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ABSTRACT:Density functional theory (DFT) and the valence bond configuration interaction (VBCI)model have been applied to
the oximato-basedMnIII3O single-molecule magnets (SMMs), allowing one to correlate theMnIII-MnIII exchange coupling energy
(J) with the bridging geometry in terms of two structural angles: the Mn-O-N-Mn torsion angle (γ) and the Mn3 out-of-plane
shift of O (angle δθ). Using DFT, a two-dimensional (γ, δθ) energy surface of J is derived and shown to yield essentially good
agreement with the reported J values deduced from magnetic susceptibility data on trigonal oximato-bridged Mn3 SMMs. VBCI is
used to understand and analyze the DFT results. It is shown that the exchange coupling in these systems is governed by a spin-
polarization mechanism inducing a pronounced and dominating ferromagnetic exchange via the oximato bridge as opposed to
kinetic exchange, which favors a weaker and antiferromagnetic exchange via the bridging oxide. In the light of these results, a
discussion of the exchange coupling in the Mn6 family of the SMM with a record demagnetization barrier is given.

I. INTRODUCTION

The aim of this work is a theoretical understanding of the
magnetic properties and exchange couplings in the Mn3-based
family of single-molecule magnets (SMMs). Specifically, we seek
an explicit connection between the sign and magnitude of the
exchange coupling energy (J) as a function of the bridging ligand
geometry.

An appreciable amount of work, since the discovery of the first
SMM, [Mn12O12 (CH3COO)16(H2O)4] 3 2CH3COOH 3 4H2O,

1-4

has been devoted to the synthesis and characterization of
magnetic clusters with SMM features: in particular, the slow
relaxation (blocking) of the magnetization. This feature could
eventually lead to use of these molecules for information storage
and quantum computing at the molecular level.

The property of a compound behaving as a SMM stems from
the combination of a spin S > 1/2 ground state (implying ferro-
magnetic or uncompensated antiferromagnetic couplings) and
an uniaxial magnetic anisotropy (D). In the MnIII-based SMM,
the magnetic anisotropy is intrinsically related to the local
(single-ion) anisotropies originating from the Jahn-Teller dis-
torted octahedral MnIII building blocks, which may eventually
result in a negative zero-field-splitting parameter D for the entire
cluster. An energy barrier for the reversal of the magnetization U
proportional to D emerges.

The first ferromagnetic [MnIII3O]
7þ triangle, [Mn3O(bamen)]-

(ClO4) [H2bamen = 1,2-bis(biacetylmonoximeimino)ethane],
was reported in 2002.5 A dominant ferromagnetic exchange
was discovered in three Mn/carboxylato/oximato complexes,

[MnIII3O(O2CR)(mpko)3](ClO4) [R = Me (1), Et (2), Ph (3);
mpko = methyl 2-pyridyl ketone oximato],6-8 and this evolved
following the synthesis and characterization of a series of
analogous Mn3 and Mn6 SMM compounds, derived when
replacing the mpko ligand with salicylaldoxime (saoH2) or its
“bulkier” cousins Me(Me-saoH2), Et (Et-saoH2), and Ph(Ph-
saoH2).

9-12 These molecules are derived from the basic carbox-
ylates [MnIII3O(O2CR)6L]

þ (R = Me, Et, Ph; L = H2O, py,
MeCN, etc.], where the bridging carboxylates (Mn-O-C-O-
Mn) have been replaced with bridging oximes (Mn-N-O-
Mn), all six in [Mn3O(bamen)](ClO4) and only the lower three
in 1-3 (see ref 13 for a review). The record Mn6 SMM with a
barrier of U = 86.4 K10 can be described (Figure 1) as consisting
of two [MnIII3(μ3-O)]

7þ triangular subunits linked via two
“central” oximato O atoms, thus leading to a [MnIII6(μ3-O)2-
(μ3-ONR)2(μ2-ONR)4]

2þ core. The bridging between neigh-
boring Mn ions within each triangle occurs through an NO
oximato group, such that each Mn2 pair forms a-Mn-N-O-
Mn-moiety and thus a Mn3 triangle, a (-Mn-O-N-)3 ring.
In fact, 24 molecules of this type have been reported,12 and 6 of
them were carefully analyzed in a later study using density
functional theory (DFT) on the basis of their experimentally
known molecular structures.14

While the Mn3-Mn30 exchange linking two Mn3 triangles is
found invariably to be ferromagnetic (Mn-O-Mn bridging
angles are close to 90�; Figure 1), the type of Mn-Mn coupling
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within the triangles varies with the value of the dihedral angle
Mn-N-O-Mn (γ). Larger (smaller) values of γ are found
both by experiment and by theory (DFT) to correlate with
ferromagnetic (antiferromagnetic) exchange couplings.14

In addition to γ, the shift of the μ3-oxo ligand from the Mn3
plane quantified by deviation of the polar angle θ from 90�
(planar structure), δθ, is expected to affect the exchange, but in
contrast to γ, its effect on Mn-Mn magnetic exchange was
regarded as less pronounced.15

Analysis of the exchange coupling energies from DFT calcula-
tions on 1 and on the analogous system [Mn3O(sao)3(O2CR)-
(H2O)(py)3] [R = Me (4), Ph (5)]15 has shown a clear
correlation of the exchange coupling with another structural
parameter: the nonplanarity of the Mn3O core, τ, which may be
quantified by the dihedral angle formed by the Mn-Ooxide-
Ooxime and Mn-Ooxime-N planes. Ferromagnetic (antiferro-
magnetic) couplings were found for 1-3 (4 and 5) possessing
large (small) values of τ. A recent DFT16 study extended the
analysis to other Mn3O systems and has shown that the distor-
tions described by the angle τ are rather complex and affect not
only the exchange (i.e., an effect described by γ) but also the
alignment of the Jahn-Teller axes (i.e., misalignment increasing
with τ, which reduces the magnetic anisotropy, |D|). Thus,
depending on the way a given value of τ is obtained (there are
three different ways to distort this angle),16 it was shown that it is,
in principle, possible to achieve a geometry in which both
ferromagnetic J and negative D are large. However, because of
the complexity of this structural parameter and because the
chosen systems possess quite different coordination geometries
and attached groups, no clear quantitativemeasure of the effect of
the geometry on the magnetic exchange could be achieved so far.

