiTpCl]
3A2!3E 3A2!3A1

3A2!3E 3A2!1E 3A2!1A1 +5.30
7572 8697 12686 16580 17996

[NiTpCH3Cl]
3A2!3E 3A2!3A1

3A2!3E 3A2!1E 3A2!1A1 +5.38[a]

7407 8274 12055 16475 17361

[a] Results from LF-DFT obtained by using experimental geometries.
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To understand the MAEs in the investigated complexes, the
contributions of the most important transitions were analyzed.
Because substitution does not lead to drastic changes in the
MAE, in agreement with the arguments of Ye and Neese,[7a] the
subsequent analysis will be focused mainly on the unsubstitut-
ed complexes (see Tables S3 and S4 for the V3+/Ni2+ and
Cr3+/Co2+ complexes, respectively). Because the d2/d8 and d3/
d7 configurations of the V3+/Ni2+ and Cr3+/Co2+ complexes
give rise to the same multiplets, this analysis could be realized
by appropriate grouping of these complexes.

First, consider the contributions of the excited states of the
[VTpCl]+ and [NiTpCl] complexes to the MAE (see Table S3 in
the Supporting Information). Because the ground states of
both systems are nondegenerate 3A2 multiplets, ZFS exists due
to out-of-state SOC with the 3E and 3A1 excited states (see
Table S3). As shown below, non-negligible contributions also
arise from 1E and 1A1 spin-forbidden transitions.

The importance of the 3E and 3A1 excited states to the MAE
were elucidated by exclusion of these states from the full Ham-
iltonian (Figure 6). Because all the systems behave qualitatively
in a similar fashion, only the results for [NiTpCl] will be present-
ed.

As indicated above, when all the states of a d8 manifold
were included in the diagonalization, the MAE was around
5 cm�1 (Figure 6b). The contribution of the first 3E state to the
total D value is 27 cm�1 (see Table S3 in the Supporting Infor-
mation). Hence, the exclusion of 3E led to a negative D value
of about �22 cm�1 (Figure 6c). If the first 3A1 state, which gives
a contribution of �21 cm�1, was removed, the value of D
became even greater, but positive in sign (26 cm�1, Figure 6d).
Finally, when both the 3E and 3A1 states were excluded, the
value of D became negative again and equal to �1 cm�1 (Fig-
ure 6e).

The removal of the first 1E led to a high positive value of D
(Figure 6f), whereas the removal of 1A1 led to a negative value

of D (�4 cm�1) (Figure 6g). The exclusion of both the 1E and
1A1 states gave a positive D value of 7 cm�1 (Figure 6h). These
results corroborate the results of previously reported high-level
ab initio calculations (CASSCF/NEVPT2/SORCI)[7a] that indicated
significant contributions of the aforementioned transitions.

In the cases of the [CrTpCl]+ and [CoTpCl] complexes (Kram-
ers systems), the ground state is 4A2. The most important con-
tributions to the D value originate from interactions with the
lowest 4E and 4A1 excited states (see Table S4 in the Supporting
Information). To analyze and obtain a deeper understanding of
the way in which different states influence the magnetic aniso-
tropy, calculations were performed in which again important
states for [CoTpCl] were excluded (Figure 7).

When all the states were included, the transition between
states with Ms= � 1=2 and Ms= � 3=2 was 13.0 cm�1 (Figure 7b).
When the first 4E state was excluded, the state with Ms= � 3=2
became more stable and the transition was almost 56 cm�1

(D=�28 cm�1, Figure 7c). The removal of 4A1 or 2E caused
a stabilization of the state with Ms= � 1=2, that is, the value of
D became positive again (Figure 7d,e). Finally, when all three
states, that is, 4E, 4A1 and 2E, were removed from the calcula-
tion, the MAE was drastically reduced (Figure 7f).

