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The exchange coupling constants of two Mn;; complexes have been analyzed; one of them has the second largest
ground-state spin value reported up to now, being the largest-spin single-molecule magnet. The two complexes show a

two-edge-sharing supertetrahedra structural motif, Mn"sMn

11, and similar ligands, but they show different total spin

values. One of them has the highest possible, S = 37, while for the second complex, the S value is lower and equal to
28 £ 1. The calculated Jvalues using DFT methods for both systems indicate the predominance of the ferromagnetic
interactions consistent with the S = 37 total spin. The analysis of similar Mn,g complexes with the two supertetrahedra
sharing one vertex gives similar results, pointing out the preponderance of the ferromagnetic couplings.

Introduction

The discovery in 1993 of the first single-molecule magnet
(SMM), the well-known Mn,, cluster,' opened a new investiga-
tion line that has been thoroughly studied for a large number
of groups, which has focused on the synthesis of polynuclear
compounds that could improve the properties of such com-
plexes. SMM complexes show a splitting of the M; states
due to the presence of the zero-field splitting phenomenon
(ZFS).%* The energy difference between the highest and the
lowest M; states caused by the loss of degeneracy could be
understood as an energy barrier (Us), whose height is directly
related with the square of the total spin (.S) of the molecule and
its magnetic axial anisotropy (D) that must be overcome in
order to change the spin direction (from +M; to —M; states).
This D value must be negative to have a barrier instead of
a single well; the higher the barrier, the more difficult it is to
change the spin direction. This property could lead to applica-
tions in information systems at molecular level depositing
such molecules on a surface,* since the direction of the
magnetic moment of bulk materials is employed to store
information on hard disks and related devices.® Otherwise, it
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is possible to change the sign of the M; state passing through
the energy barrier. This phenomenon is the well-known
quantum tunnel effect, and in conjunction with a fast relaxa-
tion of the spin, it goes against the ability to store information.
However, this quantum effect could have a future application
in quantum computation.®

The search for SMMs with improved magnetic properties
has led to the synthesis of large polynuclear compounds that
show large total spins values up to S = 83/2.” However, these
kinds of compounds usually show very low magnetic aniso-
tropy values, giving not so large energy barriers, and even in
some cases do not present SMM behavior because of the
positive D values. Recently, a family of Mng complexes was
synthesized, showing the highest energy barrier, with total
spin values in the range between S = 4 and S = 12,*7 ' but
the barriers are not significantly different from that found in
the original Mn;, complex.

The aim of the present work is to understand the magnetic
properties and, consequently, the total spin values of two
Mn;; complexes that have been recently s?/nthesized showing
a two-edge-sharing supertetrahedra Mn",Mn""y structural
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Figure 1. Molecular structures of Mn;; complexes, [MnII6Mn1H“-

(/14-0)8(#3-N3)4(‘M5/13-OZCMe)z(ﬂ,,U'PD)1o(py)lo(l\/IeCI\I)z(I‘Izo)z]3+ @
and [MUHGMU ”11(}M-O)S(,M3-C1)4(M~#3'02CM8)2(/4#'DPD)10C12.34'
(O,CMe)g.66(py)3(MeCN),] (2) (PDH, = propanediol; DPDH, = 2,2-
dimethyl-1,3-propanediol; py = pyridine) showing disorder in some
external ligands. The Mn'" and Mn™ cations, oxygen atoms, nitrogen
atoms, and chloride atoms are represented as yellow, pink, red, blue, and
green spheres, respectively, while hydrogen atoms are omitted for clarity.

motif (see Figure 1).'"*'? Although both compounds have the
same metal core, Mn"'¢Mn"", |, and almost identical ligands,
they show different total spin values. In complex 1, this value
is the highest possible, S = 37, while in the second complex, it
is lower and equal to 28 + 1. Thus, this complex, 1, has the
second largest ground-state spin value reported up to now
and is the largest-spin SMM. Also, there are examples in the
literature of similar Mn;; complexes that can build up 1D or
2D coordination polymers where the clusters are linked by a
us-1,3-azide or cianato ligands.'""'* These two coordination
polymers show, at high temperatures, y,,,T values consistent
with an S = 37 spin ground state, although at low tempera-
tures, the intermolecular antiferromagnetic exchange inter-
actions cause a decrease of the y,,7 value. It is worth mention-
ing that, structurally, these Mn;; complexes are very similar
to the Mnjo complex with a record ground-state S = 83/2,
which has two supertetrahedra sharing a vertex,” and also to
some Mn;, complexes formed by only one Mn",Mn""' super-
tetrahedron with the highest spin possible S = 22.'*!* In this
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family of complexes with the Mn",Mn'"¢ supertetrahedron,
despite the very large S values, the anisotropic barriers are
rather low. The origin of the anisotropy is the distorted Mn'"
cations; the contribution of the isotropic Mn'' centers must
be low in comparison. The analysis of the orientation of the
Jahn—Teller axis in the octahedron formed by six Mn"
cations shows three cations with a parallel alignment of the
axis; however, the other three are perpendicular. Hence, the
total anisotropy of the system is relatively low.

