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a b s t r a c t

We report a computational study at the OPBE/TZP level on the chemical bonding and spin ground-states
of mono-nuclear iron(II) complexes with trispyrazolylborate and trispyrazolylmethane ligands. We are in
particular interested in how substitution patterns on the pyrazolyl-rings influence the spin-state split-
tings, and how they can be rationalized in terms of electronic and steric effects. One of the main obser-
vations of this study is the large similarity of the covalent metal–ligand interactions for both the borate
and methane ligands. Furthermore, we find that the spin-state preference of an individual transition-
metal (TM) complex does not always concur with that of an ensemble of TM-complexes in the solid-state.
Finally, although the presence of methyl groups at the 3-position of the pyrazolyl groups leads to ligand–
ligand repulsion, it is actually the loss of metal–ligand bonding interactions that is mainly responsible for
shifts in spin-state preferences.

� 2009 Elsevier Ltd. All rights reserved.
Scheme 1. General structure of [RnB(pz)4�n]�, where n can be 0, 1 or 2, pz is a
pyrazol-1-yl group and R can be H, an alkyl or aryl group.

Scheme 2. Bonding in a polypyrazolylborate–metal complex.
1. Introduction

In 1966, a versatile new class of ligands appeared, which
combines some features of the cyclopentadienyl (Cp) and betadi-
ketonate ligands [1]. These new complexes are the polypyrazolyl-
borate anions with the general structure [RnB(pz)4�n]�, where n
can be 0, 1 or 2, pz is a pyrazol-1-yl group and R usually is H, an
alkyl or aryl group (see Scheme 1). With n = 1 and R = H, this gives
a tridentate ligand [HB(pz)3]�, which had been given the abbrevi-
ation Tp (for tripyrazolyl) and its substituents are then often de-
noted by superscripts (e.g. Tp3Me for the 3-methyl analogue) [2].

Since the systematic name poly(pyrazol-1-yl)borates does not
convey the mode of coordination of these ligands, these ligands
are also called scorpionates [2] to provide an idea of how the ligand
binds to metal ions. In almost all cases there are (at least) two pyr-
azolyl groups coordinated to the metal ion (see Scheme 2) and the
resulting six-membered ring is in a deep boat form that brings the
third group arching over the metal ion, like the tail of a scorpion. In
the case of homoscorpionates this third group consists of a third
pyrazolyl group, but it may also be formed by other groups (e.g.
H, OR, SR, NR2), i.e. the heteroscorpionates. However, the coordina-
tion of the metal with a third ligating group is not mandatory, since
the Tp ligand can sometimes be only bidentate, as in complexes of
Rh(I) and Pd(II) [3].
ll rights reserved.
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Several transition-metal complexes have been observed where
a metal is ligated by two of these Tpx ligands (di-scorpionates,
see Fig. 1) with an octahedral (homoleptic) metal coordination.
In case of Fe(II), many of these have been classified as spin-cross-
over complexes (see Table 1), which are interesting complexes
for technology and medicine, as they are able to switch between
different states depending on the temperature, pressure, etc. How-
ever, not all of the di-scorpionate complexes show spin-crossover
behavior, as is for instance the case for Fe(Tp3,4,5-Me3)2 that remains
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Fig. 1. Three dimensional representation of the Fe(II)-trispyrazolylborates Tb
x

(X = B) and Fe(II)-trispyrazolylmethanes Tc
x (X = C).
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high-spin even at low temperatures, or the parent complex Fe(Tp)2

that remains low-spin up until ca. 420 K.
The reason for this different behavior is often attributed to ste-

ric intra-molecular interligand interactions between the 3-methyl
groups, but electronic substituent effects can not be disregarded
altogether and may even play a decisive role. Moreover, spin-cross-
over properties are generally believed to result from cooperative
properties of a large number of these ‘‘molecules” within the solid
phase, and which involve long-range intermolecular interactions,
even though spin-crossover (SCO) has also been observed with
complexes in solution [4–6]. Therefore, the origin for the differ-
ences in the spin-crossover behavior that are observed for different
substituted di-scorpionate complexes (if any) remains unknown.

In principle, computational studies should be able to clarify
(some parts of) this complex situation, as one could perform sepa-
rate studies on the isolated complexes, and on the solid phase. By
comparing these results, one could obtain detailed information
about the parameters that govern the spin-crossover (SCO) phenom-
enon. However, there are a number of pitfalls that hamper this
straightforward application of theory. The most important one re-
gards the correct description of relative spin-state energies (spin-
state splittings) of isolated transition-metal complexes, which has
shown to be a very complicated endeavour. There has been a pleth-
ora of papers describing the failure of Density Functional Theory
(DFT) [7] functionals for this property [8–27], especially regarding
that of B3LYP. For example, Trautwein and co-workers showed in
2001 that B3LYP is unable to correctly predict the low-spin
ground-state (at 0 K) for a number of SCO complexes [11]. Reiher
and co-workers subsequently proposed to lower the amount of Har-
tree–Fock exchange (to 15% to give the B3LYP� functional) [13,14],
which seemed to perform better in many instances, but still failed
dramatically for many other complexes. Other functionals had been
proposed such as XLYP/X3LYP, [28] or more recently the M06 suite
[29], but these were also inaccurate for the spin-state splittings [9].

An important breakthrough was made in 2004, when one of us
reported for the first time the application of a new GGA functional
(OPBE) to spin-state splittings [8]. This new functional combines
the non-empirical PBEc correlation functional by Perdew and co-
workers with Handy and Cohen’s empirical OPTX exchange func-
tional [30–32]. The spin-state splittings as predicted by OPBE give
in almost all cases the correct spin ground-state [19,22,24,33–43],
with as only exception the iron–porphyrin with an axial histidine
ligand [44]. For this latter system OPBE predicts, like all DFT func-
tionals, a triplet ground-state while CCSD(T) predicts a quintet
ground-state, which would be more inline with experimental data.
For all other systems studied so far, OPBE correctly predicts the
spin ground-state, including for difficult systems like the
Fe(phen)2(NCS)2 spin-crossover complex, and iron with (amp,
dpa) pyridylmethylamine ligands. For these complexes, it was
shown very recently that OPBE is the only DFT functional able to
correctly predict a high-spin ground-state for Fe(amp)2Cl2 and a
low-spin for the related Fe(dpa)2

2+ complex [9]. Moreover, also
for NMR chemical shifts and reaction barriers does OPBE seem to
perform significantly better than other DFT functionals
[35,36,45,46].

