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Abstract: We present the results of our all-electron density-functional calculations on the magnetic anisotropy
of the [Fes(sap)s(MeOH),] and [Fes(sae)s(MeOH),] polynuclear complexes. Our calculations, which predict
that only the second complex is a single-molecule magnet (with a magnetic anisotropy energy barrier of
5.6 K), are in qualitative agreement with the experimental data. The analysis of the projected anisotropies
of each Fe' ion, together with a study of the variation of the D value as a function of several geometrical
parameters, allows us to qualitatively understand the different magnetic behaviors of both complexes. In
addition to this, we also present a simple rule based on the analysis of the molecular orbitals of the system
that allows us to predict how to enhance (by a factor of 6, approximately) the magnetic anisotropy barrier
of these systems. Specifically, we will show that, for high-spin Fe' ions, the local easy axis of magnetization
is perpendicular to the plane defined by the Fe'-d orbital which is doubly occupied. If similar rules were
found for other metal ions, rational synthetic strategies to control magnetic anisotropy could be established.

Introduction

High-spin molecules having an energy barrier that prevents
easy reversal of the magnetic moment are being extensively

logues of the MpAC polynuclear complex), irohnickel 8 and
cobalf ions have been reported.

Recently, a new series of Fdased polynuclear complexes

studied due to their potential technological applications to new Showing the SMM behavior have been prepdrddhese new

data storage systems and to quantum compdtifiys kind of

SMMs have tetranuclear cubane core structures, in which four

molecules show slow magnetic relaxation with respect to spin F€' ions are linked together kys-alkoxo groups, thus yielding

flipping along the magnetic anisotropy axis. At very low an approximately cubic array of alternating iron and oxygen
temperatures, the spin does not have enough thermal energy iRtoms. In these polynuclear complexes, the six coordination sites
order to overcome the energy barrier, but it can flip by means Of each Féare occupied by five oxygen atoms and one nitrogen
of quantum processes. Because of this superparamagneti®@om from a chelating Schiff base ligand and methanol
behavior, these molecules are called single-molecule magnetgnolecules. The chelating Schiff base ligands are derivatives of

(SMMs)2 The first polynuclear complex which was reported
to behave as an SMM was the MAc compleX. Since then,
other SMMs containing manganésgncluding several ana-
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the saé" ligand (Figure 1), which are prepared by condensation
of salicylaldehyde derivatives with aminoethyl alcohol. One
relevant fact is that when the gaalerivatives are replaced with
sapderivatives (the s#p ligand derivatives are prepared by
condensation of salicylaldehyde derivatives with aminopropyl
alcohol), the resultant complexes no longer behave as SMMs.
The only difference between the dagdigands and the sde
ligands is (Figure 1) that the former ones can form six-
membered chelate rings with the'Fiens, whereas the latter
ones can only form five-membered chelate rings because they
have one less-CH,— unit. This causes different steric strains
and enhances the Jahfieller distortions at Pecenters, which
results in a different magnetic behavior of the whole polynuclear
complex. This finding is remarkable, since it shows that the
magnetic anisotropy of polynuclear complexes can be structur-
ally controlled.

Here we present an all-electron density-functional calculation
on the second-order magnetic anisotropy of one of the com-
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Figure 1. Structure of the s&p ligand derivatives (left) and structure of
the saé" ligand derivatives (right).

R

plexes of the series prepared with the%algand derivatives Figure 2. Structure of the [Fésap)(MeOH)] compound, which has an
and of one of the complexes of the series prepared with the s, symmetry. The chelating ligand in this compound is the simplest one of
saé~ ligand derivatives. To be specific, we present the results the series of the sap ligand derivatives; that is to say, it has no substituents
for the [Fa(sapy(MeOH),] compound (Figure 2) (compleX) attached to the benzenic ring.

