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Magnetic properties of the family of Mng complexes with oximato bridging ligands, some of them showing the
highest anisotropy energy barriers known to date, have been studied using theoretical methods based on density
functional theory. The different magnetic behaviors, total spin values from 4 to 12, are well reproduced by
the calculated exchange coupling constants. The analysis of the magnetostructural correlations indicates that the
Mn—N—0O—Mn torsion angles play a crucial role, with the out-of-plane shift of the central oxo bridging ligand involved
to a lesser degree. The Mn—N—O—Mn torsion angles are mainly controlled by the existence of an intramolecular
hydrogen bond between the NO group of the bridging ligand and the substituents of the equatorial oximato bridging

y

ligand and the presence of bulky substituents in the axial carboxylato ligands.

Introduction

Since the discovery in 1993 of single-molecule magnet
(SMM) behavior by Gatteschi and co-workers in a Mnj,
compound,’? one single molecule of this compound behaves
like a magnet, many research groups have intensively searched
for new molecules showing such appealing properties.’ Slow
relaxation of the magnetization at low temperature is respon-
sible for the presence of a hysteresis loop in magnetization
curves, which also display some irregular shapes because of the
presence of thermally induced quantum tunneling.** To have
slow relaxation of the magnetization, the states with positive
and negative magnetic moments must be separated by an
energy barrier, whose height is known to depend directly on
the square of the total spin of the molecule and on its magnetic
anisotropy. Such transition metal complexes are much sought
after synthetic targets because of their potential as systems that
could eventually lead to applications for information storage

*To whom correspondence should be addressed. E-mail: eliseo.ruiz@qi.
ub.es.

(1) Caneschi, A.; Gatteschi, D.; Sessoli, R.; Barra, A. L.; Brunel, L. C.;
Guillot, M. J. Am. Chem. Soc. 1991, 113, 5873.

(2) Sessoli, R.; Gatteschi, D.; Caneshi, A.; Novak, M. A. Nature 1993,
365, 141.

(3) Aromi, G.; Brechin, E. Struct. Bonding (Berlin, Ger.) 2006, 122, 1.

(4) Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003, 42, 246.

(5) Gatteschi, D.; Sessoli, R.; Villain, J. Molecular Nanomagnets; Oxford
University Press: Oxford, 2006.

pubs.acs.org/IC Published on Web 07/22/2009

at the molecular level if the barrier is high enough to avoid the
thermal jump or the quantum tunneling effects. Despite the
fact that many single-molecule magnets have been synthesized
during the last fifteen years only recently have some of them
shown a higher barrier than the originally studied Mn,
complex.® This goal was achieved with a new family of Mng
complexes with oximato and oxo bridging ligands that were
synthesized by Milios et al. displaying a variety of total spin
and magnetic anisotropy values (Table 13}.67” The total spin
values range from S = 4 for complex 1'*"* (see Figure 1) to 12,
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Table 1. Experimental Data Corresponding to the Family of the Mn, Complexes (1-12,°13—15,'" 16'%), the Values of the Mn—N—O—Mn Torsion Angles and out-of-Plane
Shift (h) of the Central Oxygen Atom and the Magnetic Data, Fitted Exchange Coupling Constants, Total Spin of the Ground State, and Energy Barrier (U.g) Due to the

Anisotropy of the Molecule

complex Mn—N—-O—Mn (deg) h (A) J(em™) S Uerr (K)
[MngO,(H-sa0)s(O,CH),(MeOH)4] (1) 18.0, 10.4, 25.6 —0.228¢ —4.6,—1.8, +1.25 4 28
[MngO,(Me-sa0)(O,CCPh;),(EtOH),] (2) 42.4,25.5,29.7 0.076 +1.2,—-1.95 4 31.7
[MngO,(Et-sa0)s(0,CCMes)2(EtOH)s] (3) 42.1,36.9,23.3 0.072 +1.39, —-1.92 6 30