It should be noted also that not only the DFT functional is
important, but also the basis set that is being used [47]. We re-
cently reported a systematic study into the effect of the basis set,
and found that Slater-type orbital (STO) basis sets performed well,
and also very large Gaussian-type orbital (GTO) basis sets [47].
However, neither small/medium GTOs nor basis sets containing
effective core potentials (ECPs) were reliable. Moreover, for a series
of Pople basis sets, it was observed that the largest basis set
(6-311 + G��) actually gave the largest deviation from the refer-
ence STO/very-large-GTO data. Here, we use both a reliable func-
tional (OPBE) and reliable (STO) basis sets so that we can confide
in the results obtained. In particular, we have studied the spin-
state splittings for isolated Fe(Tpx)2 complexes to see how these
are influenced by substituent effects on the pyrazolyl-ring.

We have studied also the neutral analogues of the anionic Tpx

ligands, i.e. the trispyrazolylmethane ligands [48]. Note that in or-
der to distinguish the methane ligand from the borate ligand, from
here on we will refer to these as Tc and Tb respectively. Despite the
fact that trispyrazolylmethane was first reported in 1937 [49], its
chemistry is underdeveloped in comparison with the boron coun-
terpart. However, recent breakthroughs in the synthesis of ring-
substituted trispyrazolylmethanes [50] offer the opportunity for
the development of this promising class of ligand. They are for-
mally derived by replacing the apical (BH)� anionic moiety with
the isoelectronic CH group [48]. Because the Tc

x ligand is neutral,
the iron(II) di-scorpionate with two Tc

x ligands has a total charge
of +2, and hence in experimental studies is accompanied by one
or more counter-ions. The presence of the counter-ion(s), and even
which one is present, was shown to have a large influence on the
stability and properties of the complex [51,52]. Nowadays, com-
plexes with a wide range of metals supported by Tc

x ligands have
been synthesized [52,53], and many studies about spin-transitions
in the Fe(II) complexes have been reported [54–61]. Consequently,
we decided to carry out a study on a wide range of iron(II) com-
plexes with Tb

x and Tc
x ligands, with particular emphasis on how

these are influenced by substitution patterns [51].
2. Computational

The calculations using the unrestricted formalism have been per-
formed with the Amsterdam Density Functional (ADF) suite of pro-
gram [62]. MOs were expanded in an uncontracted set of Slater type
orbitals (STOs) of triple-f quality containing diffuse functions and
one (TZP) sets of polarization functions. Energies and gradients were
calculated using the local density approximation (LDA; Slater ex-
change and VWN correlation) with gradient-corrections (GGA) for



Table 1
Experimental data available for some of the Fe(II) complexes of trispyrazolylborate and trispyrazolylmethane studied in this article (see Scheme 3).

Complex Spin-state or T1/2 (K) Form of spin-state
transition

Spin states of crystal
structure (s)

Other measurementsa References

[Fe(Tb)2] 393 on first scan, 360 on
subsequent scans

gradual LS Cal, IR, Mag, Möss, PES,Press,
Sol, Stress, XAS

[75–77,79,85–93]

[Fe(Tc)2]Br2 LS Mag [94]
[Fe(Tc)2]X2 (X� = NO3

�,
ClO4

�, PF6
�)

all > RT all gradual LS (NO3
�) ISC, Mag (NO3

�, ClO4
�), Möss [60,95]

[Fe(Tc)2][BF4]2 420 gradual LS Mag, Möss, XAS [54,79]
[Fe(Tb

3Me)2] HS at 4 K n/a HS Möss, XAS [75–77]
[Fe(Tc

3Me)2]X2

(X� = NO3
�, BF4

�)
175–220 both gradual Mag, Möss [78]

[Fe(Tc
3Me)2][PF6]2 HS Mag, Möss [78]

[Fe(Tb
3FMe)2] HS HS Möss, XAS [77,96,97]

[Fe(Tb
4Me)2] LS Möss [77,92,98]

[Fe(Tc
4Me)2]2][PF6]2 280 gradual Mag, Möss [78]

[Fe(Tb
4Br)2] LS Möss [77]

[Fe(Tc
4Br)2][ClO4]2 355 gradual Mag, Möss [78]

[Fe(Tb
3,5-Me2)2] 195 gradual HS:LS Mag, Möss, MM, Press, Sol, XAS [75–

77,79,87,90,91,93,99,100]
[Fe(Tc

3,5-Me2)2][BF4]2 206 abrupt, 50%
complete

2�HS, 1:1 HS:LS Mag, Möss, Press, XAS [54,55,57,79]

[Fe(Tc
3,5-Me2)2]I2 203 abrupt, 15 K HS Mag, Möss, Press, XAS [56,57]

hysteresis, ca. 80%
complete

[Fe(Tc
3,5-Me2)2]I2�4CH2Cl2 HS above 110 K HS [56]

[Fe(Tc
3,5-Me2)2][ClO4]2 HS Mag, Möss [78]

[Fe(Tb
3,4,5-Me3)2] HS HS Mag, Möss, Press, Sol, XAS [59,90,91,93,99,101,102]

[Fe(Tc
3,4,5-Me3)2][BF4]2 129 abrupt, 38 K HS Mag, Möss [58]

hysteresis
[Fe(Tb

N4)2] 310 gradual LS Mag, Möss, PES, Sol [75,89,103]
[Fe(Tb

4,5-Ph)2] LS LS Möss [80]
[Fe(Tb

4,5-Ph–N3)2] HS Möss [75]

a Cal = calorimetry; IR = variable temperature infrared spectroscopy; Mag = variable temperature magnetic susceptibility; MM = molecular mechanics calculations;
Möss = Mössbauer spectroscopy; Press = magnetic susceptibility or Mössbauer spectroscopy measurements under high pressure; Sol = spin-crossover temperature deter-
mination in solution by variable temperature UV/Vis or Evans method measurements; stress = magnetic susceptibility measurements under mechanical stress; XAS = X-ray
absorption spectroscopy (EXAFS or XANES).
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exchange (OPTX) [31] and correlation (PBE) [32] included self-con-
sistently, i.e. the OPBE functional [30]. Geometries were optimized
with the QUILD program [63] using adapted delocalized coordinates
[64] until the maximum gradient component was less than 1.0e-4
atomic units.

There is a fundamental difference between basis sets and effec-
tive core potentials (ECPs), which are in fact model Hamiltonians
that replace the effect of the core-electrons. Here, we refer to the
combination of the ECPs with their corresponding valence basis
sets together as ECP Basis-sets (ECPBs). Note also that the ECP ap-
proach differs fundamentally from the frozen-core approach [65]
used in ADF. Although core-electrons are not included in the SCF
procedure within the frozen-core approach in ADF, it does include
the core-orbitals and explicitly orthogonalizes the valence orbitals
to them. Moreover, the core density is obtained and included
explicitly, albeit with core-orbitals that are kept frozen during
the SCF procedure. The influence of keeping the core-orbitals fro-
zen within ADF is usually small (see below). Here we have fro-
zen-core basis sets for the geometry optimizations and OPBE SCF
energies, and the corresponding all-electron basis sets for post-
SCF energies of other functionals.