From a more general perspective, exchange coupling and
magnetic anisotropy of MnIII-based SMMs have been treated
using DFT with the aim of making predictions of the spin
Hamiltonian (SH) parameters on the basis of the building
blocks.17-21 In addition, a somewhat rough but qualitatively to
semiquantitatively correct ligand-field modeling of the same
properties has been demonstrated.22,23

It is the aim of the present work to study the magnetostruc-
tural correlations in Mn3O SMMs by combining the numerical
results as provided by DFT and the semiempirical valence bond
configuration interaction (VBCI) model, which will be used to
analyze and understand the DFT results. When the VBCI model
is employed,24-30 roughbut correct andgeneral (system-independent)

expressions of the exchange coupling energy J on the angles γ
and δθ will be derived. This model has been applied to the
magnetic exchange across the cyanide bridge,26 and its utility to
study ground- and excited-state exchange coupling energies in
binuclear transition-metal complexes has been repeatedly
demonstrated.27,28 Rather than including complications (such
as those encountered in complexes 1-5 as well as other Mn3
compounds16 or in the Mn6 SMM) due to the simultaneous
presence of oxime and carboxylate groups as bridging ligands, we
select in this study only Mn3O molecules in which solely oxime
and oxide are linking each Mn-Mn pair. Restricting attention
further to Mn3O clusters with trigonal symmetry, we ensure
reliable values of J to be obtained from reported magnetic
susceptibility data and to be used further to validate the theore-
tical results.31 This study has been inspired by a Mn3O complex,
reported recently,32 [Mn3O(Me-sao)3(2,40-bpy)3ClO4] (III)
with an appreciable value of γ = 44.15� and a ferromagnetic
Mn1-Mn2 (J = 7.1 cm-1, Hexc =-JŜ1 3 Ŝ2) coupling (Figure 2),
which we studied by inelastic neutron scattering and high-field
high-frequency electron paramagnetic resonance. Spectroscopic
results will be reported and analyzed separately. In addition to
III, three other closely related complexes with the same bridging

Figure 1. Basic structural motif and numbering of MnIII paramagnetic
centers of the Mn6 SMM. Color code: MnIII, green; O, red; N, blue. The
C andH atoms have been omitted for clarity. The weak axial interactions
between the phenolate O atoms and neighboring MnIII ions are
indicated by broken lines.

Figure 2. Structures of (a) [MnIII3O(Me-sao)3(2,40-bpy)3ClO4]
(model 1) and (b) its truncated analogue [MnIII3O(Me-sao)3py3ClO4]
(model 2). Color code: MnIII, green; O, red; N, blue; C, yellow; Cl, light
blue. The H atoms have been omitted for clarity.
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topology but different γ and J values, [Mn3O(R-sao)3Y3ClO4]
[R = Naphth, Y = py (I), γ = 4.1�, J =-6.20 cm-1;33 R = H, Y =
Etpy (II) γ = 13.11�, J =-6.04 cm-1, and R = Et, Y = Etpy (IV),
γ = 46.80�, J = 8.2 cm-1],13] and four other trigonal complexes,
[Mn3Zn2O(R-sao)3(N3)6X2](cation)3 [R = H, X = Cl, cation =
AsPh4 (V), γ = 11.93�, J = -8.2 cm-1; R = H, X = Cl, cation =
NEt4 (VI), γ = 32.05�, J = 4.8 cm-1; R =H, X = Br, cation =NEt4
(VII), γ = 32.08�, J = 4.6 cm-1; R = Me, X = Cl, cation = NEt4
(VIII), γ = 36.10�, J = 9.4 cm-1]34 (Figure 3), will be included in
the analysis. Finally, the exchange coupling energies in Mn6 will
be discussed and some predictive concepts of importance for
further development formulated.

II. DFT CALCULATIONS

II.1. DFT Computations. Spin-unrestricted DFT calcula-
tions of the exchange coupling energies have been performed
with two programs: the DFT all-electron program DMol3 using
a double-numerical polarized basis set35 along with the ex-
change-correlation potentials DB97 (available in DMol3) and,
for the sake of comparison with the classical Kohn-Sham (KS)
method,36 the Perdew-Becke-Enzerhof (PBE)37 and Perdew-
Wang (PW) correlation38 functionals (Table S1 in the Support-
ing Information). For geometries obtained from full and

constrained geometry optimizations, the local density approx-
imation in the form of the Vosko, Wilk, and Nusair (LDA-
VWN) parametrization of the electron gas data39 was found
from earlier studies to reproduce metal-ligand-metal brid-
ging bonds of importance for magnetic exchange in better
agreement with the experiment than with what generalized
gradient approximation (GGA) functionals typically give,40-42

and hence it was used here (see refs 43 and 44 for recent
developments).
DFT calculations of the exchange coupling on the basis of the

popular B3LYP functional45 were done with the ORCA program
package.46 Calculations have been done on gas-phase isolated
Mn3 complexes and for the highly negatively charged com-
pounds (V-VIII; net charge 3-) additionally with charge
compensation using the conductor-like screening model
(COSMO).47 To speed up calculations of the Mn3 magnetic
clusters with more than 100 atoms, the recently proposed
resolution of identity (RI) “chain-of-spheres exchange
(COSX)” (RICOSX) algorithm,48 together with the split-RI-J
procedure49 (a density-fitting variant) for computation of the
Coulomb matrix, were used. The COSX algorithm is closely
related to Friesner’s pseudospectral approach.50 The exchange
coupling constants computed with the RIJCOSX approach were
found to be indistinguishable from those computed without this
approximation. In these calculations, fairly large contracted basis
sets for Mn (16s4p4d3f4g contracted to 6s4p2d3f2g, pattern
{1021111/1111/31/111/31}), C, N, and O (8s3p3d1f con-
tracted to 6s3p3d1f, pattern {311111/111/111/1}), and H
(4s2p contracted to 2s1p, pattern {31/2}) have been used.51,52

These basis sets contain higher angular momentum polarization
functions than the double-numerical basis set used in the DMol3

calculations. Nevertheless, in cases where comparison is possible
(e.g., for the PBE functional), the two programs yield J values
within 10% of each other.
II.2. Deducing the Function J(γ,δθ) fromDFT Calculations.

To extract exchange coupling energies from DFT calculations,
we made use of the SH of eq 1 and the broken-symmetry
approach by Noodleman et al.53,54 It has been shown that this
approach also accounts for, on a firm first-principle basis, both
charge-transfer (spin-delocalization) and spin-polarization
effects.54 The J value of a trigonal Mn3 cluster (J12 = J13 = J23 =
J) has been deduced from the DFT energies of two calculations:
the high-spin |HS =Ms1,Ms2,Ms3æ = |2,2,2æ and the broken-spin
|BSæ = |2, 2, -2æ Slater determinants.

Ĥexc ¼ - J12ðŜ1 3 Ŝ2 þ Ŝ1 3 Ŝ3 þ Ŝ2 3 Ŝ3Þ ð1Þ

While the first is close to the pure spin S = 6 state, |BSæ is not but
can be written as the following linear combination of pure spin
states |S, Msæ of the entire Mn3 complex:

jBS >¼ 1

3
ffiffiffiffiffi
55

p j6, 2 > þ 1

3
ffiffiffi
5

p j5, 2 > þ
ffiffiffiffiffi
6
55

r
j4, 2

> þ 1
3

ffiffiffiffiffi
14
5

r
j3, 2 > þ

ffiffiffi
5

p
3
j2, 2 > ð2Þ

In trigonal symmetry, the energy E(S) is given by the method of
Kambe simply as55

EðSÞ ¼ - JSðSþ 1Þ=2 ð3Þ

Figure 3. Structures of (a) [Mn3Zn2(H-sao)3O(N3)6X2] (V-VII; X =
Cl, Br) and (b) [Mn3Zn2(Me-sao)3O(N3)6Cl2] (VIII). Color code:
transition metal Mn, green; transition metal Zn, magenta; O, red; N,
blue; C, yellow; halogen, light blue. The H atoms have been omitted for
clarity.