42.2,16.7,32.4 0.107

[MngO(Et-520)s(0,CPh?>OPh),(EtOH),] (4) 47.6,23.7,31.8 0.061 +1.76, —1.92 7 432
[MngO-(Et-520)s(0,CPh*OPh),(EtOH)4(H,0),] (5) 43.7,38.3,30.3 0.059 +1.39, —0.99 9 56.9
[MngO,(Me-sa0)s(O,CPhBr),(EtOH)¢] (6) 42.9,31.9,30.4 0.085 +1.15,—-0.73 11 50.2
[Mn¢O,(Et-sa0)s(0O,CPh),(EtOH)4(H,0),] (7) 39.9,38.2,31.3 0.092 +0.93 12 53.1
[MngO,(Et-sa0)s{O,CPh(Me),},(EtOH)4] (8) 43.1,39.1, 349 0.039 +1.63 12 86.4
[MngO,(Et-5a0)6(0,C1H5)2(EtOH)g] (9) 42.6, 36.7, 34.0 0.055 +1.60 12 79.9
[Mn¢O,(Me-sa0)4(0,C-th),(EtOH), (H,0),] (10) 31.1,36.3,27.4 0.033 n.a. n.a. n.a.
[MngO,(Et-sa0)s(0,CPhMe),(EtOH)4(H,0),] (11) 47.2,38.2,30.4 0.082 +1.85, —0.70 12 69.9
[Mnf,Oz(Et-sao)é (OzC]zH17)2(EtOH)4(H20)2] (12) 41 .5, 40.1 N 27.8 0.103 + 155, —=2.20 5+1 31.2
[MngO,(Et-sa0)s(O>CNapth),(EtOH)4(H,0),] (13) 41.1, 33.3,40.5 0.105 +1.31 12 60.1
[MngO,(Et-sa0)s(O,CAnth),(EtOH)4(H,0),] (14) 42.3,39.3,25.6 0.097 +1.75, —0.90 12 60.1
[MngO,(Et-sa0)s(O,CPhCCH),(EtOH)4(H,0),] (15) 38.9,38.7,32.1 0.076 +0.79 12 66.8
[MngO,(H-sa0)s(O,CCHj;),(EtOH),4] (16) 22.8,16.5,10.7 —0.215¢ —3.5,—12.6,+12.4, —0.45 4 28

“Negative sign means inward shift.

Figure 1. Representation of the molecular structure of complexes 1 (left) and 8 (right) (see Table 1). Large red spheres are the Mn atoms, while oxygen and
nitrogen atoms are represented by small green and blue spheres, respectively. The carbon atoms are represented as orange cylinders to simplify the figure.

the latter being with a total spin expected for a ferromag-
netically coupled system with the energy barrier related to
the magnetic anisotropy (complex 8, see Figure 1) higher
than any other SMM.'* Recently, the effect of the pressure
on the magnetic properties of these complexes has also
been analyzed.'> An analysis of the structural parameters
for such complexes was performed and two parameters
were selected as those that could possibly control the
magnetic properties, namely, the distortion of the Mn—
N—O—Mn torsion angle and the out-of-plane shift of the
bridging oxo ligand.

A full characterization of the exchange interactions should
provide us with valuable information for the future design
of new molecular systems with still improved magnetic
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properties.'® However, from the experimental point of view
the knowledge of the exchange interactions that determine
the spin states of large polynuclear complexes are not easily
obtained from the temperature dependence of the magnetic
susceptibility because there are usually many parameters
(many sets of them) that can reproduce the experimental
data perfectly.!” During the past few years, some of us have
extensively employed theoretical methods based on density
functional theory (DFT) to obtain the exchange coupling
constants of large polynuclear complexes with remarkable
success taking into account the subtle energy differences
involved in the magnetic properties.'® >* Also recently, some
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Table 2. Calculated Exchange Coupling Constants (J,—Js, see Figure 3) for the Six Studied Mng Complexes Indicating the Experimental Mn—N—O—Mn Torsion Angles
Corresponding to the J;—J; Interactions, and the Total Spin for the Ground and First Excited State®