and for the [Fg(sae)(MeOH)] compound (Figure 3) (complex

2). We also present an analysis of the structural and electronic
factors responsible for the change in the magnetic anisotropy
of both complexes. Finally, based on the results of this analysis
we propose a means for increasing, by a factor of 6, the magnetic
anisotropy energy (MAE) barrier (which is the energy barrier
that has to be overcome in the reversal of the magnetic moment
of the molecule) of this kind of Pecubane-based SMMs.
Specifically, we will show how ther-back-donation of the Fe

ions to the ligands allows one to easily control the sign and
magnitude of theD (zero-field splitting parameter) value and,
consequently, the height of the MAE barrier. This is the first
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in the limit of spherical symmetry. The third form also requires (TBab/e 1 Maﬁim’\lllm %nd l\;lirgsimun(l3 Exponents Ogthhe BNare ber of
H H aussians, the Number of Bare Gaussians, and the Number o

sph_encal S_ymmetry but fu_rther assumes that the_re is only ON€ Contracted Gaussians for Each Angular Momentum for Different

radial matrix element}, of interest. For more details, we refer  Atoms Used in the Calculation of the Fe'-Based Molecular

the interested reader to ref 9. It can be shbthat, up to second- ~ Complexes?

order perturbation theory, the change in the energy of a system aom Ol i N s p d
due to spin-orbit coupling at zero applied magnetic field can H 77.84 0.0745 6 2 1 0
be expressed as C 2.2x 104 0.0772 12 5 4 1
N 5.1x 10 0.0941 13 5 4 1
_ 00’ 00 o0 0 6.1x 10¢ 0.1049 13 5 4 1
A= ; Z Mi” §7 § @ Fe 3.8x 10° 0.0452 20 6 4 4
where aBasis sets can be furnished upon request to first author.
" . sense that it does not take into consideration the quantum
§7=w1Sk"0 (3) : q
tunneling effects.
and The theoretical method described here has been reported to
be a reliable one in order to predict magnetic anisotropy
i (¢, |Vil by Uy | V|1, 1 parameters of SMM¥ Finally, the atom-projected anisotropies
My" = — (4) on each iron ion have been calculated using the method
€io ~ Ckor described in ref 11.

In eq 3,x° andy® are any set of spinors, and tBeare the spin Computational Details
operators. In eq 4p, and ¢, are, respectively, the occupied
and unoccupied states, and #eare the corresponding Kohn

Sham energies. Th¥; matrix elements are related to the i

L . . . program. All calculations employed the PerdeBurke—Ernzerhof*
derlvatlvg of the Coul%mb pqtgntlal as defined in eq. 7 of r.ef 9. (PBE) generalized-gradient approximation for the density functional.
The matrix element§™ explicitly depend on the orientation  pe exponents for the single Gaussians of the basis set have been fully
of the axis of quantization, and that is what gives rise to the optimized for DFT calculation§ The NRLMOL code employs a
anisotropy energy. It can be shown that the above expressionvariational mesh for numerically precise integration and an analytic
for the second-order shift in the energy of the system in the solution of Poisson’s equation.

The density-functional theoty(DFT) calculations discussed herein
were performed with the all-electron Gaussian-orbital-based NRLNMOL

absence of a magnetic field can be rewritten as The basis set employed consisted of a total of 1848 basis functions
for the [Fa(sap)(MeOH),] (complex1) calculation and of a total of
A, = Z yxy[a(mfsym (5) 1716 basis functions for the [F{eae)(MeOH)] (complex?2) calcula-
Xy tion. Basis set details are summarized in Table 1.

) o . o In the present work, a large energy window frer39.7 eV below
By diagonalizing the anisotropy tensar)( the principal axes  the Fermi energy to 10.6 eV above the Fermi energy (for complex
and eigenvaluesy,yy,y,) are determined. Once the anisotropy and from—39.8 to 10.5 eV (for compleg) was used to calculate the
tensor has been diagonalized, the second-order energy can beatrix elements of eq 4.
rewritten, in principle-axes space, in terms of the eigenvalues
according to Results
1 The optimized structures of compléxand complex2 are
A, = §(Vx +y, T y)SS+ 1)+ depicted in Figure 2 and Figure 3, respectively. Thé' Fe
1 1 1 coorglination bond lengths qf both complexes are givgn in Table
3V~ E(Vx + yy)] [3S — S+ 1)] + > (yy — yy)(SE - %) 2. With reference to the spin ’Fopology of the electronic state of
both complexes, the calculations have been performed for the
) S = 8 state (the magnetic exchange interaction between all the
In the above equation, the operat@s S, andS, are rotated Fé' ions is ferromagnetic), which is the ground electronic state,
relative to the coordinate system in egsSlaccording to the ~ according to the experimental ddtaThe calculated local
eigenvectors of the anisotropy tensor. The anisotropy Hamil- moment, determined by integrating the spin density within a
tonian splits the (8+ 1) spin states, and ignoring the isotropic  SPhere of radius 2.19 bohrs around each iron ion, is 3.6 for