For some complexes, an energy decomposition analysis (EDA)
[66] has been performed to study the chemical bonding in these
complexes. In this EDA analysis, the total energy DEtotal for the
heterolytic association [37] reaction between the iron(II) cation
and n ligands L with charge q (5Fe2+ + n�Lq ? FeLn

nq+2) results di-
rectly from the Kohn–Sham molecular orbital (KS–MO) model
[66] and is made up of two major components: preparation and
interaction. The preparation energy contains the energy needed
to bring the cation and ligands together from their isolated equi-
librium geometry to their positions they attain in the complex,
and consists of the deformation energy DEdeform, the interaction
energy between the two ligands (DElig–lig), and the energy needed
to excite the iron(II) cation from its quintuplet ground-state to the
singlet/quintuplet state (with corresponding orbital occupations)
it attains in the complex (DEvalexc). Note that these latter do not
concur to the ones of the isolated cation, and can thus not be
compared to experimental ionization energies for the iron(II) cat-
ion. Moreover, for the ground-state of the isolated iron(II) cation,
we use the ‘‘average of configuration” (AOC) approach [67], which
is an one-determinant approximation to the true atomic state,
and serves here mainly as reference energy. The interaction en-
ergy gives the subsequent interaction between the cation on
one side, and the ligands on the other, and consists of Pauli repul-
sion DEPauli, electrostatic interactions DEelstat, and the (covalent)
orbital interactions DEorbint (see Supplementary data for full
details).

The Mössbauer parameters have been calculated according to
the procedure described in Refs. [68–70] with utility programs
kindly provided by Han and Noodleman. The measured parameters
from Mössbauer spectroscopy are isomer shift (d), quadrupole
splitting (DEQ) and the metal hyperfine of 57Fe sites [68–70]. The
quadrupole splitting of an Fe atom arises from the non-spherical
nuclear charge distribution in the I = 3/2 excited state, and is pro-
portional to the electric field gradient (EFG) at the Fe nucleus,
which can be calculated directly from ab initio molecular orbital
theory and associated programs. The isomer shift is proportional
to the electron density [q(0)] difference at the Fe nuclei between
the studied system and a reference system (normally a-Fe at
300 K), and can then be described as [68–70]:

d ¼ a qð0Þ � bð Þ () d ¼ a qð0Þ � Að Þ þ C ð1Þ



Table 2
Energy decomposition analysisa,b (kcal mol�1) for singlet and quintet states of some
iron complexes.

[Fe(Tb)2] [Fe(Tb
3Me)2] [Fe(Tb

3,4,5-Me3)2]

Singlet Quintet Singlet Quintet Singlet Quintet

Preparation 259.8 97.7 271.4 103.4 267.5 104.6
DEdeform 33.8 13.1 27.7 9.5 20.4 6.1
DElig–lig 107.8 82.7 125.5 92.0 128.9 96.6
DEvalexc 118.2 1.9 118.2 1.9 118.2 1.9
Interaction �870.1 �701.1 �851.3 �693.5 �859.4 �705.7
DEPauli 441.1 136.9 366.1 114.6 362.7 122.1
DEelstat �647.0 �548.6 �598.5 �515.6 �596.9 �521.7
DEorbint �664.2 �289.4 �618.9 �292.5 �625.2 �306.1
Total �610.3 �603.4 �579.9 �590.1 �591.9 �601.1

[Fe(Tc)2]2+ [Fe(Tc
3Me)2]2+ [Fe(Tc

3,4,5-Me3)2]2+

Preparation 178.9 25.9 191.7 32.5 196.0 41.4
DEdeform 24.0 7.8 20.4 6.8 15.1 5.1
DElig–lig 36.8 16.2 53.1 23.8 62.7 34.4
DEvalexc 118.2 1.9 118.2 1.9 118.2 1.9
Interaction �555.1 �397.4 �549.6 �401.3 �580.9 �434.5
DEPauli 445.4 137.6 366.7 116.3 376.2 124.0
DEelstat �331.3 �242.9 �298.2 �222.7 �321.9 �249.7
DEorbint �669.2 �292.1 �618.1 �294.9 �635.3 �308.8
Total �376.2 �371.5 �357.9 �368.8 �384.9 �393.1

a Obtained at OPBE/TZ2P.
b See Supplementary data for a detailed discussion of these energy terms.
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Here, A is a constant chosen close to the electron density at the
Fe nucleus in the reference state. Han and Noodleman calculated
q(0) from MO theory for a set of Fe complexes whose isomer shifts
(dexp) are known experimentally, and used linear regression be-
tween the calculated q(0) and experimental dexp values to obtain
values for a and C [68–70]. With these values, the isomer shifts
of other Fe compounds can be calculated directly if the same func-
tional and basis set is used. Han and Noodleman obtained [70] the
following values for OPBE/TZP for Fe(II) complexes:
a = �0.318 ± 0.049, C = 0.633 ± 0.084 mm s�1, A = 11877.0.

The quadrupole splitting (DEQ) is proportional to the electric
field gradient (EFG) at the Fe nucleus. The EFG tensors (V) were ob-
tained in single-point energy calculations with the all-electron TZP
basis set. V is diagonalized and its eigenvalues reordered so that
jVzzj � jVxxj � jVyyj. The asymmetry parameter g is then defined
as g ¼ jðVxx � VyyÞ=Vzzj, and finally the quadrupole splitting for
57Fe can be calculated as:

DEQ ¼
1
2

eQVzzð1þ g2=3Þ1=2 ð2Þ

Here, e is the electrical charge of a positive electron, Q is the nu-
clear quadrupole moment (0.15 barns) of Fe. Han and Noodleman
[70] did not focus on the signs of the quadrupole splittings because
for many of their reference complexes, the experimental data did
not report the sign, only the absolute value. Moreover, they ob-
served that in theoretical models the sign of DEQ may vary with
methods of calculation and basis sets used. The main focus is
therefore on the absolute values of the quadrupole splittings.

3. Results and discussion

We have studied several iron(II) complexes with the tris-
pyrazolylborate Tb

x and trispyrazolylmethane Tc
x ligands, where

substitutions have been made on the 3-, 4- and 5-position of the
pyrazolyl groups (see Scheme 3 and Fig. 1). The total charge on
the ligands (�1 for borate ligands, zero for methane ligands) has
a substantial effect on the molecular orbitals. The highest occupied
molecular orbitals of the borate ligand are found at elevated ener-
gies compared to those of the methane ligand (see Fig. S1 in the
Supplementary data). As a result, the borate ligand is both more
reactive and has stronger metal–ligand bonding interactions with
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Scheme 3. Trispyrazolylborate and trispyrazo
the iron(II) ion. This leads to a larger stability of the borate com-
plexes as compared to the methane complexes.

In order to get an estimate of the differences in metal–ligand
bonding interactions in the borate and methane complexes, we
have performed an energy decomposition analysis on the singlet
ground-state of the parent complexes [Fe(Tb)2] and [Fe(Tc)2]2+

(see first column of Table 2) for the heterolytic association reaction
between the iron(II) cation and n ligands L with charge q
(5Fe2+ + n�Lq ? FeLn

nq+2); see Computational details and Supple-
mentary data for more information.