complex Mn—N—O—Mn (deg) Jeate (cm™h) Scale Sexc
[MngO,(H-sa0)s(O>,CH),(MeOH)4] (1) 18.0, 10.4, 25.6 -10.5, -3.1, +1.3-0.5, +2.9 4 3(9.0)
[MngO,(Me-sa0)s(O,CCPh;3),(EtOH),4] (2) 42.4,25.5,29.7 +1.2,—-1.6,—1.5-0.8, +3.2 4 3(1.3)
[MngO,(Et-5a0)6(0>CPh’>OPh),(EtOH )] (4) 47.6,23.7,31.8 +3.1,-3.4, +0.8 —0.2, +3.6 4 5(4.3)
[MngO,(Et-sa0)s{O,CPh(Me),},(EtOH)4] (8) 43.1,39.1, 349 +1.2, +2.6, +1.6 +0.5, +3.1 12 11(5.3)
[MngO,(Me-sa0)s(0,C-th),(EtOH), (H,0),] (10) 31.1,36.3,27.4 —-2.3, +2.3,-1.8 0.7, +2.1 4 3(3.7)
[MngO,(Et-sao)s (0,C1,H7)2(EtOH)4(H,0),] (12) 41.5,40.1,27.8 —0.02, +2.9,-0.9 +0.05, +3.3 4 3(1.4)

“The value in parentheses corresponds to the energy difference (in cm ™ ") between such states.

of the authors of this paper performed theoretical analysis of
the ma%netostructural correlations of a family of Mn; com-
plexes™ that adopt structures with only one triangle of
cations instead of the two present in the Mng complexes,™
although there are some differences between both families of
complexes in terms of the different coordination of the
bridging ligands (the presence of carboxylato bridging
ligands). Some of us have also analyzed the relationship
between the total spin and the magnetic anisotropy of the
family of the Mng complexes using density functional meth-
ods including spin—orbit effects.”> The results show the
predominance of the single-ion terms of the anisotropy,
perhaps suggesting the energy barriers to be relatively in-
dependent of the total spin of the complex. Although, thisis a
matter of considerable current debate. Also, reaching similar
conclusions Piligkos et al. have published a study analyzing
the role of the ligand-field parameters in the magnetic
anisotropy of the Mng complexes.” Previously, some of us
studied the magnetic properties of several [Mn',Mn',]
complexes possessing a similar structural motif to the present
and have rationalized the difference in the observed magnetic
properties using DFT calculations.*’

The goals of the present work are to study the magnetic
properties of some of the Mng complexes using theoretical
methods based on DFT, to establish the sign and magnitude
of the exchange coupling constants (J) within such systems,
and to search for the structural factors that determine their
magnetic properties. To that end we apply the computational
tools that have successfully described the electronic and
magnetic structures of a variety of polynuclear transition
metal co glexes using hybrid functionals and all electron
basis sets.”*2%%

Results and Discussion

Exchange Coupling Constants of the Mng complexes. To
carry out the theoretical study of the exchange coupling in
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Figure 2. Description of the J value models (from 4 to 1 J values)
employed to analyze the experimental magnetic susceptibility data de-
pending of the number of fitted J values indicated in Table 1.

the family of Mng complexes (see Table 2), we have
selected six representative complexes (1, 2, 4, 8, 10, and
12), with the calculated J values collected in Table 2.
From the experimental point of view (see Table 1) a
smaller number of J constants (see Figure 2) were con-
sidered to avoid overparametrization, but this provides a
somewhat unrealistic description of the system, giving
average J values for the interactions.® However, for the
theoretical study we have considered all the exchange
pathways to be different (J,—Js, see Figure 3) resulting in
the following Heisenberg Hamiltonian:

H = —2J1[$1S5 + S4S6] —2/2[S1 52
+ 3435] —2J;3 [§2§3 + S5S(,] —2J4[S3S4
+ S1S5] _2J5S3S(, (1)

where S;are the local spin operators of each paramagnetic
center. The calculated J values reproduce the experimen-
tal magnetic susceptibility curves (see Figure 4) reason-
ably well, taking into account the very large sensitivity
of the shape of the curve with the J values.”® From the
calculated J values, we can extract some conclusions:
(1) The total spin of the molecule is controlled by the
nature of the exchange interactions (J;—J3) in the Mnj;
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Figure 3. Description of the J values employed in the theoretical
calculations.
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Figure 4. Representation of the magnetic susceptibility curves corre-
sponding to the six studied Mng complexes (see Table 2). The solid lines
correspond to the curve obtained from the calculated J values while the
marks are the experimental data.®