Summarizing the main results, for both the [VTpCl]+ and
[NiTpCl] complexes, the 3E and 1A1 excited states contribute to
the D value with a positive sign, whereas the 1E and 3A1 states
contribute with a negative sign. However, the mutually oppos-
ing contributions largely cancel each other, leading to relative-
ly small values of D for both [VTpCl]+ and [NiTpCl] . The small
differences in these contributions may be associated with the
different transition energies of these states. Because these
transitions are essentially one-electron excitations from the
ground state, their energies could be altered by changing the
ligand field, that is, it should be possible to increase the MAE
by selecting stronger axial ligands. The higher contributions
for [NiTpCl] than for [VTpCl]+ are due to the larger SOC in
Ni2+.

Figure 7. Diagram showing the effects of the low-energy states on the MAE
at the LF-DFT level for [CoTpCl] . a) Hamiltonian with only ligand field and
electrostatic terms (MAE not defined). b) Full spin–orbit Hamiltonian evaluat-
ed with all d7 states. Results obtained with the full Hamiltonian when c) the
4E state, d) the 4A1 state, e) the

2E stat , and f) the three 4E, 4A1, and
2E states

were neglected in the calculation.

Figure 6. Diagram showing the effects of the low-energy triplet and singlet
states on the MAE at the LF-DFT level for [NiTpCl] . a) Hamiltonian with only
ligand field and electrostatic terms (MAE not defined). b) Full spin–orbit
Hamiltonian evaluated with all states of the d8 configuration. Results ob-
tained with the full Hamiltonian when c) the 3E state is excluded, d) the 3A1

state is excluded, e) the 3E and 3A1 states are excluded, f) when the 1E state
is excluded, g) the 1A1 state is excluded, and h) when both the 1E and 1A1

states are excluded.
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The results can be easily explained by using simple group
theory. The ground electronic state in both [VTpCl]+ and
[NiTpCl] is 3A2. In C3v symmetry, the orbital angular momentum
operators HSO

x,y transform as E, and HSO
z as A2, respectively. This

implies that the only possible excitation via the HSO
z operator

is from the 3A2 ground state to the 3A1 or 1A1 excited state
(A2�A2�A1=A1). Because coupling through the HSO

z operator
is possible only if DMs=0, the microstate with the value Ms=

1, originating from the 3A2 ground state, can interact only with
the Ms=1 component of the 3A1 excited state (the same holds
for Ms=�1). Consequently, the microstate of the 3A2 ground
state with Ms=0 can interact only with the 3A1 excited state
with Ms=0. The coupling is larger for larger jSz j values; thus,
the 3A1 excited state contributes with a negative sign to the
total value of D. The interaction with the 1A1 excited state
through HSO

z is possible only between the Ms=0 microstate;
hence, the microstate with Ms=0 is stabilized with respect to
the Ms=1 microstate. According to this, a positive contribution
to the total D value is obtained from the 1A1 excited state.
Coupling through HSO

x,y is possible only between the 3A2

ground state and the 3E and 1E excited states (A2�E�E=A1+

A2+E). Furthermore, the interaction between these states is
possible only if DMs= �1. Thus, the microstate Ms=1 of 3A2

can interact only with Ms=0 of 3E (the same holds for Ms=�1
of 3A2). However, the microstate Ms=0 of 3A2 can interact with
both the Ms=�1 and Ms=1 microstates of 3E. As a conse-
quence, the stabilization of Ms=0 is larger, and hence there is
a positive contribution to the total D value from 3E. When 1E
couples with the 3A2 ground state, only Ms=1 (and Ms=�1) of
the ground state can interact with Ms=0 of 1E, leading to neg-
ative contributions to D. A similar analysis can be made for the
[CrTpCl]+ and [CoTpCl] complexes. In the cases of the
[CrTpCl]+ and [CoTpCl] complexes, 4E and 4A1 contribute with
a positive and a negative sign, respectively.