The main difference between these two complexes is observed
for the electrostatic interactions between the iron(II) cation and
the ligands, as was to be expected. These interactions are some
320 kcal mol�1 larger for the negatively charged borate ligands
than for the neutral methane ligands. However, the increase in
R5
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H3
H3
F3
F3
H3
H3
H3
H3
H3
H3

Tb

N4 B 
Tc

N4 C 

 X Y 
Tb

4,5-Ph B C 
Tc

4,5-Ph C C 
Tb

4,5-Ph-N3 B N 
Tc

4,5-Ph-N3 C N

HX

N

N

Y

N

N

Y

N
N Y

HX

N

N

N

N

N

N

N
N

N

lylmethane ligands studied in this work.



88 M. Güell et al. / Polyhedron 29 (2010) 84–93
electrostatic interactions is compensated partly by the repulsive
interactions between the two ligands (i.e. without the metal pres-
ent yet), as they are brought into the position they have in the iron
complex. These ligand–ligand interactions are ca. 70 kcal mol�1

more repulsive for the charged borate ligands than for the methane
ligands (see DElig–lig in Table 2).

The covalent interactions between the iron and its ligating
nitrogen atoms are hardly affected, as is shown by the orbital inter-
actions term (DEorbint in Table 2) that is found at �664 and
�669 kcal mol�1, respectively for the borate and methane com-
plex. Therefore, the direct (covalent) bonding to iron is similar
for both ligands, but the stability of the complex (indicated by
the total energy in the table) is largely affected by the total charge
of the ligands. This stability is completely governed by the electro-
static interactions, and leads to a difference of some 230 kcal mol�1

in favor of the borate complex. The interaction with counter-ions
in case of the methane ligands will somewhat reduce this differ-
ence, but much will depend on where the counter-ions are located
and which counter-ions are present. Experimental data confirm
this explicit dependence of the stability on the type of counter-
ion (vide supra).

3.1. Comparison with previous results

For a number of complexes, there are studies present in the lit-
erature that were obtained with other DFT functionals. For in-
stance, the iron(II) complexes with the Tc, Tc

3Me, Tc
4Me and Tc

4Br

ligands had been studied [71] with a number of DFT functionals
(B3LYP, B3LYP�, BLYP, PW91) and Hartree–Fock, and a small-GTO
(6-311G) basis set. As shown previously [47], such a basis set gives
unreliable results for spin-state splittings. We have therefore recal-
culated the singlet–quintet splittings (see Table 3) for a number of
DFT functionals with a reliable STO basis set (TZP).

As anticipated and consistently with previous studies, the OPBE
functional predicts the correct spin ground-state for all four com-
plexes. Moreover, the deviations from the ‘‘experimental” values
(as reported in Ref. [71]) are very small (0.5–1.7 kcal mol�1). The
other DFT functionals have much larger deviations, but the signif-
icance of the ‘‘experimental” values for the isolated complexes in
the gas-phase is uncertain. Our data show the typical behavior
for spin-state splittings. Early GGAs like BLYP or PBE, and including
the more recent XLYP and TPSS functionals, overestimate the sta-
bility of the low-spin state, while the hybrid functionals overesti-
mate high-spin state stabilities. Apart from OPBE, there are two
other functionals (TPSSh and M06-L) that give reasonable values,
Table 3
Spin-state splittings (kcal mol�1)a for a number of complexes and DFT functionals using T

Type Fe(Tc)2
2+

OPBE gga +3.8
LDA lda +55.7
PBE gga +21.9
TPSS mgga +22.9
TPSSh mgga-hybr +7.7
PBE0 hybr �15.5
BLYP gga +15.3 (19.6b)
B3LYP hybr �12.4 (�1.7b)
B3LYP� hybr �2.4 (5.0b)
XLYP gga +13.1
X3LYP hybr �14.0
M06�L mgga +6.6
M06 mgga�hybr �8.4
‘‘exp.”c +4.3

a Given here is E(quintet)�E(singlet), as calculated post-SCF on OPBE/TZP(ae) orbitals
b Values from Ref. [71], obtained with inaccurate 6-311G GTO-basis.
c ‘‘Experimental” value is inaccessible for isolated complex in gas-phase (see text), va
d Not available in Ref. [71], no spin-transition observed, high-spin expected at 0 K.
with the rest clearly giving less accurate results. This concurs with
a recent benchmark study by one of us [9], where the superior per-
formance of OPBE was already shown. One of the referees correctly
pointed out that if one adds the BLYP and B3LYP data, one more or
less obtains the OPBE data (see Table 3). Thus, at least for the spin-
state splittings reported here, it seems that such a 1:1 combination
of BLYP and B3LYP should give good results, similar to OPBE, only
much slower.

The influence of the basis set is once again shown to be as sig-
nificant as the choice of the DFT functional itself. For instance,
there is a difference of between 4 and 13 kcal mol�1 between our
data with the STO basis, and the data from Ref. [71] that were ob-
tained with the inadequate 6-311G basis (see Table 3). Note that
the basis set not only affects the energy, but also the geometry
with lower accuracy obtained for small-GTOs than for STOs [47].
Curiously, the B3LYP splitting for Fe(Tc)2

2+ as obtained with the
3-21G basis [11] (�7.4 kcal mol�1) is closer to the STO result
(�12.4 kcal mol�1) than the one obtained with the 6-311G basis
(�1.7 kcal mol�1). However, our previous study [47] already
showed that increasing the basis set size of Pople-type GTOs is
not always favorable, and often actually deteriorates the result.

Long and co-workers [72] studied the parent Fe(Tb)2 compound
and some ring-substituted ones with the B3LYP functional and a
number of GTO and/or ECPB basis sets. With an ECPB basis for iron
they obtained an almost zero singlet–quintet splitting, which
seems odd given that the complex stays low-spin up until 420 K.
Therefore, it would be anticipated that there is a substantial sin-
glet–quintet splitting. Indeed, this spin-state preference is cor-
rectly reflected in our OPBE data that places the quintet state
higher in energy by 6 kcal mol�1. Therefore, the failure of B3LYP
as well as the success of OPBE for these spin-state splittings is once
again shown.

3.2. Spin-state splittings with parent ligands Tb and Tc

The energy decomposition analysis described above has been
performed for the singlet spin-state, which is the ground-state
for the parent [Fe(Tb)2] and [Fe(Tc)2]2+ complexes. The triplet
and quintet states are higher in energy for both these complexes
by 4–30 kcal mol�1 (see Table 4). These energies have been ob-
tained with the appropriate (relaxed) geometries for each of
the spin-states, i.e. the geometry of each spin-state was allowed
to relax fully. This leads to significant differences in metal–ligand
distances, which e.g. for complex [Fe(Tb)2] are on average 1.96 Å
(singlet), 2.08 Å (triplet) and 2.21 Å (quintet) (see Table S1).
ZP(ae) basis set.