triangles through double oxo-oximato bridging ligands.
(i1) The calculated values indicate that the J; interaction
(see Figure 3), that corresponding to the edge of the Mnj;
triangle closest to its neighboring triangle, is ferromag-
netic when it is associated with large Mn—N—O—Mn
torsion angles formed to complete the distorted octahe-
dral coordination of the Mn'" cations of the neighboring
Mnj; triangle (see Figure 3). These long axial Mn---O
bond distances represent the Jahn—Teller axes and
through such interactions the two Mnj triangles are
coordinated. However, for complexes 1 and 10 the
Mn—N—O—Mn torsion angle is small and the coupling
is antiferromagnetic. Complex 1 should be carefully
considered because it is the unique complex where there
are axial carboxylato bridging ligands that produce a
relatively large antiferromagnetic J; interaction; see simi-
lar cases with Mn3 complexes in ref 24. Thus, there are
three bridging ligands between the Mnl—Mn3 cations
(see Figure 1), and the structure shows very small Mn—
N—O—Mn torsion angles in comparison with the other
complexes because of the absence of large substituents in
the sao ligand (see Table 2). (iii) The calculated J, and J3
values, corresponding to oxo-oximato bridging ligands,
show a nice correlation with the Mn—N—O—Mn torsion
angle (see Figure 5). Thus, large Mn—N—O—Mn torsion

Inorganic Chemistry, Vol. 48, No. 16,2009 8015
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Figure 5. Representation of the dependence of the calculated J,—J3
values for the six studied complexes with the exception of complex 1 with
the corresponding Mn—N—O—Mn torsion angle for each interaction.
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Figure 6. Plot to represent the change in the overlap between the d.
magnetic orbitals because of the distortion of the Mn—N—O—Mn torsion
angle.

angles result in a smaller overlap between the d.. magnetic
orbitals giving ferromagnetic interactions (see Figure 6),
as was previously assumed. (iv) The interactions between
the triangles (J4, J5) are very similar for all complexes. The
Jscoupling through double oxo-oximato bridging ligands
with two long Mn---O,, bond distances gives a very
weak antiferromagnetic interaction in most cases but is
slightly ferromagnetic for complexes 8 and 12, with the
largest Mn- - -O,,—Mn bond angles and relatively long
Mn—O,,;, bond distances (see Supporting Information,
Table S1). However, the Js interaction, corresponding to
the two oxygen bridging ligands of the oximato groups is
always ferromagnetic, and the calculated values are very
similar for all complexes giving a predominant ferromag-
netic character for the interaction between the two Mnjy
triangles. (v) The out-of-plane shifts of the central oxygen
atom are relatively similar for all complexes with the
exception of complex 1; thus, it is not possible at this
stage to establish its influence on the J values, but it must
be analyzed in the next section. It is also worth noting that
in all cases there is a very small energy difference between
the first excited and the ground state, as pointed out by
Carretta et al., indicating that a giant-spin model cannot
be applied for the nesting of the different S manifolds.*
An alternative representation using a model taking the
Mnj; moieties as the units for the giant-spin approximation

(30) Carretta, S.; Guidi, T.; Santini, P.; Amoretti, G.; Pieper, O.; Lake, B.;
van Slageren, J.; El Hallak, F.; Wernsdorfer, W.; Mutka, H.; Russina, M.;
Milios, C. J.; Brechin, E. K. Phys. Rev. Lett. 2008, 100, 157203.
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Figure 7. Description of distortion of the NO bridging ligand to form
the intramolecular hydrogen bond for the Me-sao ligands (left) and Et-sao
ligands (right). (see Supporting Information, Figure S1 for the pictures
corresponding to the X-ray structure of this intramolecular contact for the
whole family of complexes).

has been employed by Bahr et al. to study some tunneling
transitions which are forbidden using such approximations
for the whole Mng complex.*!