2115 dx.doi.org/10.1021/ic1023482 |Inorg. Chem. 2011, 50, 2112–2124

Inorganic Chemistry ARTICLE

yielding for E(HS) and E(BS) eqs 4, 5, and, therefore, 6 for J.

EðHSÞ ¼ - 21J ð4Þ

EðBSÞ ¼ - 5J ð5Þ

J ¼ ½EðBSÞ- EðHSÞ�=16 ð6Þ
The parameter J is a complex function of the angles γ and δθ,
which define the bridging geometry, and other geometrical
parameters not directly involved in magnetic exchange. Thus,
variations of the angles δθ and γ will be accompanied with
concerted changes of the bond distances to the N- and O-bridg-
ing ligands, and even subtle changes of the geometry of the next-
nearest neighbors might have an effect on J. In order to obtain J as
a smooth function of γ and δθ [denoted by J(γ,δθ)], we adopt
the following approach: Starting with the reported geometry of
III, i.e., γ = 44.15� and δθ = 8.1�, we have reduced these values in
equidistant steps, thus creating a 6 � 6 (γ, δθ) grid with γ = 0,
9.13, 18.29, 27.38, 36.64, and 45.86� and δθ = 0.0, 1.6, 3.21, 4.82,
6.43, and 8.10�. For each of these 36 (γ, δθ) pairs, a constraint
DFT optimization has been done by fixing (γ, δθ) and relaxing
all other geometrical parameters. This was followed by the
calculation of J for that (γ, δθ) geometry. In doing so, it was
possible to map the dependence of J on the bridging geometry
onto just the angles γ and δθ. Values of JXCP(γ,δθ), calculated
using different exchange-correlation potentials (XCP), are listed
in Table S1 in the Supporting Information. Using these data sets,
values of J at intermediate (γ and δθ) angles were calculated via
interpolation using the polynomial of eq 7 (see Table S2 in the
Supporting Information with values of ai, where i = 0-9;
standard deviations between polynomially fitted and DFT values
are less than 0.40 cm-1).
In themore complexMn6 SMMwith an inversion center, a SH

with three (eq 8) to four (eq 9) different J parameters is utilized
(see the numbering of the Mn centers defined in Figure 1). They
have been approximated by employing eq 7 and the values of γ

and δθ for each bridge.

Jðγ, δθÞ ¼ a0 þ a1γþ a2ðδθÞ þ a3γ
2 þ a4ðδθÞ2 þ a5γðδθÞ

þ a6γ
3 þ a7γ

2ðδθÞ þ a8γðδθÞ2 þ a9ðδθÞ3 ð7Þ

Ĥexc ¼ - J12Ŝ1 3 Ŝ2 - J13Ŝ1 3 Ŝ3 - J23Ŝ2 3 Ŝ3 ð8Þ

Ĥexc ¼ - J12ðŜ1 3 Ŝ2 þ Ŝ10 3 Ŝ20 Þ- J13ðŜ1 3 Ŝ3 þ Ŝ10 3 Ŝ30 Þ
- J23ðŜ2 3 Ŝ3 þ Ŝ20 3 Ŝ30 Þ- J330 Ŝ3 3 Ŝ30 ð9Þ

III. RESULTS AND DISCUSSION

III.1. Exchange Coupling in Trigonal Mn3 Clusters from
DFT Calculations. The prototype trigonal complex III
(Figure 2, model 1) consists of an equilateral MnIII3 triangular
core connected by a μ3-oxo group in the center that lies 0.28 Å
(δθ = 8.1�) below the Mn3 plane.

32 The cluster is capped by one
ClO4

- group in a η1:η1:η1:μ3 coordination mode (model 1,
Figure 2a) above this plane and by three 2,40-bipyridine ligands,
forming long MnIII-O and MnIII-N bonds to each MnIII in a
trigonal (C3) arrangement, below the plane. Each edge of the
triangle is bridged by a dianionic oximato group of the Me-sao in
a η1:η1:η1:μ2 coordination mode, whose deprotonated pheno-
late group forms a terminal bond to the corresponding MnIII. An
intramolecular Ooxime 3 3 3H-CH2 hydrogen bond (RO 3 3 3H =
2.2 Å) is responsible for the significant twist of each Mn-N-
O-Mn moiety (γ = 44.15�; see Table 1 for an experimental set
of interesting bond lengths and angles). The coordination
geometry of each MnIII is that expected for a Jahn-Teller axially
elongated MnIII octahedral complex with short bonds that are
nearly coplanar with the Mn3 plane and long Jahn-Teller axes
almost parallel to the C3 axis, thus leading to a S = 2
(dyz

1dxz
1dxy

1dz2
1) high-spin ground state at each MnIII center.

A DFT geometry optimization using the LDA-VWN func-
tional leads to Mn-ligand bond distances and angles δθ, γ,

Table 1. Bond Distances (Å) and Specific Angles (deg) of III from X-ray Data (exp) in Comparison with Their Values Obtained
from Geometry Optimizations Using the Large (Model 1) and Smaller [MnIII3O(Me-sao)3(py)3ClO4] (Model 2) Clusters with
Trigonal Symmetrya

model 1 model 2

LDA-VWN functional LDA-VWN functional

exptl X-ray32 full opt. constrained opt. full opt. constrained opt.

γ 44.15 46.58 45.15 45.33 44.15

δθ = 90 - θ 8.1 10.95 8.1 11.34 8.1

RMn-Npy
2.263 2.213 2.202 2.235 2.207

RMn-Ooxide
1.899 1.894 1.882 1.894 1.888

RMn-Ooxime
1.908 1.900 1.967 1.901 1.900

RMn-Noxime
1.984 1.967 1.899 1.968 1.966

RMn-Ophen
1.857 1.857 1.857 1.855 1.857

RMn-OClO3
2.556 2.323 2.404 2.319 2.392

— JT-axis 25.89 27.72 25.83 26.96 26.59

— JT-C3 15 16.06 15.0 16.00 15.37

JDB97 13.43 8.37 5.98 13.47 8.35

JB3LYP 6.45 5.62 5.99 6.66 6.72
aMn-Mn exchange coupling energies (cm-1, JDB97) calculated using the given geometries and the DB97 functional are also included.
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— JT-axis (angle between the Jahn-Teller axes), — JT-C3 (angle
between the Jahn-Teller and C3 axes) in good agreement with
the experiment. The J values calculated with DB97 (JDB97) and
B3LYP (JB3LYP) are also in good agreement with the experiment,
provided the DFT-optimized geometries are employed (Table 1;
Jexp = 7.1 cm-1,32 compared to JDB97 = 13.43 cm-1 based on the
experimental geometry). Table 1 also lists structural data and J
values from a geometry optimization at fixed experimental values
of the angles δθ and γ. Compared with the fully optimized
complex, Mn-Ooxime (Mn-Noxime) bond lengths are 0.07 Å
longer (shorter) and the value of JDB97 is 30% lower, manifesting
the sensitivity of the exchange coupling with respect to both δθ
and γ and the metal-ligand bond distances.
Because geometry optimizations for model 1 are very time-