Fe(Tc
3Me)2

2+ Fe(Tc
4Me)2

2+ Fe(Tc
4Br)2

2+

�13.4 +3.8 +2.7
+47.4 +55.6 +54.1
+12.1 +21.8 +20.8
+13.1 +22.9 +21.9
�1.1 +7.9 +7.2
�22.8 �15.1 �15.1

+6.2 (9.3b) +15.2 (19.8b) +14.4 (18.9b)
�19.3 (�9.6b) �12.1 (�1.4b) �12.1 (�1.9b)
�9.8 (3.1b) �2.2 (5.3b) �2.5 (4.8b)
+4.4 +13.1 +12.3
�20.4 �13.6 �13.6
�2.6 +7.1 +6.8
�14.4 �7.9 �7.6
n/ad +5.5 +4.3

and densities.

lue given is rough estimate as presented in Ref. [71].



Table 4
Spin-state splittings (kcal mol�1) for the studied complexes.

Energy (kcal mol�1)

Compound Singlet Triplet Quintet Exp.

[Fe(Tb)2] 0.0 29.7 (19.3)a 6.0 LS
[Fe(Tc)2]2+ 0.0 28.4 (18.5)a 3.8 LS
[Fe(Tb

3Me)2] 10.5 30.9 0.0 HS
[Fe(Tc

3Me)2]2+ 11.2 31.1 0.0 LS/HSb

[Fe(Tb
3FMe)2] 21.7 35.4 0.0 HS

[Fe(Tc
3FMe)2]2+ 13.7 31.2 0.0 -

[Fe(Tb
4Me)2] 0.0 29.5 5.7 LS

[Fe(Tc
4Me)2]2+ 0.0 28.4 4.1 LS

[Fe(Tb
4Br)2] 0.0 28.7 5.1 LS

[Fe(Tc
4Br)2]2+ 0.0 27.5 3.0 LS

[Fe(Tb
5Me)2] 0.0 30.5 8.2

[Fe(Tc
5Me)2]2+ 0.0 29.3 6.5

[Fe(Tb5FMe)2] 0.0 33.3 14.1
[Fe(Tc

5FMe)2]2+ 0.0 32.3 12.7
[Fe(Tb

3,5-Me2)2] 7.9 29.4 0.0 LS/HS
[Fe(Tc

3,5-Me2)2]2+ 8.2 29.4 0.0 LS/HS
[Fe(Tb

3,4,5-Me3)2] 9.7 30.0 0.0 HS
[Fe(Tc

3,4,5-Me3)2]2+ 8.7 29.2 0.0 LS
[Fe(Tb

3,5-Me2–4Cl)2] 9.5 29.9 0.0
[Fe(Tc

3,5-Me2–4Cl)2]2+ 8.9 29.2 0.0
[Fe(Tb

N4)2] 0.0 29.9 5.6 LS
[Fe(Tc

N4)2]2+ 0.0 27.7 2.4
[Fe(Tb

4,5-Ph)2] 0.0 33.1 12.8 LS
[Fe(Tc

4,5-Ph)2]2+ 0.0 30.3 8.0
[Fe(Tb

4,5-Ph–N3)2] 0.0 36.9 18.5 HS
[Fe(Tc

4,5-Ph–N3)2]2+ 0.0 35.2 16.3

a Value in parentheses obtained with lower symmetry (Jahn–Teller distorted).
b Dependent on counter-ion.
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These calculations have been performed with D3d symmetry
imposed on the geometry, which concurs with the symmetry
observed for the experimental structure (in the singlet ground-
state). However, in the triplet state, the occupations of the molec-
ular orbitals are not optimal within this symmetry restriction, i.e.
two degenerate orbitals within the eg irrep are each occupied by
half an electron.

This leads to Jahn–Teller distortions, in which through symme-
try lowering the iron–ligand distances are no longer equivalent.
Usually for a pseudo-octahedral coordination around the metal,
after Jahn–Teller distortion the distances to the four equatorial li-
gands remain similar, while the two axial ligands show significant
changes, either to longer or shorter distances. Although the issue of
Jahn–Teller distortion is only relevant for the high-lying triplet
state, and the relaxation in lower symmetry usually contributes
only a few kcal mol�1 of stabilization, we also performed calcula-
tions for the triplet states within C2h symmetry. This symmetry al-
lows the axial ligands to have different distances to the metal than
the equatorial ligands. Indeed, the axial metal-distances change
significantly to 2.41 Å ([Fe(Tb)2]) and 2.39 Å ([Fe(Tc)2]2+), while
the equatorial ligands are found at 1.98 Å (for both complexes).
Nevertheless, the additional stabilization of 10.4 ([Fe(Tb)2]) and
9.9 ([Fe(Tc)2]2+) kcal mol�1 is only minor compared to the initial
destabilization with respect to the ground-state, i.e. after Jahn–
Teller distortions these triplet states remain ca. 19 kcal mol�1 high-
er in energy than the singlet ground-state. Therefore, hereafter we
focus only on the low-spin singlet and high-spin quintet states that
are much closer in energy.

3.3. Influence of substituents on spin ground-state

If we replace the H atoms in the 3-pyrazolyl-rings’ position with
the bulkier methyl groups (Tx

3Me), the intraligand and interligand
repulsions are significantly enhanced. In fact, the interligand repul-
sions act effectively in a way as to lengthen the Fe–N bond dis-
tances in order to be relieved. This is clearly the case in our
calculations where the iron–nitrogen distances increase by ca.
0.05 Å for all three spin states (compare Fe(Tb)2 and Fe(Tb

3Me)2 in
Table S1). It should also be mentioned that inversions of pyrazole
rings are a well documented phenomenon when an isopropyl
group is positioned at position 3 of the pyrazolyl group in the li-
gand [73,74]. This may lead to the rotation of one of the pyrazolyl
groups, thereby putting the isopropyl at the 5-position in order to
reduce steric interactions, and one thus obtains a mixed 3-Me, 3-
Me, 5-Me ligand. Moreover, our EDA analysis for these two com-
plexes clearly shows a larger repulsive interaction between the li-
gands in case of the Tb

3Me ligand (see DElig–lig in Table 2). The
increase of this repulsion is clearly larger for the singlet (from
107.8 to 125.5 kcal mol�1) than for the quintet (from 82.7 to
92.0 kcal mol�1). Although this undoubtedly favors the HS state,
it may or may not be sufficient for leading to an inversion of the
spin-state stabilities.