An important point to understand in the magnetism of
the Mng family is why the Mn—N—O—Mn torsion angles
are large or small. The analysis of the crystal structures
reveals the existence of two factors controlling the mag-
netic behavior: the existence of an intramolecular hydro-
gen bond between the NO bridging ligand and the
R substituent of the sao ligand (see Figure 7) and the
presence of bulky substituents in terminal axial carbox-
ylato ligands.® The first factor has influence on the
Mn—N—O—Mn torsion angle for the J, and J5 interac-
tions while the substituents of the axial carboxylato
ligands play an important role for the J3 interactions;
with the exception of complex 2 that has the carboxylato
ligand coordinated to Mn2 instead of Mn3 (see Figure 3
and Supporting Information, Table S2) interacting with
the equatorial sao ligand corresponding to the J, and
Js interactions.

The analysis of the existence of an intramolecular
hydrogen bond between the NO bridging ligand and the
R substituent of the sao ligand, considering the presence
of methyl or ethyl substituents, indicates that there are
four different cases (see Supporting Information, for the
representations of all these intramolecular interactions).
(1) With the methyl substituent or without any substituent
(H-sao ligand) there are no steric problems when for-
ming the intramolecular O- - -H—C hydrogen bond (see
Figure 7 left). Thus, the NO briging ligands remain close
to the Mnjs plane, adopting relatively small Mn—N—O—
Mn torsion angles resulting in antiferromagnetic J5 or J3
interactions and the total spinis .S = 4 (complexes 1, 2, 10,
and 16). (i1) When the methyl substituent is present, there
is a very long distance between the Mnj; triangles and the
Mn—O distances are quite unusual inducing a distortion
in the bridging ligand resulting in a larger Mn—N—O—
Mn torsion angle than expected giving large total spin
values (complex 6). (iii) When the ethyl substituent is
present, the formation of the intramolecular hydrogen
bond with the CH, moiety is hindered by the presence of
the CHj; group, resulting in a large Mn—N—-O—Mn
torsion angle (see Figure 7, right), the ferromagnetic
interactions are predominant because of the presence of
large torsion angles and consequently, the total spin S is

(31) Bahr, S.; Milios, C. J.; Jones, L. F.; Brechin, E. K.; Mosser, V.;
Wernsdorfer, W. Phys. Rev. B 2008, 78, 132401.
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12 (complexes 7—9, 11, 13, and 15). The experimental and
theoretical results indicated a “magic angle” value, thus,
if all the Mn—N—O—Mn torsion angles are larger than
30 degrees, there is a predominance of the ferromagnetic
interactions resulting in a S = 12 total spin value. (iv)
When the ethyl substituent is present and there is no
intramolecular hydrogen bond for some bridging ligands,
the Mn—N—O—Mn torsion angle is small (antiferro-
magnetic coupling) and the total spin is low (complexes
3—4). In complex 12 there is an intermolecular hydrogen
bond with a methanol molecule, not with a bridging ligand,
resulting in the same effect as in the case of the lack of
intramolecular interaction (torsion angle of 27.8°). Thus,
the presence of solvent molecules in the crystal that can
make hydrogen bond interactions with the bridging NO
ligands would favor low spin states.

The presence of bulky substituents in the axial carbo-
xylato ligands also affects the Mn—N—O—Mn torsion
angles, and consequently the magnetic properties. There
are different coordinations of the carboxylato groups in
the Mnj triangles (see Supporting Information, Table
S2). Only in the case of complex 2 is the carboxylato
group coordinated to the Mn2 (see Figure 3) while in all
the other complexes it is always coordinated to Mn3. The
effect of such carboxylato coordination is clearly reflected
in the fact that in complex 2 the Mn—N—O—Mn torsion
angle corresponding to the J, and J; interactions are
below 30°, in agreement with the two negative values
calculated for such interactions. Thus, the presence of
a bulky substituent in the carboxylato group induces smaller
Mn—N—O—Mn torsion angles in the two neighboring
exchange pathways (usually J; and J3, see Figure 3). This
fact is due to the steric repulsion of the carboxylato ligand
with the aromatic ring of the sao ligand, resulting in a
“flatter” equatorial coordination. This assumption can be
clearly verified by the nice correlation found between the
Mn—N—O—Mn torsion angle and the angle between the
plane containing the three manganese atoms and the
plane of the six carbon atoms of the aromatic ring of
the sao ligand (see Figure 8). The Mn;—Cg4 angle between
these two planes measures the proximity of the ring with
the R substituent of the carboxylato ligand, and conse-
quently is related to the repulsion between them. It is
worth pointing out that the Mn—N—O—Mn torsion
angles corresponding to the J5 interactions are smaller
with the exception of complexes 4 and 13 than those of the
J» interaction, because there are the simultaneous effects
of the intramolecular hydrogen bond and the presence of
the bulky substituent. In conclusion, we can indicate that
the size of the carboxylato ligand is important to mainly
modify the J5 exchange constant, thus, big substituents
increase the repulsion with the equatorial ligands result-
ing in a smaller Mn—N—O—Mn torsion angle and con-
sequently, a large antiferromagnetic contribution.