consuming, we have chosen a truncated model complex in which
the 2,40-bpy ligand has been replaced by pyridine (py; model 2,
Figure 2b). Both the geometries (i.e., the angles δθ and γ and
the metal-ligand bond distances) and the exchange coupling
energy J remain essentially unaffected by this simplification
(Table 1).
In Table 2, we list data for three more complexes (I, II, and IV;

see the Introduction) similar to III but differing in the bulkiness
of their substituents at the R-sao ligand. With the exception of I,
where because of the aryl nature of the Naphth-sao substituent
the Mn3 oxime unit can be considered nearly planar (γ = 4.11�),
with an increase in R, one observes an increase in γ accompanied

with an increase of Jexp, which we could well reproduce using the
experimental values of γ and δθ and the function JB3LYP(γ,δθ)
(eq 7).
The trigonal [Mn3Zn2]

13þ magnetic clusters (V-VIII34)
possess [Mn3

III(μ3-oxo)]
7þ magnetic cores identical with that

of III, with the only difference being that, instead of the capping
ClO4

- and the three 2,40-bpy groups, there are six axially bound
μ-η1:η1 azido ligands (Figure 3). The Mn-azide bonds lie along
the axial Jahn-Teller distortion axes and connect theMnIII3 core
to two tetrahedrally coordinated, nonmagnetic ZnII ions, result-
ing in almost parallel individual ion Jahn-Teller axes. It is
remarkable that here the angle γ varies with the crystal packing
as a result of systematic variations in the cocrystallizing cation,
the terminal ion, and the R group (R =H, CH3), while the μ3-oxo
ion lies now almost exactly in the Mn3 plane (the δθ angles are
close to zero). Adopting the experimentally reported values of γ
and δθ and JB3LYP(γ,δθ) (eq 7), we could reproduce the
exchange coupling parameters deduced from magnetic suscept-
ibility data (Table 2 and Figure 4, left), in particular, when charge
compensation in the case of the trianions using the COSMO
model is taken into account. It is interesting to find out, once
more and similar to the data for complexes I-IV, that the γ angle
in the compound containing sao-CH3 is larger that in the other
three complexes possessing the nonsubstituted sao-H ligand, and
the value of this angle correlates with the largest reported (and
also calculated using B3LYP) J value.

Table 2. Exchange Coupling Energies (cm-1) for Trigonal MnIII3 SMMs from DFT (JB3LYP) in Comparison with the
Experimental Onesa (Jexp) and with the Structural Angles γ and δθ (deg)

complex JB3LYP Jexp γ δθ

[Mn3O(Naphth-sao)3py3ClO4] (I)
b -12.43 -6.20 4.1 6.5

[Mn3O(sao)3(Etpy)3ClO4] (II)
c -13.96 -6.04 13.11 8.3

[Mn3O(Me-sao)3(2,4-bpy)3ClO4] (III)
d 6.08 7.1 44.15 8.10

[Mn3O(Et-sao)3(Etpy)3ClO4] (IV)
c 6.99 8.20 46.80 8.4

[Mn3Zn2O(sao)3(N3)6Cl2](AsPh4)3 (V)
e -10.41 (-10.43)f -8.20 11.93 0.52

[Mn3Zn2O(sao)3(N3)6Cl2](NEt4)3 (VI)
e 3.02 (3.75)f 4.8 32.05 0.88

[Mn3Zn2O(sao)3(N3)6Br2](NEt4)3 (VII)
e 3.20 (4.04)f 4.6 32.08 0.76

[Mn3Zn2O(Me-sao)3(N3)6Cl2](NEt4)3 (VIII)
e 6.89 (8.72)f 9.4 36.10 0.30

aDeduced from a fit to the magnetic susceptibility data. bReference 33. cReference 13. dReference 32. eReference 34. fThe results for the trianionicMn3
complexes obtained using the COSMO model are given in parentheses.

Figure 4. Exchange coupling energies (cm-1) for a trigonal MnIII3 SMM from DFT (JB3LYP) vs experimental values (Jexp) (0), in comparison with a
hypothetical (JB3LYP = Jexp) line of coincidence (left); J(γ,δθ) contour plot diagrams for the Mn3 SMMwith trigonal symmetry from constrained DFT
geometry optimizations using the B3LYP exchange-correlation potential (eq 7 and Tables S1 and S2 in the Supporting Information). Experimental
points for the representatives from Table 2 (9) are listed for the sake of comparison (right).
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It follows from a comparison between the DFT calculated
(using the same JB3LYP(γ,δθ) dependence of eq 7) and experi-
mental J values (Figure 4, left) that the bridging functions of both
oxime and oxide in complexes I-IV and V-VIII are electro-
nically the same and well accounted for by variations in their
angles γ and δθ. The latter are determined, in turn, by the
specific coordinations that differ essentially between I-IV and
V-VIII (counterions, terminal ions, and hydrogen bonds; see
above). With positive J, a comparison between the results from
theory and experiment is perfect, while even with B3LYP,
negative J values are too large for antiferromagnetic coupling.
It is also interesting to note that, for ferromagnetic couplings, the
DB97 functional yields results that are comparable to, if not even
better than, the results of the computationally more demanding
B3LYP functional (Table S1 and Figure S6 in the Supporting
Information).
The data in Table 2 provide the basis for quantitative

magnetostructural correlations. A JB3LYP(γ,δθ) contour plot
diagram (Figure 4, right) shows a nice agreement between the
DFT-calculated isolines of J and the experimental points that
characterize the complexes in Table 2. In line with previous
experimental and DFT results, the exchange coupling energy J is
a sensitive and monotonically increasing function of γ (Figure 5,
left) but is still (but to a lesser extent) dependent on δθ
(Figure 5, right). It is interesting to compare the plot of Figure 4
with results using other functionals, i.e., the KS, PBE, PW91, and
DB97 (Figures S3-S6, respectively, in the Supporting In-
formation). While the topology of the isolines in these contour
plots remains essentially the same, there is a negative (downward,
or antiferromagnetic) shift by about -7, -22, and -36 cm-1

when going from B3LYP to the KS, PBE, and PWC functionals,
respectively.
On the basis of the reported structural data (Table 2) we can