SS+ 1) terms, it can be expressed as both complexes, which means that each iron ion is a high-spin
d® Fe ion. The HOMG-LUMO gap for complexL and complex
H=DS +E(S - S) (7) 2is 0.48 and 0.31 eV, respectively.

Therefore, theD and E values can be direcﬂy obtained from (10) (a) Kortus, J.; Pederson, M. R.; Baruah, T.; Bernstein, N.; Hellberg, C. S.
Polyhedron2003 22, 1871 and references therein. (b) Ribas-Arino, J.;

the yx vyy, andyz; values. The eigenvalues of the anisotropy Baruah, T.; Pederson, M. B. Chem. Phy2005 123 044303. (c) Takeda,
i i i i i R.; Mitsuo, S.; Yamanaka, S.; Yamaguchi,Rolyhedron2005 24, 2238.
Hamiltonian (eq 7) are the.energles of the total aZImUthal spin (11) (a) Baruah, T.; Pederson, M. Rhem. Phys. Lett2002 360, 144. (b)
levels Ms). The difference in energy between the highest total Baruah, T.; Pederson, M. Rat. J. Quantum Chen2003 93, 324.
azimuthal spin level and the lowest total azimuthal spin level (12) é?a':'nohfnjbg[%sp&golhgnéggf%sﬁféé%“ 136 B864. (b) Kohn, W.;
yields the MAE barrier in easy-axis systems. It may be (13) (a) Pederson, M. R.; Jackson, K. Rhys. Re. B 1990 41, 7453. (b)
Jackson, K. A.; Pederson, M. Rhys. Re. B 199Q 42, 3276. (c) Porezag,

mentioned that this MAE barrier is a classical barrier in the D. V. Ph.D. Thesis, Chemnitz Technical Institute. 1697,
(14) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865.
(9) Pederson, M. R.; Khanna, S. Rhys. Re. B 1999 60, 9566. (15) Porezag, D.; Pederson, M. Rhys. Re. A 1999 60, 2840.
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Table 2. Fe" Coordination Bond Lengths of the Optimized
Structures of Both Complexes?

bond lengths [Fes(sap)s(MeOH),] [Fey(sae),(MeOH),]
Fe—N 2.112 2.003
Fe—0O(1) 2.007 1.972
Fe—0(2) 2.058 2.133
Fe—0(3) 2.182 2.111
Fe—0(4) 2.198 2.298
Fe—O(5) 2.257 2.226

aAll the values are given in A. In [R¢sap)(MeOH)], the four iron
ions are symmetrically equivalent. In [Ksae)(MeOH)], the four iron

which means that th& = 7 state must be close to ttge= 8
ground state. The closeness of this excited state could have a
non-negligible effect on the value @ and, consequently, on

the MAE batrrier. Our calculations are only dealing with e

= 8 ground state, and that could be another reason for not getting
a quantitative agreement with the experimental data. The
important point, though, is that we are able to reproduce the
experimental trends. We will now turn our attention to the
structural and electronic factors responsible for these trends, and
with the information obtained with this analysis, we will be

ions are not symmetrically equivalent, and therefore, the given values are able to make a prediction on how to increase the MAE barrier
the average bond lengths. See Figure 4 to see how the coordinating atomgyf Fd!-based SMMs.

are labeled.
A
s
o
Ny T
0o(8)—\—Fe
/ | I
o(1) Fe 10
FeF|——o
HaCHO(4) / ’ /
o(3)—Fe

Figure 4. Schematic representation of compl&xand complex2. Only
one of the Fi& coordination environments is depicted for clarity. The other
ones are equivalent by symmetry. Tinef (CHy), is equal to 1 for complex

1 and equal to 0 for compleg.