The increase of ligand–ligand repulsion is counteracted by the
deformation energy that shows a larger decrease for the singlet
(33.8 to 27.7 kcal mol�1) than for the quintet (13.1 to 9.5
kcal mol�1). Taken these two counteracting effects into account
leads to an overall effect of 5.9 kcal mol�1 in favor of the quintet
state (see preparation energy). However, an even larger effect
comes from the interaction energy that decreases by
18.8 kcal mol�1 for the singlet state and only 7.6 kcal mol�1 for
the quintet state, i.e. 11.2 kcal mol�1 in favor of the quintet. All
three components of the interaction energy are important for
this decrease, i.e. for the singlet state the Pauli repulsion (DEPauli)
decreases by 75.0 kcal mol�1, the electrostatic interactions
(DEelstat) decrease by 48.5 kcal mol�1, and the orbital interactions
(DEorbint) by 45.3 kcal mol�1. On the other hand for the quintet,
DEPauli repulsion decreases by 22.3 kcal mol�1, DEelstat by
33 kcal mol�1, while the orbital interactions actually increase
by 3.1 kcal mol�1.

The introduction of the methyl groups therefore has a number
of effects that are interrelated: (i) larger ligand–ligand repulsion;
(ii) larger iron–ligand distances; (iii) smaller metal–ligand bonding
interactions. Of these effects, the third has the largest effect on the
spin-state splitting and not, as anticipated from experimental stud-
ies, the first, although the ligand–ligand repulsion is the driving
force that leads to the larger iron–ligand distances and hence the
smaller metal–ligand bonding.

The same pattern is observed for the corresponding pyra-
zolylmethane ligands (Tc and Tc

3Me), where the introduction of
the methyl groups at the 3-position leads to an increase of the
iron–ligand distances. At the same time an increase of ligand–li-
gand repulsion is observed, which is again larger for the singlet
(from 36.8 to 53.1 kcal mol�1, see Table 2) than for the quintet
(16.2 to 23.8 kcal mol�1). However, the metal–ligand interactions
are even more affected, which decrease for the singlet state (from
�555.1 to �549.6 kcal mol�1) and increase for the quintet state
(from �397.4 to �401.3 kcal mol�1). These patterns are very simi-
lar to those of the corresponding borate complexes (see above),
which reiterates our finding that covalent (direct) metal–ligand
interactions are very similar between a borate (Tb

x) complex and
its corresponding methyl (Tc

x) complex.
Placing the methyl groups at other positions of the pyrazolyl-

ring has no effect on the spin ground-state, which remains the sin-
glet. The spin-state splitting is hardly affected when placing a
methyl group at the 4-position (difference with parent compound
ca. 0.3 kcal mol�1, see Table 4), and is only slightly increased by 2–
3 kcal mol�1 when placing it at the 5-position (see Fe(Tb

5Me)2 and
Fe(Tc

5Me)2
2+ in Table 4). Moreover, even when the 4-position of

the pyrazolyl-rings of the trispyrazolylborate ligands is occupied
by an isopropyl (i-Pr) substituent, the complex shows the same
spin behavior as [Fe(Tb)2], indicating that the steric hindrance is
not important [75].
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Replacing the C4–H group by a nitrogen (in the Tb
N4 and Tc

N4 li-
gands) also does not have a significant effect on the spin-state
splittings. On the other hand, replacing the hydrogens on the
methyl group by fluorines has a stabilizing effect on the ground-
state. For instance, the spin-state splitting of 10.5 kcal mol�1 in fa-
vor of the quintet for the Tb

3Me ligand increases to 21.7 kcal mol�1

for the Tb
3FMe ligand. Likewise, the splitting of 8.2 kcal mol�1 in fa-

vor of the singlet state for the Tb
5Me ligand increases to

14.1 kcal mol�1 for the Tb
5FMe ligand. Therefore, the introduction

of fluorines by itself does not lead to a preference for either low-
or high-spin, but merely enhances the ground-state.

The simultaneous introduction of two or three methyl groups at
the pyrazolyl-ring leads to only small changes compared to the
Tx

3Me ligand. In all cases is a high-spin ground-state observed,
but the spin-state splitting varies somewhat. For Tb

3Me it was
10.5 kcal mol�1 in favor of the quintet, which reduces to
7.9 kcal mol�1 for Tb

3,5-Me2, and then increases back to
9.7 kcal mol�1 for Tb

3,4,5-Me3 (see Table 4). Interestingly enough,
this change in spin-state splitting is now almost entirely resulting
(compare Fe(Tb

3,4,5-Me3)2 and Fe(Tb)2 in Table 2) from metal–ligand
interactions, and hardly any effect is coming from the preparation
energy (i.e. direct ligand–ligand repulsion and deformation
energy).

3.4. Comparison between spin-state splittings and spin-crossover
behavior

Evidence for spin-crossover (SCO) behavior is often obtained by
looking at magnetic susceptibility data and/or Mössbauer spectra
(see below), which are then associated with the spin-state prefer-
ences for the transition-metal complexes. However, SCO behavior
results from cooperative effects of a large number of TM-com-
plexes, and hence, these collective spin-state preferences do not
necessarily reflect the preference of one individual TM-complex.
In order to test in how far these two are correlated, we can now
compare our computed spin-state splittings with the experimen-
tally observed ones (see Table 4).

The low-spin ground-state of the parent complexes Fe(Tb)2 and
Fe(Tc)2

2+ is observed both for an individual complex (as evidenced
by our calculations) and for a cluster of complexes in the solid-
state phase (experiment). Likewise, the high-spin ground-state of
the 3-methyl analogues is present in both the theoretical and
experimental systems [75–77]. It should be noted however that
for the Tc

3Me ligand the experimental spin-state seems to depend
on the kind of counter-ion that is present [78]. With PF6

� and
BF4

� counter-ions a low-spin is observed, while with ClO4
� a pre-

dominantly high-spin state is observed [78].
For most other complexes, the spin ground-state of an individ-

ual TM-complex (from our OPBE data) coincides with the experi-
mentally observed spin-state (for the solid-state) [75]. There are
however two exceptions, which are observed when more than
one methyl group substituent is present. For instance, for the
Tx

3,5-Me2 and Tx
3,4,5-Me3 ligands our computational data clearly

indicate a high-spin ground-state. This is for the Tc
3,5-Me2 meth-

ane-complex corroborated by experimental data at 4.2 K with a
ClO4

� counter-ion present. However, with the BF4
� counter-ion a

mixture of collective high-spin and low-spin states is observed
[54,79]. Moreover, with the iodide counter-ion, sample dependent
spin-crossover or no-crossover is observed, which seems to also
depend on the presence of absence of solvent (CH2Cl2) molecules
in the crystalline sample [56]. All this indicates clearly that the
chemical environment of the Fe(Tc

3,5-Me2)2
2+ di-cation in the ionic

lattice influences the spin-crossover severely, and any collective
spin-state thus obtained does not reflect the spin ground-state of
an individual di-cation. For the Tb

3,5-Me2 ligand one obtains either
a collective low-spin state in the experiments, or a mixture of
low- and high-spin states depending on the crystallization process
[75].