subdivide complexes I-VIII into two groups according to their
values of δθ; V-VIII with almost planar Mn3O cores (δθ =
0.6 ( 0.3�) and I-IV with larger deviations of oxide from the
Mn3 plane (δθ = 7.8( 0.95�). The J vsγ plots for the fixed values
of δθ = 0.6 and 7.8� (Figure 5, left) and J vs δθ plots (fixed
γ; Figure 5, right) show that for larger γ angles there is a decrease
of the ferromagnetic coupling (smaller J) when moving O out
of the Mn3 plane. This is the opposite to what one observes
for small γ angles; for such geometries, exchange coupling is

antiferromagnetic and goes through a shallow maximum before
further decreasing with an increase of δθ (see the inset in
Figure 5, right).
It was possible to fit the experimental values of J using the

function of eq 10 (see the plot corresponding to this fit included
in Figure 5, left) with negative (positive) best-fit values of J0(J1)
[-6.90 (28.77) and -10.80 (56.30) cm-1 for I-IV and V-
VIII, respectively]. Using VBCI in the next section, we will justify
the choice of the particular form of eq 10 and analyze the
parameters J0 and J1 in terms of the underlying magnetic
interactions involved in the exchange.

J ¼ J0 þ J1 sin
2 γ ð10Þ

III.2. VBCI Model for Magnetic Exchange in the Mn3
SMM. III.2.1. Magnetic Exchange across the Mn-O-N-Mn
Bridge. We consider here a Mn-O-N-Mn pair with the

Figure 5. Dependence of the exchange coupling energy on the angle γ resulting from a fit of the parameters J0 and J1 of eq 10 to J values frommagnetic
susceptibility data of I-IV andV-VIII (solid line) in comparison with DFT-B3LYP calculations (dotted line, left) and dependence of J on the angle δθ
at various fixed values of the angle γ from DFT-B3LYP calculations (right). The inset shows the J(δθ) dependence at a geometry with γ = 0�.

Figure 6. Orbitals involved in the spin-spin exchange mechanism
across the Mn-O-Mn (left) and Mn-O-N-Mn bridges (right);
orbital interactions including the singly occupied dz2 orbitals of MnIII

(top) and the singly occupied dz2 orbitals on one MnIII center and the
empty dx2-y2 orbital on a neighboring MnIII center (bottom).
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bridging geometry shown in Figure 6, top, right. In the Jahn-
Teller distorted octahedral MnIII (t2g

3eg
1) complex, the single

eg
1 electron occupies a σ-antibonding dz2 type molecular

orbital, while the three unpaired electrons on t2g are only
weakly π-antibonding. In our consideration, we first concen-
trate on the singly occupied (empty) dz2 (dx2-y2) orbitals on
MnIII and consider the effect of the t2g orbitals in a second step.
In the VBCI method, one starts with an ionic configuration
consisting of singly occupied dz2

1 and dz2
2 orbitals on Mn1 and

Mn2 and doubly occupied N and O ligand orbitals (px and pz;
Figure 6, top, right). The two unpaired σ electrons give rise to
four microstates (Rβ, βR, RR, and ββ), i.e., to one singlet and
one triplet, which are degenerate in a first approximation but
can interact (in a different way and therefore can split) with
singly (Δ) and doubly (2Δ) ligand-to-metal (LMCT) and
metal-to-metal (U, MMCT) charge-transfer excited states
(Figure 7, left). The coupling between these configurations is
governed by the metal-ligand and intraligand hopping inte-
grals of σ type, expressed in terms of tpdσ = hpdσ/2 (hpdσ
hopping intergral for a standard orientation), which we set
equal for Mn-O and Mn-N interactions), and π type (tppπ),
respectively. In the chosen coordinate frame, we take theMn1-
N-O fragment as fixed and account for the dihedral Mn1-N-
O-Mn2 angle rotating the Mn2-O bond by γ around the O-
N bond (Figure 6, top, right). The one-electron matrix ele-
ments of eqs 11.1-11.4 (see also Table S3 in the Supporting
Information) and spin-adapted wave functions (see Figure 6,
top, right, for the coordinate choice and orbital numbering)
have been used to set up the 12� 12 and 8� 8matrices (Tables
S4 and S5 in the Supporting Information) for the singlet (S)

and triplet (T) states.

d1z2 jĥjp1x
� � ¼ tpdσ ð11.1Þ

d2z2 jĥjp2x
� � ¼ tpdσ cos γ ð11.2Þ

d2z2 jĥjp2z
� � ¼ tpdσ sin γ ð11.3Þ

p1xjĥjp2x
� � ¼ p1z jĥjp2z

� � ¼ - tppπ ð11.4Þ

Perturbation theory up to sixth-order (see the Supporting
Information) results in the following expression of J describing
the exchange splitting of the S = 2, 1, and 0 MnIII-MnIII pair
states:

Joxime ¼ EðS ¼ 0Þ- EðS ¼ 1Þ ¼ Jkoxime cos
2 γþ Jpoxime sin

2 γ

ð12Þ

Jkoxime ¼ -
1
16

tpdσ4tppπ2

Δ5 ð13Þ

Jpoxime ¼ Ipp
40

tpdσ4tppπ2

Δ6 ð14Þ

In eq 12, the Joxime
k term accounts for delocalization of the

unpaired electrons from one Mn center to a neighboring one;
it tends to stabilize a S = 0 pair state and takes a maximum value
for a planar Mn-O-N-Mn geometry (γ = 0, kinetic

Figure 7. Types of configurations and their zero-order energy expressions included in the VBCI model for exchange via the Mn-O-N-Mn bridge
(left) and Mn-O-Mn (right).
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exchange). The Joxime
p term stems from doubly LMCT excited

states, where two electrons with the same spin appear on O or N;
the intraligand (Hund) exchange coupling (Ipp; potential ex-
change) then tends to stabilize the S = 4 Mn-Mn pair ground
state.
Transfer of the spin density from the singly occupied dz2

orbital of Mn1(d
4) into the empty dx2-y2 orbital of Mn2(d

4) (and
vice versa) via the bridging ligands (spin polarization, sp) leads to
ferromagnetic coupling with contributions from the intraatomic
(Hund) exchange coupling energy (Idd); for the MnII ion with a
high-spin d5 configuration, this energy takes appreciable values
(see below). Effects of this type have been analyzed using the
VBCI model in cyanide-bridged transition-metal complexes.26 In
order to illustrate the leading term of this interaction, we take a
planar Mn-O-N-Mn geometry (Figure 6, bottom, right) and
account for the orbital interactions in terms of the hopping
integrals of eqs 15.1-15.5 (see Figure 6, bottom right):

d1z2 jĥjp1x
� � ¼ tpdσ ð15.1Þ

d2x2 - y2 jĥjp2x
D E

¼ -
ffiffiffi
3

p
tpdσ ð15.2Þ

d2z2 jĥjp2x
� � ¼ tpdσ ð15.3Þ

d1x2 - y2 jĥjp1x
D E

¼ -
ffiffiffi
3

p
tpdσ ð15.4Þ

p1xjĥjp2x
� � ¼ - tppπ ð15.5Þ

CT excitations from doubly occupied ligand orbitals px
1 and px

2 to
the empty dz2-y2

1 and dz2-y2
1(Δ) and back transfer from the

singly occupied dz2
1 and dz2

2 to the px
1 and px

2 orbitals (effectively
a CT from Mn1 to Mn2 and vice versa, described by the energy
U) and their mixing via the matrix elements (15.1)-(15.5) into
the ground state have been used to set up the 21� 21 and 15�
15 secular problems of the triplet and singlet, respectively.
Perturbation theory up to sixth-order (see the Supporting
Information) leads to the following contributing to Joxime:

Jspoximeð1þ sin2 γÞ ð16Þ
with

Jspoxime ¼ 3
10

tpdσ4tppπ2

Δ4U

1
U
þ 4
Δ

� �
Idd ð17Þ

In eq 16, we account for the contribution of the singly occupied
dxz
1 and dxz

2 orbitals on MnIII. These orbitals are of purely π-type
symmetry for planar Mn-O-N-Mn bridges but acquire σ
character, which increases with γ (eq 18.118).

d1xzjĥjp1x
� � ¼ ffiffiffi

3
p

tpdσ sin γ ð18.1Þ

d2xzjĥjp2x
� � ¼ ffiffiffi

3
p

tpdσ sin γ ð18.2Þ

III.2.2. Magnetic Exchange across the Mn-O-Mn Bridge.
Bridging oxide mediates magnetic exchange through its electron
pairs (px)

2 and (py)
2 involved in σ bonds within the Mn3 plane

and through the out-of-the plane π-type (pz)
2 electron pair,

which we neglect in the following. A minimum orbital basis for
the problem consists of the fully occupied O px and py orbitals
and the singly occupiedMnIII dz2

1 and dz2
2 orbitals (Figure 6, top,

left). Starting with the ground state, singly and doubly LMCT
and MMCT excited-state configurations are created (Figure 7,
right) . Ligand-to-metal hopping integrals (eqs 19.1 and 19.2 and
Table S6 in the Supporting Information) account for the
intermixing of these configurations into the ground-state triplet

d1z2 jĥjpx
� � ¼ - d2z2 jĥjpx

� � ¼ - tpdσ sinðR=2Þ ð19.1Þ

d1z2 jĥjpy
D E

¼ d2z2 jĥjpy
D E

¼ - tpdσ cosðR=2Þ ð19.2Þ
(T) or singlet (S) states and lead to stabilization of one of these
states with respect to the other depending on the Mn-O-Mn
angle R. The secular problems are of dimensions 6 � 6 (for T)
and 10 � 10 (for S). Fourth-order perturbation theory leads to
eq 20 for the exchange coupling parameter Joxide with contribu-
tions from kinetic (Joxide

k ; eq 21) and potential (Joxide
p ; eq 22)

exchange coupling (eq 20). In eq 20, we also account for the spin-
polarization term Joxide

sp (eq 23) originating from CT excitation
from the singly occupied dz2 orbitals of one Mn center into the
empty dx2-y2 orbitals of a neighboring one (see the Supporting
Information and Mathematica programs of its derivation).

Joxide ¼ EðS ¼ 0Þ- EðS ¼ 2Þ ¼ ðJkoxide þ JspoxideÞ cos2 R
þ Jpoxide sin

2 R ð20Þ

Jkoxide ¼ -
1
4

tpdσ4

Δ2

1
Δ
þ 1
U

� �
ð21Þ

Jpoxide ¼ Ipp
80

tpdσ4

Δ4 ð22Þ

Jspoxide ¼ 3
10

tpdσ4

UΔ2

1
U
þ 2
Δ

� �
Idd ð23Þ

Given the relationship between the R and θ angles (eq 24), one
obtains the dependence of Joxide on δθ (eq 25). Based on the very
small experimentally reported values of δθ and the particular
form of the dependence on δθ (eq 25), the magnetic exchange
coupling via the Mn-O-Mn angle is found by VBCI to weakly
depend on the angle δθ being dominated mostly by the term
Joxide
k þ Joxide

sp (see the next section).

sinðR=2Þ ¼
ffiffiffi
3

p
2

 !
sin θ; δθ ¼ 90- θ ð24Þ

Joxide ¼ Jkoxide þ Jspoxide

þ 3ðJpoxide - Jkoxide - JspoxideÞ cos2 δθ 1-
3
4
cos2 δθ

� �
ð25Þ

III.2.3. Estimation of the Parameters of the VBCI Model and
Comparison with the Experiment and DFT Results. Summariz-
ing the various contributions to the exchange from the oximato
and oxide bridges (eqs 12, 16, and 20), we can write down the
exchange coupling energy of a Mn-Mn pair J in the form given
by eq 26.1. From a comparison with eq 10, we can then
decompose the

J ¼ ðJkoxide þ JspoxideÞ=4þ 3Jpoxide=4þ Jkoxime þ Jspoxime

þ ðJpoxime - Jkoxime þ JspoximeÞ sin2 γ ð26.1Þ
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J0 ¼ ðJkoxide þ JspoxideÞ=4þ 3Jpoxide=4þ Jkoxime þ Jspoxime ð26.2Þ

J1 ¼ Jpoxime - Jkoxime þ Jspoxime ð26.3Þ
energies J0 and J1 in terms of the exchange coupling terms of
eqs 26.2 and 26.3 and evaluate their values based on the VBCI
expressions (eqs 13, 14, 17, and 21-23). To this end, a brief
discussion of the VBCI model parameters and their magnitudes is
in order. The CT energy U, defined as the difference between the
one-center (γ11) and two-center (γ12) d-d repulsion integrals,
can be calculated from the Racah parameter B, obtained from
optical d-d spectra (B = 760 cm-1 56 and the Mn-Mn distance
(RMn-Mn = 3.246 Å), assuming a simple Coulomb law of two-
center interelectronic repulsion (eq 27).57 The LMCT spectrum
of MnIV doped in corundum Al2O3 shows a peak position at
33 000 cm-1, which has been assigned as being due to MnIII as an
impurity.58 On the basis of the same work,

U ¼ γ11 - γ12 ¼ 146B- 116165=RMn-Mn ð27Þ
a value of Δ for the isovalent CrIII in the 42 000-56 000 cm-1

range has been adopted in VBCI analysis of the exchange coupling
of CrIII in [(NH3)5CrOCr(NH3)5]

4þ (basis rodo salt), yielding J
in good agreement with the experiment.59 Given the shift of the 3d
orbitals by 10 700 cm-1 60 to lower energies when going fromCrIII

to MnIII, we adopt here a value of Δ (MnIII) in the range of
31 000-45 000 cm-1. From Δ and the reported spectroscopic
value of the parameter eσ (the average antibonding energy due to

equatorial N and O ligands, eσ = 9500 cm-1 56), the hopping
integral tpdσ has been deduced using eq 28, given by the angular
overlap model, which relates eσ, tpdσ = hpdσ/2, and Δ. No
spectroscopic data are available thus far that would allow one to
obtain the intraligand hopping parameter tppπ; the value that we
adopt here (tppπ = 19 765 cm-1) was deduced from a DFT
calculation on the free ligandmaking use of theKS eigenvalues and
eigenvectors used to reconstruct the one-electron matrix elements
(eqs S.3-S.6 in the Supporting Information).