Magnetic anisotropy in complexes with a degenerate
ground state

The complexes with d4 or d6 high-spin configuration, that is,
[MnTpCl]+ and [FeTpCl] , are in a 5E ground state for the C3v

point group. Systems with degenerate ground states are of
special interest due to the unquenched orbital moment that
leads to a large MAE. However, species with degenerate states
are JT-active. In the cases of the [MnTpCl]+ and [FeTpCl] com-
plexes, and according to group theory considerations, the low-
ering of symmetry leads to a change from the C3v to the Cs

point group. Tp� is a rigid chelate ligand, and the JT distortion
is manifested through changes in the Cl�M�N angles, denoted
as a and b and illustrated in Figure 8. Although JT distortion
leads to a reduction in the MAE, it was previously shown that
it could be quenched by the careful choice of ligands.[12c] A
practical way to suppress JT distortion in the [MnTpCl]+ and
[FeTpCl] complexes could be the substitution of the hydrogen
atoms on the pyrazolyl rings with voluminous groups. Thus,
the effect of substitution of the hydrogen atoms on the pyra-
zolyl rings with methyl and tert-butyl groups on the JT distor-
tion was analyzed in detail. The structure and shape of the

substituents do not reduce the initial C3v symmetry by them-
selves. Hence, the substituted [MnTpCl]+ and [FeTpCl] com-
plexes also have C3v symmetry. The lowering of symmetry due
to JT distortion is from the C3v to the Cs point group, as in the
cases of the unsubstituted complexes. The structural parame-
ters and the JT stabilization energies of all the optimized struc-
tures are summarized in Table 2.

In all the Mn3+ complexes studied, shorter M�Cl and M�N
bond lengths were obtained in comparison to the correspond-
ing complexes of Fe2+ , which is due to the higher charge of
the Mn3+ ion. The difference in the a angle of the C3v and Cs

conformations for [MnTpCl]+ is 25.58. On the other hand, the
a angle for the [FeTpCl] minimum structure is 4.18 smaller
than in the HS structure. In addition, the JT stabilization energy
for [MnTpCl]+ is much larger than that for [FeTpCl] . In the case
of the [MnTpCl]+ complex, the unpaired electron is placed in
the upper e orbital set. The interactions between the d-metal
orbitals and the p orbitals of chlorine in the upper e orbital set
are p antibonding (Figure 3). These antibonding interactions

Figure 8. Structure of the investigated complexes with the angles a and
b depicted. JT distortion manifests itself mainly through changes in the
a and b angles.

Table 2. Selected bond lengths and angles for the DFT-optimized struc-
tures of the investigated Mn3+ and Fe2+ complexes, as well as the JT sta-
bilization energies.

Complex CF R(M�Cl)
[�]

R(M�N1)
[�]

R(M�N2)
[�]

a

[8]
b

[8]
EJT
[cm�1]

[MnTpCl]+
C3v 2.152 1.994 1.994 124.3 124.3 –
Cs 2.141 1.947 2.008 149.8 108.9 1457

[MnTpCH3Cl]+
C3v 2.179 1.995 1.995 123.1 123.1 –
Cs 2.171 1.928 2.011 139.1 114.5 960

[MnTptBu,CH3Cl]+
C3v 2.209 2.031 2.031 121.8 121.8 –
Cs 2.205 2.146 1.993 132.1 116.1 830

[FeTpCl]
C3v 2.197 2.072 2.072 124.6 124.6 –
Cs 2.192 2.094 2.079 120.5 127.6 130

[FeTpCH3Cl]
C3v 2.216 2.062 2.062 124.0 124.0 –
Cs 2.211 2.089 2.066 121.1 126.2 81

[FeTptBu,CH3Cl]
C3v 2.239 2.086 2.086 123.3 123.3 –
Cs 2.232 2.076 2.115 127.7 120.5 46
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are drastically reduced in Cs distorted structures. In other
words, the displacement of the chlorine atom away from the z
axis will strongly affect the energy of the dxz and dyz orbitals of
the system. On the other hand, in the [FeTpCl] complex, the
unpaired electron is placed in the nonbonding lower e orbital
set. Hence the stabilization of the system through the devia-
tion of the a angle is much smaller. The difference between
the angles a of the C3v and Cs minimum conformations of the
methyl-substituted [MnTpCl]+ is 168. This angle deviation is
much lower than the angle deviation in the unsubstituted
[MnTpCl]+ (Table 2.). Accordingly, EJT is reduced from 1457 to
960 cm�1. Furthermore, the tert-butyl-substituted analogue
shows even smaller distortions, with a difference in a of only
10.38. An even more noticeable effect was achieved by substi-
tution of the hydrogen atoms in the [FeTpCl] complex, that is,
the JT distortion became very weak with a stabilization energy
of less than 100 cm�1 for both the methyl- and tert-butyl-sub-
stituted complexes.