For the Tb
3,4,5-Me3 ligand a collective high-spin state is observed,

both by theory and experiment [75]. On the other hand, the solid-
state structure and color of [Fe(Tc

3,4,5-Me3)2](BF4)2 clearly show that
the complex contains high-spin iron(II) at ambient temperature,
but both magnetic and Mössbauer studies point out that the com-
plex rapidly and completely changes to the low-spin state below
100 K [58]. This would indicate that for the first time there is a sig-
nificant difference between a methane and its corresponding bo-
rate complex, which in all other cases shows a similar spin
ground-state in the experiments and in our calculations. In fact,
also in this case do our calculations give a similar (HS) ground-
state for [Fe(Tb

3,4,5-Me3)2] and [Fe(Tc
3,4,5-Me3)2]2+. Since our EDA

analysis indicated for complexes [Fe(Tb)2] and [Fe(Tc)2]2+ that the
covalent bonding was similar in these two complexes (see above),
we were wondering if there was a change for the complexes
[Fe(Tb

3,4,5-Me3)2] and [Fe(Tc
3,4,5-Me3)2]2+. However, similar to the sit-

uation for the Tb and Tc ligands, our results show that the metal–
ligand interactions are similar (see Table 2).

3.5. Mössbauer parameters

We have calculated the Mössbauer parameters for all transi-
tion-metal complexes with the Tb

x and Tc
x ligands, and find the

usual distinction between the isomer shifts and quadrupole
splittings of the singlet state versus those of the quintet state
(see Table 5). For instance, the isomer shifts of the singlet states
are found at lower values (0.5–0.7 mm s�1) than those of the quin-
tet states (1.0–1.2 mm s�1). Likewise, the quadrupole splitting is
found at lower values for the singlet (between �0.4 and
0.1 mm s�1) than for the quintet (between �3.4 and �3.7 mm s�1).
However, we did not find any clear correlation between these
Mössbauer parameters and substituent patterns. It should be men-
tioned however that especially the isomer shift is very similar be-
tween the borate and methane ligands. For instance, that of Fe(Tb)2

is found at 0.605 mm�s�1 and that of Fe(Tc)2
2+ at 0.607 mm s�1.

Placing a methyl group at the 3-position increases these values
to 0.711 and 0.707 mm s�1 (see Table 5), while placing a methyl
group at the 4- or 5-position has only a very modest effect (as
was also evident from the spin-state splittings).

3.6. Poly-indazole ligands

A drastically different substitution pattern is present in the
[Fe(Tb

4,5-Ph)2] and [Fe(Tc
4,5-Ph)2]2+ complexes, where carbons 4

and 5 of the pyrazolyl-ring also form part of an attached phenyl
ring (see Scheme 3) that together form an indazole group. These
poly(indazole)borate systems are of interest because of the two
possible regio-isomeric structures [80]. The B–N formation can oc-
cur at the nitrogen atom N1 or N2 (by indazole numbering, see
Scheme 4, left and right, respectively). The latter isomer is the
empirically expected form where B–N bond formation (from
KBH4 and indazole) had occurred at the least-hindered nitrogen
[56]. Interestingly however, this isomer (on the right in Scheme
4) appears to be encountered only with 7-substituted indazoles
[81,82]. With unsubstituted or otherwise substituted indazoles
the isomer where the boron is coordinated to N1 (left in Scheme
4) is formed, probably because of electronic reasons [56]. It is most
likely governed by the aromaticity of the ligands, which is larger
for the left isomer than for the right isomer. This is indicated by
the Harmonic Oscillator Model of Aromaticity (HOMA) [83] values
that are found to be 0.826 (five-membered ring) and 0.900 (phenyl
group) for the left isomer, and 0.852 (five-membered ring) and
0.804 (phenyl) for the right isomer; larger HOMA values indicate
larger aromaticity and hence larger stability. These HOMA values
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Scheme 4. Regio-isomeric structures for the hydrotris(indazol-1-yl)borato ligand (Tb
4,5-Ph). –(N–N)– denotes the indazolyl ring which is oriented to the rear.

Table 5
Experimental and computed isomer shift (IS) and quadrupole splitting (QS) for the complexes studied (mm s�1).

Complex T (K) ISexp. QSexp. Pct.a GSb References ISLS
c QSLS

c ISHS
d QSHS

d

[Fe(Tb)2] 293 0.40 0.20 100 1A1g(Oh) [75] 0.605 0.001 1.130 �3.565
4.2 0.48 0.22 100 1A1g(Oh)

[Fe(Tc)2]2+ 472 0.74 2.98 100 5T2g(Oh) [56] 0.607 0.073 1.136 �3.631
4.2 0.45 0.25 100 1A1g(Oh)

[Fe(Tb
3Me)2] 4.2 0.45 0.21 20 1A1g(Oh) [75] 0.711 �0.167 1.171 �3.408

4.2 1.06 3.81 58 5T2g(Oh)
[Fe(Tc

3Me)2]2+ 4.2 0.53e, 0.53f 0.43e, 0.36f 1A1g(Oh) [78] 0.707 �0.031 1.167 �3.545
4.2 1.24e, 1.13f 3.71e, 3.99f 5T2g(Oh)

[Fe(Tb
3FMe)2] 293 1.11 3.49 100 5T2g(Oh) [77] 0.849 �0.358 1.190 �3.024

4.2 1.11 3.49 100 5T2g(Oh)
[Fe(Tc

3FMe)2]2+ 0.769 �0.248 1.179 �3.149
[Fe(Tb

4Me)2] 293 0.39 0.34 100 1A1g(Oh) [77] 0.608 0.014 0.986 �3.374
[Fe(Tc

4Me)2]2+ g 0.51 0.32 1A1g(Oh) [78] 0.613 0.077 1.139 �3.611
g 0.97 3.55 5T2g(Oh)

[Fe(Tb
4Br)2] 293 0.37 0.56 100 1A1g(Oh) [77] 0.621 0.025 1.131 �3.508

[Fe(Tc
4Br)2]2+ g 0.48 0.35 1A1g(Oh) [78] 0.630 0.108 1.144 �3.599

g 1.41 3.12 5T2g(Oh)
[Fe(Tb

5Me)2] 0.593 0.037 1.112 �3.571
[Fe(Tc

5Me)2]2+ 0.596 0.113 1.121 �3.656
[Fe(Tb

5FMe)2] 0.533 �0.040 1.063 �3.526
[Fe(Tc

5FMe)2]2+ 0.528 0.076 1.069 �3.690
[Fe(Tb

3,5-Me2)2] 4.2 0.56 0.11 58 1A1g(Oh) [75] 0.695 �0.137 1.154 �3.411
4.2 1.03 3.66 42 5T2g(Oh)