We can therefore conclude that to have complexes with
only ferromagnetic (or predominantly ferromagnetic)
interactions to reach a total spin of S = 12, we need ethyl
substituents (or even larger) in the R-sao ligand that will
form a hindered intramolecular hydrogen bond introdu-
cing a distortion in the NO bridging ligand. The presence
of external solvent molecules should be avoided, since
these allow the formation of intermolecular hydrogen



Article
50
a
A
A A (ﬁl A
40 ap s
o o .
A &
o
30 A oE]
s DD i
1 . D D
Q o :
Z 20 -
= o2, R>/°\
2 —|
N ° o N;’;\o.,,...,,..“Mn
: ;76\/&
0 | | | |

Mna-C6 plane angle (°)

Figure 8. Dependence for the 16 Mng complexes of the Mn—N—O—Mn
torsion angles corresponding to the J; (triangles), J> (circles), and J3
(squares) interactions with the angle between plane containing the three
manganese atoms and that corresponding to the six carbon atoms of the
aromatic ring of the sao ligand to show the influence of the steric effects
due to the R substituent of the carboxylate ligand.

bonds that do not distort the bridging ligand. However, it
is important to keep in mind that there is a subtle interplay
at work here, because if the steric hindrance is too large,
there is no intermolecular hydrogen bond. Also, the pre-
sence of bulky substituents in the axial carboxylato groups
help to decrease the Mn—N—O—Mn torsion angle corre-
sponding to the J; interaction. Thus, the choice of this
substituent is also critical because of the repulsion with the
phenyl ring of the sao ligand since too flat an equatorial
coordination would result in a small Mn—N—O—Mn
torsion angle and an antiferromagnetic interaction.

Magnetostructural Correlations. In this section, we
want to check if the magnetism of the Mng complexes is
controlled solely by the Mn—N—O—Mn torsion angle or
whether other structural parameters can simultaneously
play an important role. From the analysis of the struc-
tures for the whole family of Mng complexes, there are
three structural parameters that show relatively impor-
tant changes between the different complexes: (i) the
Mn—N—-O—Mn torsion angles, (ii) the out-of-plane
shifts of the oxo bridge in the center of the Mnj triangles,
and (iii) the length of the long Mn---O,, axial bond
distances (because of the Jahn—Teller effects) that control
the distance between the two Mnj; triangles. We will focus
our study on the two first parameters because they
directly affect the interactions that control the total spin
of the molecule. We have employed the structure of
complex 2 (see Figure 9) as a reference to study the
influence of these two structural parameters. This com-
plex shows relatively small Mn—N—O—Mn torsion an-
gles because of the presence of the carboxylato group
coordinated to the Mn2 atom, and consequently the
J> and J;5 interactions are antiferromagnetic.

To check the influence of the Mn—N—O—Mn torsion
angle, we have introduced modifications in the two
torsion angles corresponding to the J, and J3 interac-
tions. To independently analyze the effects in these two
exchange constants, we have modified only one of the
angles for each model structure, keeping the rest of the
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Figure 9. Representation of the molecular structure of complex 2. Large
red spheres are the Mn atoms, while oxygen and nitrogen atoms are
represented by small green and blue spheres, respectively. The carbon
atoms are represented as orange cylinders to simplify the figure.
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Figure 10. Dependence of the calculated J, (circles) and J; (squares)
exchange coupling constants with the Mn—N—O—Mn torsion angle for
the modified 2 complex.