The calculations carried out on the magnetic anisotropy of
complex1 allow us to conclude that the system is an easy-
plane system, with the easy plane being perpendicular t&the
axis of the complex (see Figure 4). TBevalue is 0.25 K and
E is exacty 0 K because of the symmetry of the complex.

Discussions

To rationalize the change of the sign of thevalue in going
from complexl to complex2, we have carried out calculations
of the atom-projected anisotropies on each iron ion of both
complexes. These calculations are usually useful because the
D value of the complex is generally provided by a tensorial
sum over constituent atom$The first issue concerning these
calculations is that the Edons with their local coordination
environment are triaxial or rhombic systems, possibly because
their geometry is very distorted with respect to the octahedral
one. Therefore, the discussion will not be made in terms of local
D values but in terms of the directions of the local quantization
(or magnetization) easy axes.

As can be seen in the left side of Figure 5, the local easy
axis of each iron ion in compleg is approximately perpen-
dicular to theS, axis of the complex. Specifically, it forms an
angle of 73.8 with the S, axis, which means that the projection
of the local easy axis onto ti# axis is 0.2830. As for complex
2, the projection of the local easy axis of each iron ion onto the
pseudeS; axis is 0.5370; that is to say, the angle between the
local easy axis and theseudeS, is 57.5 (these two last values
are the average values of the four iron ions). The increase of

On the other hand, the calculations carried out on the magneticthe projection of the local easy axes onto &@xis causes the

anisotropy of comple® show that this system is an easy-axis
system, with the easy axis being collinear to gseudeS, of
the system (the symmetry of this complex is close to $he
one). The calculated anisotropy Hamiltonian parameter®are
—0.10 K andE = 0.004 K, which lead to an MAE barrier of
5.6 K.

change of sign and magnitude of tbevalue of the system in
going from complexi to complex2.

To understand and visualize the last statement, it is useful to
bear in mind the two limiting cases that can arise, with reference
to the alignment of the local easy axes. If all the local easy
axes were lying on the O(2Fe—0(2) axes (or the O(4)Fe—

Our results are in qualitative agreement with the experimental O(5) axes; see Figures 5 and 6), they would define a plane

findings® because they correctly predict that complis an
SMM, while complexl is an easy-plane system. The experi-
mentalD values for complexX and complexX2 are 1.15 K and

perpendicular to th&, axis, and therefore, the whole molecule
would be an easy-plane system, with a positiveralue. On
the contrary, if all the local easy axes were lying on the ©(3)

—1.09/-0.44 K{° respectively. As can be seen, the calculated Fe-N axes (see Figures 5 and 6), a perfect collinear alignment
values are smaller than the measured ones. One of the reasongf |ocal easy axes would arise, and the system would be an
for this fact may be the absence of higher-order terms in our easy-axis system, with a negatiZevalue. Thus, it is evident
treatment of spirrorbit coupling. However, it should be  that the limit in the first case will be the perfect easy-plane
mentioned that the experimental techniques used to obtain thesgystem, with the most positiv value (for this kind of systems),
values (dc and ac magnetic susceptibility measurements) usuallyand the limit of the second case will be the perfect easy axis
provide less reliable values than those that can be determinedsystem, with the most negati@ value that can be achieved
from high-field EPR measurements. On the other hand, it is with these ligands. Since the projection of the local easy axes
worth mentioning that, in these systems, the intramolecular gnto theS, axis is a way to quantify the direction of these axes,
exchange coupling constants are quite sin@h the range  we can conclude that the situation found in comés closer
between 1.7 and 2.8 K, for the¢ = —3; J;S§ Hamiltonian),  to the second limiting case than the situation found in complex
1, which is very close to the first limiting case. The analysis of

(16) These two different values have been obtained with two different
experimental techniques. The first value has been obtained from dc magnetic
susceptibility data, and the second has been obtained from ac magnetic(17) Bencini, A.; Gatteschi, CElectron Paramagnetic Resonance of Exchange
susceptibility measurements. Coupled Systems$pringer: Berlin, Tokyo, 1990.
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Ny e,
/0(5)— —Fe
Mmz)
/ Fe—
H,CHO(4) /