[Fe(Tc
3,5-Me2)2]2+ 190 1.02 3.86 100 1A1g(Oh) [56] 0.686 0.016 1.148 �3.590

4.2 0.46 0.21 100 5T2g(Oh)
[Fe(Tb

3,4,5-Me3)2] 293 1.05 3.72 100 5T2g(Oh) [75] 0.718 �0.133 1.152 �3.397
4.2 1.20 3.71 100 5T2g(Oh)

[Fe(Tc
3,4,5-Me3)2]2+ 160 1.09 3.92 100 5T2g(Oh) [58] 0.696 �0.016 1.154 �3.505

4.2 0.52 0.20 100 1A1g(Oh)
[Fe(Tb

3,5-Me2-4Cl)2] 293 0.33 0.77 15 1A1g(Oh) [75] 0.617 �0.116 1.136 �3.356
293 1.00 3.68 85 5T2g(Oh)

[Fe(Tc
3,4,5-Me3)2]2+ 0.704 0.017 1.146 �3.499

[Fe(Tb
N4)2] 293 0.32 0.07 100 1A1g(Oh) [75] 0.691 �0.048 1.152 �3.572

4.2 0.39 0.18 100 1A1g(Oh)
[Fe(Tc

N4)2]2+ 0.634 0.025 1.143 �3.659
[Fe(Tb

4,5-Ph)2] 287 0.34 0.16 100 1A1g(Oh) [80] 0.582 �0.123 1.127 �3.601
[Fe(Tc

4,5-Ph)2]2+ 0.603 0.019 1.141 �3.635
[Fe(Tb

4,5-Ph–N3)2] 4.2 0.26 0.68 4 1A1g(Oh) [75] 0.511 �0.248 1.119 �3.569
4.2 1.09 2.92 96 5T2g(Oh)

[[Fe(Tc
4,5-Ph–N3)2]2+ 0.514 �0.116 1.124 �3.626

a Percentage assigned to spin-states.
b Spin-state assignation in terms of idealized Oh symmetry.
c Computed at OPBE/TZP for low-spin state.
d Computed at OPBE/TZP for high-spin state.
e With counter-ion ClO4

�.
f With counter-ion BF4

�.
g Low temperature.
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are corroborated by the stability of the ligands at the OPBE/TZP le-
vel, which shows that the left isomer is more stable than the right
one by 5.0 kcal mol�1.

For this regio-isomeric structure, boron is bonded to the steri-
cally more hindered but electronically richer nitrogen atom, which
leads to the negatively charged Tb

4,5-Ph ligand. The experimental
collective spin-state of [Fe(Tb

4,5-Ph)2] in the solid-state is low-spin,
which agrees with the theoretical results for the isolated complex.
The [Fe(Tc

4,5-Ph)2]2+ complex has not been synthesized experimen-
tally yet, but we predict that its ground-state would also be the
singlet spin state.

In the complex [Fe(Tb
4,5-Ph–N3)2], with benzatriazole groups in

which the 3-position of the pyrazolyl-ring is also occupied by a
nitrogen (see Scheme 3), the presence of the low-spin isomer in



92 M. Güell et al. / Polyhedron 29 (2010) 84–93
the solid-state is not more than 4%, even at the liquid nitrogen
temperature [75]. The coordination of 3-N for the Tb

4,5-Ph–N3 ligand,
which is a better donor than 2-N, would allow polymeric structures
to be formed. Our calculations predict clearly that the ground-state
of an individual Fe(Tb

4,5-Ph–N3)2 complex should be a singlet, which
differs from the spin-state of the solid-state phase of the complex
that indicate a high-spin state. In fact, for this complex we observe
the largest splitting between the singlet and quintet state, of
18.5 kcal mol�1.

Although it was already shown above that the chemical envi-
ronment plays a large part in the determination of the collective
spin-state in the solid-state, we were intrigued by the apparent dif-
ference between the spin-state of one [Fe(Tb

4,5-Ph–N3)2] complex
and that of the solid-state equivalent. Since the crystallographic
structure of [Fe(Tb

4,5-Ph–N3)2] has not been obtained, it is not possi-
ble to know exactly the structure of the complex for which the
experimental data had been obtained. Therefore, we have studied
a number of possible alternative structures: one where iron is for
instance bonded to N3 instead of N2; the other regio-isomeric
structure (see Scheme 4); with a different number of ligands (four
instead of six); or other exotic structures in which indazole groups
of the top ligand are stacked above each other, or above indazole
groups of the bottom ligand. However, neither of these trials re-
sulted in a more stable structure than the ‘‘standard” D3d oriented
structure that was observed for most of the other complexes. Note
also that the experimental Mössbauer quadrupole splitting of the
HS state of 2.92 mm s�1 is significantly smaller than those ob-
served for the other complexes, which are usually observed be-
tween 3.5 and 3.9 mm s�1. Our computed quadrupole splitting
for the D3d structure is indeed similar to those of the other com-
plexes, giving further credibility to the hypothesis that the exper-
imental data do not correspond to this D3d structure, nor to its
crystalline solid-state equivalent.

A possible explanation for the difference between our computed
values for one individual [Fe(Tb

4,5-Ph–N3)2] complex (LS) and the
experimentally observed (HS) spin-state might be given by a recent
experimental study. In it, a penta-nuclear iron(III) complex with
four benzotriazole and a number of other ligands has been reported,
which was found with a HS ground-state [84]. Taken together with
the possible formation of polymers [75] and our compelling evi-
dence of a LS ground-state for [Fe(Tb

4,5-Ph–N3)2], this might indicate
that the Mössbauer parameters from Ref. [75] would not corre-
spond to this mono-nuclear iron(II) complex but instead to an oli-
go- or poly-nuclear structure.

4. Conclusions

We have studied the spin-state preferences of iron(II) com-
plexes with trispyrazolylborate and trispyrazolylmethane ligands,
and determined at the OPBE/TZP level how these for an individual
iron(II) complex in the gas-phase are influenced by substitution
patterns at the pyrazolyl-ring. By using an energy decomposition
analysis of the metal–ligand and ligand–ligand interactions, we
have shown that there is strong resemblance between the covalent
metal–ligand interactions for both ligands. However, the total sta-
bility of the complexes is greatly enhanced for the overall neutral
borate complexes compared to the corresponding methane com-
plexes, which results as anticipated mostly from differences in
electrostatic interactions. This may explain why in experiments
such a large dependence on the presence, location and nature of
counter-ions is observed. Apart from these effects, there is gener-
ally a strong resemblance between the spin ground-state of an
individual iron(II) complex in the gas-phase, and the collective
spin-state of an ensemble of complexes in the solid-state.

The spin-state preferences of the individual iron(II) complexes
are shown to be determined mainly by methyl groups at the
3-position of the pyrazolyl-rings. Its presence leads to intra-molec-
ular interligand repulsion that leads to larger iron–ligand dis-
tances. This leads to a sharp reduction of favorable metal–ligand
bonding interactions, whose loss is mainly responsible for the
change in spin-state preferences of the complexes.
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