structure “frozen” as well as the Mn—O and Mn—N bond
distances of the modified bridging ligand. The other
exchange interactions remain essentially constant, and
the dependence of the J values with the distortions is
represented in Figure 10. As expected from the correla-
tion found for the calculated J values for the set of whole
structures (Figure 5), the increase in the value of the
Mn—N—O—Mn torsion angle reduces the antiferromag-
netic contribution resulting in ferromagnetic behavior for
large torsion angle values, in agreement with the change
in the overlap between the magnetic orbitals represented
in Figure 6. The analysis of the total energies indicates
that for instance the energy difference between the origi-
nal complex (2) and the most distorted complex corre-
sponding to the Js interaction (change in Mn—N—O—Mn
angle from 29.7 to 38.4°) is only 2 kcal/mol. The small
difference energy indicates that the Mn—N—O—Mn
angle is relatively flexible, and the gain in energy obtained
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Figure 11. Dependence of the calculated J; (triangles), J> (circles), and
J3 (squares) exchange coupling constants with the out-of-plane shift of the
central oxo bridging ligand for the modified 2 complex.

to improve the intramolecular hydrogen bond interaction
or the steric repulsion caused by the bulky substituents
of the axial carboxylato groups can modify the Mn—N—
O—Mn torsion angle. However, it is worth noting that for
the largest Mn—N—O—Mn angles the calculated values
using the distorted complex are slightly less ferromagnetic
than those obtained for the whole structures (see Table 2).
Hence, it seems reasonable to suggest that there are other
structural parameters that play a significant role in the
exchange interaction within the Mnj; triangles.

The influence of the out-of-plane shift of the central
oxo bridging ligands was pointed out in previous papers
as a possible important magnetostructural parameter.
However, at first glance only complex 1 shows a relatively
large shift of 0.228 A. The calculated J values using
complex 2 are represented in Figure 11. The three ex-
change interactions corresponding to the Mnjs triangles
(J1—J3) show a decrease in the antiferromagnetic con-
tribution to the J values when the out-of-plane shift is
larger, consistent with the simple idea that the overlap
between the magnetic orbitals should be smaller. How-
ever one never sees a switch in the exchange from anti-
ferromagnetic to ferromagnetic. This is also consistent
with more recent studies on [Mns-oximato] complexes
that seem to show little correlation between the out-
of-plane shift and the sign of the exchange.*> The smaller
variation of the J3 exchange coupling constant occurs
because the changes on the Mn—O distances involved in
the J;3 interaction are smaller because the employed model
is a real structure and not a symmetric model.

Spin Densities. The distribution of the spin densities on
the Mng complexes shows a considerable localization on
the Mn'" centers. The Mulliken population values for
these cations are always around 3.8—3.9 ¢”, very close to
the formal value of 4 expected for a Mn'" cation. Pre-
viously, we have seen a small tendency for paramagnetic
centers with many unpaired electrons to delocalize them on
to the ligands.* The Mn"" cations show a quasi-spherical
spin density (see Figure 12) with some hollows correspond-

Cremades et al.

Figure 12. Representation of the spin density corresponding to the
ferromagnetically coupled S = 12 ground state of complex 8. The
isodensity surface represented corresponds to a value of 0.01 ¢~ /bohr®
(white and blue regions indicate positive and negative spin populations,
respectively).

ing to the empty d.. . orbital.>* Consequently, spin
delocalization on to the oxygen atoms of the axial ligands
is larger than for the equatorial ones (despite the longer
Mn—X bond distances), and this has been previously
witnessed in a Mn"™ oxo centered triangle.*® The deloca-
lization on the oxygen atoms corresponding to the anionic
carboxylate ligands is slightly more important than on the
neutral ethanol molecules. For the equatorial oxygen
atoms there are two different regions, a positive spin
density with & character due to the delocalization of the
half-occupied t,, orbitals, and a o region of small negative
spin density due to the absence of unpaired electrons in the
manganese d,» . orbitals. The spin densities in the brid-
ging nitrogen atoms are negative indicating a spin polar-
ization mechanism and the lack of sz delocalization
showing a different behavior between the two atoms in
the bridging ligand.