0(@3)

O

/

Fe

H30HO(4)/ /

0(3)

Figure 5. Direction of the local easy axis for compléxup) and for compleX (down). Only one of the easy axes is depicted for clarity. On the right, the
Fe' d orbital which is doubly occupied for each of the iron ions constituting compl@xp) and complex2 (down) is depicted. Tha of (CHy), is equal
to 1 for complexl and equal to O for compleg.

the projected anisotropies, thus, allows us to qualitatively justify Fe! ions. As for complex2, the local easy axes lie between the
why complex2 is an SMM, whereas complekis not an SMM. O(1)—Fe—0(2) and the O(3)yFe—N axes, i.e., between the Fe
After having discussed the different magnetic behaviors of O(1) and the FeN bonds, which are the shortest ones. Given
complex 1 and complex2 in terms of the atom-projected these facts, one may think that in'Feoordination environments
anisotropies, we will now focus our attention on the structural the local easy axes tend to be aligned with the shortest bond
parameters responsible for such different behaviors. All the lengths. To test the validity of such a hypothesis, we have taken
calculations carried out for determining the structural parametersthe geometry of complet and we have lengthened the-+e
that control the magnetic anisotropy in these systems have beerO(1) and Fe-O(2) bonds by 0.08 A, and we have shortened
performed with the model system depicted in Figure 7, in which the Fe-O(3) and Fe-N bonds by 0.08 A, on the other hand.
the aliphatic—(CH),— chain has been removed. In ref 8, it With these geometrical changes, the G{Be—N axes become
was argued, based on AOM (angular overlap model) calcula- the axes associated with the shortest bond lengthsDTreue
tions}8 that the different magnetic behaviors of compleand of the complex for the resulting geometry is 0.20 K. Such a
complex2 could be attributed to the fact that, in compl2x small change with respect to the original value (0.25 K) clearly
the Fé ions have shorter coordination bond lengths at the indicates that the former hypothesis is not valid. Variations of
equatorial positions (the Eeons exhibit a JahnTeller distor- the bond lengths slightly more different than 0.08 A (for
tion; the equatorial bonds are the shortest ones). Using theinstance, 0.02 A, 0.04 A, or 0.06 A) lead to the same conclusion.
geometry of complex, we have shortened all the equatorial The analysis of the atom-projected anisotropies confirm this
bond lengths first by 0.02 A and then by 0.04 A and calculated result, since the direction of the local easy axes remain
the D value of the resulting complexes. These nBwalues  practically unchanged; i.e, they are almost aligned with the
remain practically unchanged with respect to the original value O(1)-Fe—0(2) axes.
of 0.25 K. Consequently, we can conclude that the regular  The results shown so far seem to indicate that simple
distortion associated with the shortening of the equatorial bond jstortions regarding the coordination bond lengths do not have
lengths of F& ions is not the cause of the different magnetic 5 gramatic effect on the ftéocal anisotropies and, thus, in the

behaviors of comples and complex2. One of the reasons for 1 4gnetic anisotropy of the whole complex. Concerning the
the discrepancy between the DFT results and AOM results couldnf,ence that the coordination bond lengths exert upon the

be the fact that the AOM calculations have been carrield Out magnetic anisotropy, the last calculation that has been carried
assuming &, local coordination environment around the'Fe  tis the calculate® value of complext with the coordination

ions. o bond lengths of comple (see Table 2). The calculat&ivalue
Looking at the coordination bond lengths (see Table 2), one js .13 K. It can be seen that, in this case, the difference in

realizes that in complex, the local easy axes lie approximately -, ordination bond lengths (which cannot be described by a

on the O(1)-Fe-O(2) axes, which are associated with the gjmpe distortion) has a more important effect on the magnetic
shortest bond lengths of the coordination environment of the anisotropy than those for the previous cases. Nevertheless, it

must be pointed out that only considering the bond distances is

(18) (a) Figgis, B. N.; Hitchman, M. ALigand Field Theory and Its Applications

Wiley-VCH: 2000. (b) Schnherr, T.Top. Curr. Chém1997, 191, 88. (c) not enough to account for the change of sign ofEhealue in
Hoggard, P. ECoord. Chem. Re 1986 70, 85. (d) Lever, A. B. P. R [ :