The MAE was analyzed for both the C3v and Cs optimized
structures of the investigated complexes. For the sake of
a better understanding, first the MAE of the Mn3+ and Fe2+

complexes in C3v symmetry will be analyzed and dis-
cussed (Table 3) and then an explanation will be
given of how the JT distortion influences the MAEs
of the systems.

The excitation energies from the lowest state of
the 5E term split by SOC are presented in the second
column of Table 3. As indicated above, inclusion of
the out-of-state coupling destroys the accidental de-
generacies and splits the five doublets into three
doublets and four singlets leading to six excitation
energies. As can be observed in Table 3, the splits in
the Mn3+ complexes are much smaller than in those
containing Fe2+ . Part of this effect can be explained
by noting that the SOC constant is smaller for the
Mn3+ ion than for the Fe2+ ion (352 cm�1 for the
Mn3+ ion and 410 cm�1 for the Fe2+ ion),[28] but it
was observed that bonding plays a more important
role. Using the orbital population of the active orbi-
tals enables the angle q to be estimated by measur-
ing the amount of intermixing between the non-
bonding e(x2�y2,xy) and the antibonding e(xz,yz) orbitals.
As shown in Figure 3, a simple model predicts a very
small anisotropy for mixings with a q value of about
54.78 as the system becomes quasitetrahedral, that is,
more isotropic. Indeed, full calculations revealed that
Mn3+ complexes have q values in the vicinity of this
magic angle and have very low values of Uin-state. In
particular, the value of q for [MnTpCl]+ is almost co-
incident with the magic angle and the splitting of
the 5E term is surprisingly dominated by the out-of-
state coupling with a very small Uin-state value of
1.6 cm�1. Studying the other Mn3+ complexes, it was
observed that the further their q angles deviate from
54.78, the larger the MAE becomes, as it is dominated
by the linear Uin-state. On the other hand, the angles
for the Fe2+ complexes deviate substantially from the

critical degeneracy angle and thus their MAEs are larger than
those of the Mn3+ systems. Still, the value of the MAE is direct-
ly related to the deviation of q from 54.78, increasing along
the series [FeTptBu,CH3Cl]< [FeTpCH3Cl]< [FeTpCl] as the angle
decreases from 37.2 to 29.98. This shows that covalency, as
controlled by chemical substitution, is a key factor controlling
the MAE in systems presenting orbital degeneracy.

As stated in the Theoretical Background section, the lowest
states in the Mn3+ complexes are of type A1+A2, presenting
finite magnetic tunneling. In fact, the magnetic splitting was
observed to be quite large (greater than 1 cm�1), which would
clearly prevent spin stability on macroscopic timescales. For
tunnelings of less than 0.1 cm�1, it may be possible to apply
an a.c. magnetic field that allows the observation of SMM be-
havior.[29] On the other hand, Fe2+ complexes display E ground
states and, as a consequence, show no tunneling splitting and
thus their spin states should be considerably more stable than
those of Mn3+ complexes.

The MAEs in low-symmetry Cs structures are analyzed and
explained here (Table 4). All the parameters are defined by the
effective Hamiltonian approach, and were obtained by LF-DFT.

Table 3. Calculated excitation energies, U, for the Mn3+ and Fe2+ complexes with C3v

symmetry and the composition of the degenerate orbitals containing an unpaired
electron. The compositions of the orbitals were extracted from AOC calculations.