Concluding Remarks

Theoretical methods based on DFT allow calculation of
the exchange coupling constants in complex polynuclear
systems, such as those of the family of Mng complexes studied
in this paper. Thus, it is possible to obtain a set of exchange
coupling constants that reproduces the experimental mag-
netic susceptibility curves using theory, where it is almost
impossible to extract a proper set of fitted (experimental)
values because of overparametrization problems. The calcu-
lated exchange coupling constants in the Mn; triangle sub-
units show a correlation with the Mn—N—O—Mn torsion
angles, larger angles provide ferromagnetic couplings leading
to high spin complexes (S = 12). These torsion angles are
controlled by the presence of intramolecular hydrogen
bond interactions in the case of the J, interactions, while
for J;3 the presence of bulky substituents in the carboxylato
ligands also play an important role. Relatively large substit-
uents in the sao ligands, such as ethyl groups, induce a large
distortion of the oximato bridging ligand to make a hindered
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Collison, D. Chem.—Eur. J. 2004, 10, 5180.
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intramolecular hydrogen bond. Hence, small substituents,
for instance methyl groups or non-substituted ligands, give
undistorted bridging ligands favoring antiferromagnetic
couplings and consequently, low spin states (S = 4). The
substituents of the axial carboxylato ligands play an impor-
tant role in the Mn—N—O—Mn torsion angles, especially so
for the J5 exchange constant, large substituents providing a
repulsion with the phenyl ring of the equatorial sao ligand
flattening the Mn—N—O—Mn torsion angle.

The out-of-plane shift of the central oxo bridging ligands
of the Mn;y subunits plays a less important role in the
exchange interactions than the Mn—N—O—Mn torsion an-
gles, but larger shifts do appear to reduce the antiferromag-
netic contributions. The influence of both structural
parameters can be easily understood as the loss of overlap
between the magnetic orbitals.

The spin density analyzed for a high spin complex with
ground state S = 12 shows a large localization on the Mn'"
cations. The empty d.» . orbitals of such cations make spin
polarization the predominant mechanism on the equatorial
nitrogen atoms, while the oxygen equatorial atoms show an
important 7 delocalization contribution because of mixture
with the t,, orbitals of the cations bearing unpaired electrons.
The coordinated oxygen atoms of the axial ligands show
positive spin density values because of the delocalization of
the spin density corresponding to the d.. orbitals.

Computational Details

In our calculations, we employed the experimental struc-
tures that take into account small structural effects induced
by intermolecular interactions that may result in significant
changes in the calculated exchange coupling constants,
because of the strong dependence of the magnetic proper-
ties on structural parameters. All the calculations with the
B3LYP functional®® were performed with the Gaussian03
code,’” in some cases we employed the NWChem code%*°
to verify some results, using the quadratic convergence
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PA, 2003.
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Straatsma, T. P.; Windus, T. L.; Wong, A. T. Comput. Phys. Commun. 2000,
128, 260.
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approach and a guess function generated with the Jaguar
6.5 code.*® The triple-¢ all electron Gaussian basis set
proposed by Schaefer et al. was employed for all the
atoms.*!

To obtain the five exchange coupling constants for each
Mng complex we used a least-squares fitting using the energies
corresponding to nine spin configurations: a high spin
solution (S'=12), three S = 8 distributions with the inversion
of only one spin {Mnl}, {Mn2}, and {Mn3}, three S = 4
configurations with negative spin at two Mn'" cations {Mn2,
Mn5}, {Mnl, Mn4}, and {Mn3, Mn6}, and finally two S=0
configurations with negative spin at three Mn'' cations
{Mnl, Mn2, Mn3} and {Mnl, Mn4, Mn5}. In the fitting
procedure to obtain the five J values for each Mng complex,
the standard deviations are lower than 0.1 cm ' with
the exception of complex 4 (see Supporting Information,
Table S3). The calculation of the J values were done using
the non spin-projected approach®>>® because the spin pro-
jected method**** or that proposed by Yamaguchi and
co-workers* results in an overestimation of the J values
because of the presence of self-interaction error (SIE) in the
usual functionals, such as B3LYP. The SIE mimics some
static correlation contributions and this fact provides an
overstabilization of the low spin states that it is avoided in
the non-projected approach.
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