eσ ¼ hpdσ
2

Δ
¼ 4tpdσ2

Δ
ð28Þ

A value of the parameter Ipp of the intraligand exchange (-5000
cm-1) has been deduced using data on atomic spectra of O.61

Finally, the parameter of MnII intraatomic exchange Idd has been
expressed as given in eq 29, with I = [C þ (5/2)B],

Idd ¼ 5I ð29Þ
an average one-center two-electron exchange integral and the
prefactor 5, the number of unpaired d electrons.62 Again, we use
here spectroscopic data for the Racah parametersB andC (B= 760
cm-1 and C = 3290 cm-1) to obtain the value Idd.
With the set of VBCI parameters (Table 3), now it is possible

to obtain an estimate of the various contributions to the exchange
coupling energy listed in Table 4. Because of intraatomic Hund
exchange, CT from the doubly occupied bridging ligand to the
empty dx2-y2 orbitals of MnIII leads to a spin density on these
orbitals of the same sign, leaving a negative spin density both on
the N-O oximato bridge and on the μ3-O as well. Because
overlap of the σ type between ligand orbitals is larger for dx2-y2

than for dz2, this spin-polarization mechanism dominates the
Mn-O-N-Mn exchange. For the extended Mn-O-N-Mn
bridge, this interaction leads to ferromagnetic coupling, with the

Figure 8. Spin-density maps for [MnIII3O(Me-sao)3(2,40-bpy)3ClO4] within the Mn3 plane from S = 6 high-spin (left) andMs = 2 broken-spin (right)
DFT calculations.

Table 4. Antiferromagnetic (Jk) and Ferromagnetic (Jp, Jsp) Contributions (cm-1) to the Exchange Coupling Energy of aMn-Mn
Pair for the Oximate (Joxime) and Oxide (Joxide) Bridge as Given by the VBCI Modela

Joximek Joximep Joxime
sp Joxidek Joxidep Joxidesp

-3.06( 1.56 0.18( 0.12 22.72( 11.16 -57.22 ( 7.08 0.27( 0.10 39.70( 5.88
aCalculated with the parameter set of Table 3.

Table 3. Parameter Values (cm-1) of the VBCI Model

tpdσ tpp Δ U Idd Ipp

9460( 880 19 765 38 000( 7000 75 000 25 950 5000
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leading term Joxime
sp (Table 4) determining both the sign and

angular dependence (∼sin2 γ) of J. A similar observation,
ferromagnetic coupling with important contributions from spin
polarization, was deduced from analysis of the Cu-N-C-Fe
bond in CuFe and Cu2Fe complexes.40,63 In a strong support of
this interpretation, spin-density plots (Figure 8) show negative
spin density both on the oximato N and O bridging atoms and,
interestingly enough, also on the μ3-oxide bridging ligand. The
dominating ferromagnetic exchange across the oximato bridge is
strongly supported by DFT calculations on Mn3O model
clusters, where we replaced μ-O by μ-Ne, thus suppressing
contributions from the Mn-Ooxo-Mn bridge (Table S9 in
the Supporting Information). The results show that the Mn-
O-N-Mn exchange energy J is always positive, ranging from
about 7 cm-1 (γ = 0) to 61 cm-1 (γ = 45�) and does not depend
on the particular value of δθ.
As follows from the data in Table 4, the exchange coupling via

the Mn-O-Mn bridge is dominated by the negative kinetic
term Joxide

k = -57.22 ( 7.08 cm-1, which is, however, largely
reduced by the rather significant ferromagnetic term Joxide

sp =

39.70( 5.88 cm-1. As a result, the overall exchange coupling via
the oxide bridge is weak and antiferromagnetic and yields the
leading contribution to the negative value of Jo, deduced from
a best fit to experiment. In contrast, J1 is positive and dominated
by Joxime

sp . The comparison between the experimental and theo-
retical values of J1 demonstrates the ability of both DFT and
VBCI to reproduce the correlation between J and γ (Table 5). In
contrast, antiferromagnetic contributions to J0 are exaggerated by
DFT but are outweighed by spin-polarization effects in the VBCI,
leading to a positive J0.
Thus far, we ignored effects on J due to variations of δθ. As

follows from the contour plot diagram (Figure 4), these varia-
tions are still significant but do not follow the prediction of the
simple VBCI model in the whole range of γ values. Thus, for
large angles γ, both DFT and experiment64 show that ferro-
magnetic coupling becomes weaker when δθ increases, in
agreement with eq 25 given by the VBCI model. However, for
regions with small angles γ, where the overall J is antiferromag-
netic, out-of-plane shifts of the oxo anion beyond a critical value
of δθ ∼ 3-4� lead to lower |J| values, in agreement with earlier
suggestions.15 As a result, both the J(γ) curves for δθ = 0.6� and
7.8� from DFT and the ones given by the fit of the experimental
data using eq 10 (Figure 5, left) cross at intermediate values of γ.
Apparently, such tiny effects are beyond the reach of the simple
VBCI model.
III.3. Magnetostructural Correlations and Exchange Me-

chanism in the Mn6-Based SMM. Let us consider now the
exchange coupling in Mn6 SMM in light of the results of the
preceding section. The 24 complexes of this family fall into two
general categories, [MnIII6O2(R-sao)6X2sol4] and [MnIII6O2(R-
sao)6X2sol5,6], as a consequence of the distortion imparted on
the [MnIII6O2(N-O)6] by the bulky alkyl substituents R. In four
of the members (R = H), the two carboxylate ligands X are
bridging one MnIII-MnIII pair of each Mn3 triangle [Mn(2) and
Mn(3); see Figure 1 for the numbering), while in the other
molecules (R = CH3, C2H5), this ligand is terminal, i.e., bound to
Mn(3), and the coordination sphere of Mn(2) is completed by

Table 5. Parameters J0 and J1 of the Exchange Coupling
Energy of a Mn-Mn Pair J = J0þ J1 sin

2 γ As Derived from a
Fit to the Experimental andDFTData andCalculated with the
VBCI Model (Equations 26.2 and 26.3)

exptl

I-IV V-VIII DFT VBCI

J0 -6.90 -10.88 -12.74 ( 0.72a 15.48 ( 9.38b

J1 28.77 56.30 44.97 ( 4.61a 25.96 ( 12.84b

standard deviation 0.48 0.50 0.89 ( 0.25
aBest-fit parameters to J(γ) dependencies employing values of δθ= 0.6�
(upper sign) and δθ = 7.8� (lower sign). See Figure 5 for a comparison
between J vs γ plots fromDFT and those calculated using eq 10 with the
parameters J0 and J1 obtained from a best fit. bCalculated with the set of
parameters listed in Tables 3 and 4.