Inorganic Electronic Spectroscop@2nd ed.; Elsevier: 1984. (e) Larsen, gong from comple_Xl to cgmplexZ. Thls IS Con_f'rmed by the

E.; La Mar, G. N.J. Chem. Educl974 51, 633. atom-projected anisotropies calculations, which show that the
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Figure 6. Orthogonal easy-axis alignment (up), which gives rise to an easy-plane syBtem0Q], with the easy plane being perpendicular to fae
molecular axis. Collinear easy-axis alignment (down), which gives rise to an easy-axis sisterl)( with the easy axis being collinear to t&e axis.

projection of the local easy axes onto tRgaxis is 0.3515 (i.e.,
the angle between the local easy axes and3hexis is 70).

non-negligible effect on the magnetic anisotropy of the complex,
although such a difference cannot account for the opposite

This value lies between the value associated with the geometrymagnetic behavior of complek and complex by itself.

of complex 1 (0.2830) and the value associated with the

geometry of complex (0.5370).

Apart from the differences in bond distances, the local
coordination environments of Feions of complex1l and
complex2 also differ for some bond angles. The most important
structural difference with regard to the bond angles is found in
the N—Fe—0O(2) angle. This angle is 95.8and 81.3 for
complex1 and complex, respectively. This difference is due
to the fact that the sap ligand (compl&xforms a six-membered
chelate ring, whereas the sae ligand (com@gforms a five-
membered one with the Féons. If we take the geometry of
complex1 and change the NFe—0O(2) angle to 81.3 the
resulting complex has B value of 0.16 K. As with the bond

As a conclusion of this structural study, we can say that the
change of sign of thé value in going from complex to
complex 2 can be attributed not only to the change of
coordination bond lengths but also to the change in bond angles,
such as N-Fe—0(2), for instance. Therefore, there is not a
single geometrical parameter responsible for the magnetic
changes. In addition to this, all the results shown so far seem
to indicate that it is very difficult to increase in a controlled
way the magnetic anisotropy of these systems by only taking
into consideration the geometrical distortions with the same kind
of ligands. This is why we considered changing the electronic
properties of the ligands in order to enhance such anisotropy.

Before considering the electronic properties of the ligands,

distances, we can see that the difference in bond angles has & is interesting to point out that the results of our structural
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fragments shown in Figure 8) yields a value of 0.43 K. In this

\
¢ Se case, theD value is even more positive than that for the
H [Fes(sap)(MeOH),] compound because the local easy axis of
AN /C each Fé ion has a negligible projection onto ti& axis; i.e,
N H this case is almost equivalent to the first limiting case we have
07 Fe referred to before (see Figure 5). This result supports the idea
/ | p / stated in the previous paragraph (see the direction of the local
o—Fe—I-o' easy axis in Figure 8 and the 'Fd doubly occupied orbital)
Fel-[——0. and also shows that the projection of the local easy axis onto
H-0 ‘/ ! / H the& axis is different depending on the presence or the absence
0 | 22 of conjugat|_on of the imine double bond with the aromatic ring
H of the sap ligand.

) ) . The most interesting result, however, is obtained for the
Figure 7. Model system used to determine the influence of structural factors

on the magnetic anisotropy of complek and complex2. Only the second Compognd of Figure 8.- This compound is the same of
coordination environment of one iron ion is depicted for clarity. The other compoundLl in Figure 8, but the imine fragment and an hydroxyl
coordination environments are equivalent by symmetry. ligand have had their positions switched. Thevalue of the