Complex U(in-state+out-of-state)

[cm�1]
U(in-state)

[cm�1]
Compositions of the orbitals
with unpaired electron

[MnTpCl]+ A1, A2 0.0, 12.0 1.6 dyz, dxz (46.20%)
E 12.0 dxy, dx2�y2 (22.30%)
E 23.0 q�55.28
E 32.0

A1, A2 35.0, 42.0

[MnTpCH3Cl]+ A1, A2 0.0, 3.0 12.2 dyz, dxz (42.03%)
E 18.0 dxy, dx2�y2 (26.31%)
E 34.0 q�51.68

A1, A2 43.0, 58.0
E 61.0

[MnTptBu,CH3Cl]+ A1, A2 0.0, 0.10 28.0 dyz, dxz (37.49%)
E 32.0 dxy, dx2�y2 (32.01%)
E 62.0 q�47.38

A1, A2 85.0, 100.0
E 119.0

[FeTpCl] E 0.0 107.0 dxy, dx2�y2 (64.10%)
A1, A2 101.0, 115.0 dyz, dxz (21.20%)
E 214.0 q�29.98
E 318.0

A1, A2 422.0, 422.0

[FeTpCH3Cl] E 0.0 97.0 dxy, dx2�y2 (59.13%)
A1, A2 88.0, 106.0 dyz, dxz (24.23%)
E 192.0 q�32.68
E 286.0

A1, A2 380.0, 381.0

[FeTptBu,CH3Cl] E 0.0 78.0 dxy, dx2�y2 (52.92%)
A1, A2 65.0, 86.0 dyz, dxz (30.40%)
E 155.0 q�37.28
E 231.0

A1, A2 308.0, 309.0
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The calculated fourth-order parameters are listed in Table S5 in
the Supporting Information.

The first transition in the minimum structure of [FeTpCl] is
quenched to approximately 60% of the value of the high-sym-
metry conformation (62 cm�1 vs. 101 cm�1). However, this
value still represents a large magnetic anisotropy in compari-
son with the minimum structure of [MnTpCl]+ . Owing to the
large distortion in [MnTpCl]+ , the first transition is decreased
in the Cs structure and the D value is positive. In addition, the
value of x for [FeTpCl] is nearly three times larger than EJT,
hence the SOC dominates over vibronic coupling.[12c] The dif-
ferences between the MAEs in the C3v and low-symmetry struc-
tures are less pronounced in comparison with the unsubstitut-
ed analogues due to the quenching of JT distortion upon sub-
stitution. The D value for the Cs structure of [MnTpCH3Cl]+ is
positive, a strong indication that the in-state SOC plays a very
small role in these systems, as shown above. However,
[MnTptBu,CH3Cl]+ in the Cs conformation exhibits a negative D
value. In the case of the [FeTpCH3Cl] complex, the MAE is
quenched compared with the value for the high-symmetry
configurations. Moreover, in all the Fe2+ complexes studied,
the distortion splits the lowest E state, thereby activating mag-
netic tunneling that facilitates spin decay even at T=0 K.

Conclusion

Even though SMMs have received considerable attention since
their discovery, and it is well known that magnetic anisotropy
is a crucial quantity, it is still difficult to control its value.
Hence, it is of the utmost importance to understand all the dif-
ferent factors that could influence and enhance magnetic ani-
sotropy.

We have reported herein a detailed analysis of scorpionate
complexes with first-row transition-metal ions to probe the
origin of magnetic anisotropy and to attempt to understand
the chemistry and physics underlying it. For this purpose, LF-
DFT was employed as a method already proven to be accurate
for these types of calculations and as a faster alternative to
wavefunction-based methods.

Magnetic anisotropy arises as a consequence of two basic
mechanisms: 1) In-state orbital angular momentum (degener-
ate ground states) and 2) out-of-state orbital angular momen-
tum (spin–orbit mixing of certain excited states with the
ground state). In the present study, both were treated.