Table 6. Broken-Symmetry DFT Values of the Exchange Coupling Energies between Pairs of MnIII Ions in Selected Members of
the Mn6 SMM Family, Calculated Directly Using Geometries from X-ray Diffraction Data and the B3LYP (JB3LYP) Exchange-
Correlation Potentials Estimated Using the J(γ,δθ) Correlation Function (eq 7 and Table S2 in the Supporting Information)
(JB3LYP
corr ) and the γ and δθ Anglesa

compd no.a γ12 γ13 γ23 δθ J J12 J13 J23
c J330 Jph ref

1 10.4 25.6 18.0 6.9 JB3LYP -6.2 2.6 -21.0 5.8 -1 b

JB3LYPcorr -13.0 -5.8 -10.2 this study

2 25.5 29.7 42.4 2.3 JB3LYP -3.0 -3.2 2.4 6.4 -1.6 b

JB3LYPcorr -3.6 -0.4 8.5 this study

4 31.8 23.8 47.6 1.9 JB3LYP 1.6 -6.8 6.2 6.2 -0.4 b

JB3LYPcorr 1.6 -4.5 11.6 this study

8 39.1 34.9 43.0 1.0 JB3LYP 5.2 3.2 2.4 6.2 1.0 b

JB3LYPcorr 7.9 4.9 10.4 this study

10 27.4 36.4 31.1 1.0 JB3LYP -3.6 4.6 -4.6 4.2 -1.4 b

JB3LYPcorr -0.8 6.0 2.1 this study

12 27.8 40.1 41.5 3.1 JB3LYP -1.8 5.8 0.0 6.6 0.0 b

JB3LYPcorr -2.6 6.3 7.1 this study
aThe numbering of the complexes follows the notations adopted in ref 11, i.e., [Mn6O2(H-sao)6(O2CH)2(MeOH)4] (1), [Mn6O2(Me-sao)6-
(O2CCPh3)2(EtOH)4] (2), [Mn6O2(Et-sao)6(O2CPh

2OPh)2(EtOH)4] (4), [Mn6O2(Et-sao)6{O2CPh(Me)2}2(EtOH)6] (8), [Mn6O2(Me-sao)6-
(O2C-th)2(EtOH)4(H2O)2] (10), and [Mn6O2(Et-sao)6(O2C12H17)2(EtOH)4(H2O)2] (12).

bReference 14; the numbering of the Mn centers (γ
angles) in this reference (i) are related with the ones adopted by us (Figure 1); (j) as jf i, 1f 2, 2f 3, 3f 1. c Exchange coupling parameter for the
Mn-N-O-Mn bridge with oxime O donors linking the two Mn3 triangles.
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one or two additional solvent molecules (sol). Because of the
rather low symmetry of each Mn3 moiety, reflected in different
values of the γ angles γ12, γ13, and γ23 (see Figure 1), and the
additional linking of the triangles via oximato and phenolato O
atoms, five different exchange coupling parameters were intro-
duced to describe the magnetic exchange.14 In ref.14 DFT
(B3LYP) calculations have been employed to deduce all model
parameters J; in Table 6, we list their values along with the
corresponding γ12, γ13, γ23, and δθ angles taken from the
experiment.
The exchange coupling parameters in Table 6 have been

successfully applied and found to reproduce magnetic suscept-
ibility curves reasonably well.14 The parameters J12 and J13
pertain to exchange pathways through double oxo-oximato
bridging ligands, and therefore they can be compared with the
results obtained independently for Mn3 SMM (see the preceding
section). Because of the bridging function that the HCO2

-

ligand takes in complex 1, we exclude this complex from the
comparison, and, further, because of theμ3 type of bridging of the
oxime O coordinated to Mn(3) [Mn(30)] linking the two Mn3
units, we discard in our analysis also the parameter J23.We should
further note that, for the systems under consideration, the angles
δθ do not vary largely, such that in a good approximation we can
apply eq 10 to correlate values of J12 and J13 with the correspond-
ing γ angles (Figure 9). A least-squares fit leads to the parameter
values J0 =-13.4 cm-1 and J1 = 47.2 cm

-1, which are consistent
with the values that we deduce independently from the experi-
mental susceptibility data on the Mn3 compounds (-10.8
and 56.3 cm-1; Table 5) and with the DFT values (eq 7; J0 =
-12.74 cm-1 and J1 = 44.97 cm-1), with all compounds
possessing the same type of bridging geometry but different
constitution. This shows that, allowing for the dependence on
the detailed value of J on the angles γ and δθ, the parameters J are
fairly well transferable from the trigonal Mn3 to the less
symmetric Mn6 molecules and this justifies the use of the DFT
results (eq 7) for predictive purposes, allowing one to deduce J
for Mn-O-N-Mn exchange-coupled pairs in less symmetric
molecules, with known geometries given by γ and δθ. In the
same context, one should also notice that the magic value of γ =
30�, for which experimentally it was found that J switches from
positive to negative values upon an increase of γ, is nicely
reproduced by the contour plots of Figure 4.

IV. CONCLUSIONS

1 Using the VBCI model and perturbation theory, analytical
expressions of the exchange coupling energy J of the Mn3
SMM depending on angular distortions, the torsion angle γ
(eqs 12-14, 16, and 17), and the out-of-plane shift angle δθ
(eqs 21-23 and 25) have been derived. Ferromagnetic
exchange interactions in these magnetic clusters are found
both by DFT and VBCI to be governed by a spin-polarization
mechanism (Figure 8) with dominant ferromagnetic exchange
via the oximato bridge and by kinetic exchange, leading to a
weaker antiferromagnetic spin coupling via the oxide bridge.

2 A series of DFT geometry optimizations constraining the
angles γ and δθ allows one to map the rather complex
dependence of J on the bridging geometry onto γ and δθ,
showing that J undergoes larger influences because of
variation of the twist angle γ and smaller ones due to δθ
(Figures 4, right, and 5). This supports conclusions from
earlier studies based on both the experiment and theory.
Contour plot diagrams of J depending on the γ and δθ
angles calculated using the B3LYP functional are found to
perfectly match the experimental values of J deduced from
magnetic susceptibility data on a Mn3 SMM (Figure 4).

3 The results have been applied and validated using a Mn6
SMM to show that exchange coupling parameters J are well
transferable from the Mn3 trigonal to the low-symmetric
Mn6 SMM magnetic clusters when making allowance for
variation of J with γ and δθ (Figure 9).

4 A GGA functional for magnetic exchange developed in our
group (DB97) has been found to reproduce ferromagnetic
exchange coupling constants with remarkable success, with
results being comparable with those obtained when using
the popular but computationally more demanding B3LYP
functional. However, antiferromagnetic exchange coupling
is overestimated also by the DB97 XCP, a situation com-
mon to all GGA functionals.
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