resulting complex is-0.56 K, which means that switching the
position of these two ligands yields a polynuclear complex that
behaves as an SMM, with an MAE barrier of 36 K (this value
is associated with the geometry of [FEae)(MeOH),]; upon
relaxation, the second compound of Figure 8 has an MAE barrier
of 40 K). This is a remarkable result because the MAE barrier
is increased by a factor of approximately 6 with respect to the
Eparrier for the [Fg(sae)(MeOH),] compound. This important
increase of the MAE barrier is due to the orientation of the
local easy axes of each iron ion. As can be seen in Figure 8,
the local easy axes are almost collinear with $exis (their
projection onto this, axis is 0.9301), which makes this situation
very similar to the second limiting case explained before (see
Figure 5). The orientation of the local easy axes is, in turn,
related to the plane defined by the'Feedoubly occupied orbital,
since such local easy axes are, once again, perpendicular to this
plane.

analysis provide a quite different picture than the one provided
by the AOM calculations performed in ref 8a. In ref 8a, the
authors argued that the negatDevalue of complexX2 was due

to a orthogonal alignment of the local hard axes of the four
Fe! ions (with positive locaD values), whereas the positiie
value of complexl was due to a orthogonal alignment of the
local easy axes of the four fFaons (with negative locaD
values). In both cases, the local hard axes or easy axes wer
assumed to lie on the O@&Je—0O(5) axes, i.e., the JahiTeller
elongated axes. Our DFT calculations, on the contrary, show
that the difference in magnetic behaviors between complex
and complex has to be attributed to the different orientations
of the local easy axes of the 'Fdons of each complex.
Moreover, the DFT calculations indicate that the local easy axes
are not aligned with the JakiTeller elongated axes.

The molecular orbitals depicted in the right side of Figure 5
give us the first clue on how to change the ligands so as to
have an SMM with an enhanced MAE barrier. The molecular _ The definitive proof that our hypothesis concerning the
orbitals depicted in Figure 5 are those associated to the doublydirection of the local easy axes is valid is provided with the
occupied F&d orbital in all the F& ions (&) of both complexes.  calculations of compound of Figure 8. This compound is the
Examining the direction of the local easy axes (see Figure 5) Same as compourzlof Figure 8; the only difference is that, in
and the F& d orbital, one may think about the following ~compounds, the imine fragments have been rotated @th
empirical rule: the local easy axis of each Fen points toward respect to the FeN axis. This means that theorbitals of this
the perpendicular direction of the plane defined by the doubly fragment have also been rotated. As a consequence, ech Fe
occupied F& d orbital. If this was true, one woulohly need to doubly occupied orbital is also rotated*9@vhich results in a
be concerned about the'Fe orbital which is doubly occupied change of direction of the local easy axes. In this case, the local
in order to know the direction of the local easy axis. It is clear €asy axes lie on the O(4Je—O(5) axes. With this orientation,
that such a simple rule would be extremely useful for the rational all the local easy axes are distributed in such a way that they
design of Fb-based SMMs. To test the validity of this define an easy plane (perpendicular to $iexis). That is why
hypothesis, we first need to know how to control the' fee the rotation of the imine fragment transforms compo@ridto
orbital which is doubly occupied for a high spin'Fia a given an easy-plane system, withCavalue of 0.49 K.
coordination environment. Once again, the molecular orbitals One may wonder whether these last results are specific for
depicted in Figure 5 give us another clue. Looking at these the imine double bond or whether they are more general and
orbitals, we realize that the direction of the'Fd doubly can be applied to other ligand systems with the proper orbitals
occupied orbital is mainly controlled by the-back-donation so that ther-back-donation can take place. With this in mind,
of the Fd ion to the z antibonding orbitals of the imine  we have replaced the imine ligand of compouh(Figure 8)
fragment. Obviously, the other fragments of the sap or sae ligandwith the formaldehyde ligand and have calculatedBhealue
can also exert an influence on the direction of thé &eoubly for the resulting complex. This calculation yield®avalue of
occupied orbital, but it is logical to assume that the bonding —0.40 K (the associated MAE barrier is 26 K), with the local
combination of the Ped orbital with thesr antibonding orbitals easy axes being collinear to tgaxis. Thus, this result seems
of the imine fragment is the strongest interaction. to indicate that ther-back-donation-based strategy is quite