For complexes with a nondegenerate ground state, it is nec-
essary to be able to pin-point the particular excitations that

control the sign and magnitude of the ZFS parameter, D. It
was found in these systems that there are positive contribu-
tions to D from the 3E and 1A1 states in the cases of the V3+

and Ni2+ complexes, and due to the 4E state in the cases of
the Cr3+ and Co2+ complexes, whereas there are negative con-
tributions to the D value from the 1E and 3A1 states for the V3+

and Ni2+ complexes, and from the 4A1 and 2E states for the
Cr3+ and Co2+ complexes. A delicate balance between these
excited states yields the overall D value, which in most cases is
very small. It was found that these excitations are mainly con-
trolled by the ligand field and so the MAE could be engineered
by choosing suitable different first-neighbors to the metal. On
the other hand, substitution of the hydrogen atoms on the
pyrazolyl rings did not significantly affect the value of the
MAE.

In the complexes with degenerate ground states, several
competing effects influence the value of the magnetic aniso-
tropy. Spin–orbit coupling gives the order of magnitude of the
MAE as a result of the unquenched orbital angular momentum.
In C3v symmetry, the type of unequally populated e orbitals
and the degree of mixing between two sets of e orbitals fur-
ther determine the value of the MAE. In particular, it was
shown that the MAE in these systems is controlled by this
mixing, becoming negligible for a particular “magic” angle that
makes the wavefunction behave like a quasi-isotropic tetrahe-
dral one. In all the calculations, it was found that the MAE in-
creases the further the system deviates from this particular
angle, which controls the mixing of the orbitals. There are sev-
eral ways to control this mixing angle, for example, the selec-
tion of particular ions that would predominantly fill either the
anti- or nonbonding e orbitals that are naturally at different
distances from the “magic” angle. Moreover, the introduction
of substituents onto the pyrazolyl rings also alters this angle,
allowing chemical manipulation of the MAE. Moreover, selec-
tion of the correct ion (Fe2+ in this case) may lead to systems
that present zero magnetic tunneling for symmetry reasons,
which should improve the stability of the spin states in non-
Kramers systems at very low temperatures. Finally, it should be
emphasized that both the MAE and magnetic tunneling are
very sensitive to the JT distortion occurring in these com-
plexes. It was shown previously that changes of the substitu-
ents also allows the JT distortion to be quenched, which, in
general, reduces the MAE of any given high-symmetry com-
plex. Thus, this study has shown large differences between sys-
tems with and without orbital degenerate ground states and
opens the way to chemically control the magnetic properties.

Computational Methods

Geometry optimizations calculations were performed by using
a generalized gradient (GGA) functional consisting of OPTX[30] for
exchange and PBEc[31] for correlation (OPBE).[32] The multiplet struc-
tures of the investigated complexes were calculated by using the
LF-DFT method. The LF-DFT procedure consists of the following
steps: 1) An average-of-configuration (AOC) spin-restricted calcula-
tion with n electrons distributed evenly over the five Kohn–Sham
(KS) molecular orbitals dominated by the d orbitals of the metal,

Table 4. Calculated D and E values for the investigated complexes of
Mn3+ and Fe2+ in Cs symmetry.

Complex D [cm�1] E [cm�1]

[MnTpCl]+ 4.66 0.50
[MnTpCH3Cl]+ 4.59 0.54
[MnTptBu,CH3Cl]+ �4.50 0.04
[FeTpCl] �22.92 1.54
[FeTpCH3Cl] �22.62 2.03
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2) starting from the KS AOC orbitals, the energies of all Slater de-
terminants (SDs) originating from the dn shell were calculated in
a spin-unrestricted way, 3) the SD energies and components of the
corresponding KS AOC eigenvectors were used to determine the
parameters of interelectronic repulsion (Racah parameters B and C)
and the one-electron 5�5 LF matrix in a least-square sense,
4) these parameters were used as input for the conventional LF
program, thereby enabling calculation of all the multiplets. The
DFT part of LF-DFT, that is, AOC and SD calculations, were per-
formed on OPBE-optimized geometries by using the OPBE func-
tional. Experimentally obtained SOC constants for free-metal
ions,[28] reduced by an orbital reduction factor,[13] were used for cal-
culations of the MAEs.

The TZP basis set was used for all atoms in all DFT calcula-
tions. Optimization of the investigated complexes, and AOC
and SD calculations were realized by using the Amsterdam
density functional (ADF) program package.[33]
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