The calculation of th® value of the first compound of Figure  general. Hence we may conclude that the control of the d orbital
8 (this compound is obtained using the same geometry of which is doubly occupied in a high-spin 'Fey means of the
[Fes(sap)(MeOH)], but with the sap ligand replaced by the s-back-donation allows one to control the direction of the
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Figure 8. Small complexes (only the coordination environment of one iron is depicted for clarity) used to check the influence #Haatkedonation

exerts on the magnetic anisotropy of'Feube complexes. On the left, the local easy axis of ea¢hca be seen. In the middle, the easy plane (for
compound 1 and compound 3) or the overall easy axis (for compound 2) for each complex is depicted. On the right, it can be de¢mthitaFevhich

is doubly occupied for all the fdons of the corresponding complex. As shown in this figure, the local easy axes are perpendicular to the plane defined by
such an orbital.

corresponding local easy axis and, in turn, the anisotropy of series of F&-based SMMs. We have focused our study on
the whole system. cubane structures (such a study can also be extended to other
It is well-knownt® that the magnetic anisotropy of polynuclear kinds of structures), and our calculations on the small com-
complexes depends on the local anisotropy of the individual pounds of Figure 8 give some clues on how a proper ligand
magnetic building blocks and on their relative arrangements. It system has to be designed in order to have SMMs with a high
is also a well-established fact that the SMM behavior is MAE barrier. On the other hand, we have shown how the
achievable when the local easy axes of the magnetic building rguments based only on coordination bond lengths might not
blocks are aligned or when the corresponding local easy planesy,q enough in some cases when applied to rationalize the

are orthogonal. The problem is that the control of the local \agnetic anisotropy behavior of polynuclear complexes. In
anisotropy of the magnetic building blocks is not obvious. Most relation to this, it seems that arguments based on molecular

of th? Sl\gl\ﬁ] ripo(jlrte]:j S:AOMfarr] arE N)Inbas?d %olynut_:(ljea_r orbitals may be more general than geometrical arguments. This
complexes. 1hIs Kind o s has been analyzed CONSICENNG o o first time that DFT-based calculations of the magnetic

that the local easy axes of the NMirbased magnetic building . . - .
. . : anisotropy have established a very simple relation between the
blocks are aligned with the corresponding Jafieller elongated : . . . .
local anisotropies of metal ions and molecular orbitals. This

axes. Similar rules have not yet been established for other e - .
transition metal ions, though. Since such rules are essential in§uggests that !f this kind of study is carried out for. othgr metal
order to succeed in preparing new SMMs with enhanced ions, a set of S|mple rules for control of the magnfetlc anisotropy
properties, the theoretical studies concerning the local anisotro-Will P& made available. These rules, together with the angular
pies of the magnetic building blocks are necessary and relevant 2Veriap model analysé$would be very helpful for developing
The theoretical study we have presented provides synthetic

; ; ; P (20) (a) Gatteschi, D.; Sorace, L. Solid State Chen2001, 159, 253. (b) Boe,
chemists with a very simple rule to rationally prepare a new R. Magnetic Parameters and Magnetic Functions in Mononuclear Com-

plexes Beyond the Spin-Hamiltonian Formalis8tructure and Bonding
(19) Gatteschi, D.; Sessoli, Rngew. Chem., Int. EQR003 42, 268. 2006 117, 1. (c) Oshio, H.; Nakano, MChem—Eur. J. 2005 11, 5178.
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suitable strategies for the synthetic chemists to introduce the be done to see if it is possible to apply similar simple rules to
appropiate anisotropy in molecules. other metal ions. This would make possible a complete rational

. design of technologically useful single-molecule magnets.
Conclusion 9 9 y 9 9
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We have carried out a density-functional study of the
magnetic anisotropy of two Eebased single molecule magnets.
The calculated magnetic anisotropies are in qualitative agree-
ment with the experimental data. The analysis of the atom-
projected anisotropies have helped us to rationalize the different
magnetic behaviors of both polynuclear complexes. We have
also been able to predict how to significantly increase the
magnetic anisotropy barrier of these compounds. This prediction
has been made on the basis of a simple qualitative rule that
takes into account the molecular orbitals. Further work should JA061518R
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