One crucial point required to rationalize the synthesis of
such systems is the knowledge of the sign and the strength of
the exchange interaction constants (J) present in such sys-
tems, because they control the total spin of the molecule.
From an experimental point of view, the extraction of these
values using a Hamiltonian model from the measured mag-
netic susceptibility is straightforward only when the system is
relatively simple; otherwise there are two main problems in
the fitting procedure: (i) the need for too large amount of
memory, when the system is very large, and (ii) the presence
of many exchange coupling constants that, jointly with a
simple shape of the measured susceptibility curve, make
impossible to obtain a single set of fitted parameters. Theoretical
methods based on density functional theory (DFT) can go
beyond these limitations and calculate the exchange cou%)lin%
constants from the energy of different spin distributions. !
Due to the large size of the studied systems, we have
employed the Siesta code'®”?' that uses a numerical basis
set with generalized gradient approximation (GGA) exchange-
correlation functionals, such as that proposed by Perdew,
Burke, and Ernzerhof (PBE)* which provides good results
for very large complexes. The hybrid B3LYP functional®®
together with Gaussian functions implemented in the
NWChem code*** has been employed to study few spin
configurations, in order to corroborate the results obtained
with the faster numerical code. In a previous study devoted
to Mnj, and Mn;9 complexes, we have employed the
two theoretical approaches previously mentioned, and
numerical PBE calculations always give the same sign in
the interaction as the B3LYP functional with Gaussian
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Figure 2. Scheme of two proposed spin distributions for S = 29 (above)
and S = 27 (below) for complex 2.

basis sets. Although the PBE results give slightly larger values
than the hybrid functional.

Results and Discussion

Structural Analysis of the Complexes. The molecular
structures of both Mn;; complexes are represented in
Figure 1.""'? The structures show a common motif, as
mentioned above: a Mn,, core that can be described as a
supertetrahedron with Mn'"' and Mn'" cations at vertices
and edges, respectively, with two supertetrahedra sharing
one edge to build up a Mn;7 compound.

Complex 1 shows a total spin value S = 37, the highest
possible for this compound and the second largest re-
ported to date. This value entails a predominant ferro-
magnetic coupling between all manganese cations inde-
pendently of their oxidation state, such as in the Mnjq
complex.” The presence of some frustrated very weak
antiferromagnetic interactions should also be possible.
On the other hand, complex 2 shows a total spin value
S =28 + 1. Contrary to complex 1, some of the anti-
ferromagnetic exchange interactions should be strong
enough to have inverted some spins. The authors pro-
posed two hypothesis'* in the original paper: (i) The spins
of two Mn"" jons are antiparallel to all Mn'"s and the
remaining nine Mn"! ions, giving a total spin value
S = 29. (i) The spins of two Mn'! ions are antiparallel
to the spins of all Mn"" jons and the remaining four Mn""
ions, pointing out a total spin value S = 27 (Figure 2).

Then, the question that should be answered is straight-
forward: where does this different behavior for complex 1
and complex 2 come from? Complex 1 shows an inversion
center that makes the two supertetrahedra units perfectly
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symmetric, while complex 2 does not. A careful look at
both structures (see Figure 1) allows one to see four main
differences between them that could affect the total spin
values: (i) The bridging ligands are practically identical,
with the exception of those that bridge the Mn"" cations
that are not shared by the two supertetrahedra. In com-
plex 1, this ligand is a us-1,1,1-azide anion, while in
complex 2, it is a chloride anion. (ii) For both complexes,
the two shared Mn'" ions are seven-coordinated (really,
5 + 2 coordination) with a capped trigonal prism envi-
ronment. For complex 1, the rest of the Mn" ions are
seven-coordinated, showing a capped octahedral geome-
try. Meanwhile, in complex 2, two of the four corner Mn""
atoms are pentacoordinated with a distorted trigonal
bipyramid coordination sphere. Usually, the higher the
coordination number, the longer are the metal—ligand
distances. In the case of penta-coordinated MI}II atoms,
the metal—ligand distances are shorter (~ 0.1 A) than in
seven-coordinated Mn'' ions. (iii) Moreover, the coordi-
nation sphere of all Mn"" atoms is almost always octahe-
draldistorted (5 + 1 coordination), except for two of these
cations (labeled as 3 and 8 in Figure 3) in complex 1,
where they show a very long distance with an oxygen from
the carboxylate bridging ligand (Mn—O ~ 2.7 A) adopt-
ing a very distorted octahedral coordination near to square
pyramidal geometry. (iv) X-ray data of complex 2 estab-
lished a disordered structure for the terminal ligands of two
nonshared Mn"" ions (see Figure 1 or 2). Obviously, this
structural disorder could hinder a good extraction of
J values since very few structural changes could affect
dramatically the magnetic behavior of compounds.
Exchange Interactions in Mn;; Complexes. Once the
main differences between the two compounds have been
pointed out, it is possible to establish the different exchange
pathways for complexes 1 and 2. As a result of the presence
of an inversion center in the former, a lower number of
exchange interactions than for the latter have been consid-
ered. Hence, there are 23 different exchange pathways for
complex 1 that go up to 31 for complex 2, resulting in the
following Heisenberg Hamiltonian for the former:

H = —Ji[SiS1+S81Si3]— 12[S281 + $7513]
— J3[S3813 + SsS12] = Ja[SaS13 + SoS12] = J5[S5S12 + S10S13]
— J6[S3S 14+ S5S15] = J7[S2814 + S7515] = J5[SaS16 + SoS17]
—Jo[S5S16 + S10817] — J10[S6S16 + S11517]
— J1[S6S1a + S11S15] = J12[81 3 + S 5]
— J13[8182 + 8187] = J14[S184 + $1.85] = J15[S1S5 + S1510)]
— J16[S283 + 8783] — J17[S4S5 + S9S10] — J18[S4S6 + SoS11]
— J19[S586 + S10S11] = J20[S356 + S5 S11]
— J21[S286 + S781] = J22[S2S85 + S7S10]
— J3[S384 + S5.So] (1)
where S; are the local spin operators of each paramagnetic

center (Figure 3). For complex 2, J,—J3, Jg—J;1, and J»3 are
split up into two different coupling constants.
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Figure 3. Exchange pathways employed to calculate the J values for complex 1. The models above describe the Mn''—Mn"" interactions'? of the two

shared Mn'! cations, J;—Js, and the nonshared Mn'! atoms, Js—J;;. The models below describe Mn'"—Mn'" interactions of the central Mn

and the rest of the Mn'"" cations, J,4—J>3, from left to right.

In a previous theoretical study,”® some related com-
pounds were studied: a Mn, supertetrahedron'*'> and a
Mn;9 compound where two supertetrahedra units were
sharing one vertex.” In these cases, the compounds were
highly symmetric, and a low number of J values were
enough to describe the different exchange pathways.
However, in this work, it was necessary to use a very
large number of exchange pathways because of the com-
plexity of the system.

The calculated J values for the two complexes are
reported in Table 1. All interactions are relatively weak,
but whereas Mn""'—Mn"" interactions are always ferro-
magnetic for both molecules, the J values related to the
Mn"—Mn"! interactions can be positive or (very weakly)
negative, in agreement with the reported DFT values.*”**
J values are put into two general groups: J;—J;; values
represent Mn''-Mn"™ interactions, and J,,—J>3 values
symbolize Mn""—Mn"" interactions. From the results of
the calculated exchange interaction of Mn"—Mn"" inter-
actions, some of these trends are as follows:

(1) J; is the only exchange pathway that has the same
bridging ligands, two u4-oxo units, and represents the
interaction along the shared edge of the two supertetra-
hedra. This value is weak and has a different sign depend-
ing on the compound: whereas in 1 it has a positive value,
in 2 it has been split into two different exchange pathways
because the difference in the two Mn—O—Mn angle
values is enough to cause a different behavior, a weak
ferro- and a very weak antiferromagnetic coupling.

(26) Ruiz, E.; Cauchy, T.; Cano, J.; Costa, R.; Tercero, J.; Alvarez, S.
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(27) Cremades, E.; Cauchy, T.; Cano, J.; Ruiz, E. Dalton Trans. 2009,
5873.
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W.; Helliwell, M.; Muryn, C.; Raftery, J.; Teat, S. J.; Christou, G.; Brechin, E. K.
J. Am. Chem. Soc. 2004, 126, 15445,

I
ion, Ji=Js,

(i) Jo—J;1 exchange pathways show two common
bridging ligands: a u4-0xo0 and a u»-propanediol-«%,0,0
for 1 and 2,2-dimethyl-1,3-propanediol for 2. In general,
we can indicate that complex 2 has stronger ferromag-
netic couplings than 1. The analysis of the geometries of
the exchange pathways reveals that the Mn—X—Mn
angles are smaller for complex 2, in agreement with the
usual recipe that smaller angles are close to the orthogon-
ality of the “magnetic orbitals”, resulting in stronger
ferromagnetic couplings. Also, the presence of the hepta-
coordinated corner Mn" cations in complex 1 is an
important fact, while in complex 2 only one cation shows
this coordination (label 17 in Figure 3), and three of them
are pentacoordinated. Thus, when the split J values due to
low symmetry complex 2 are analyzed, this heptacoordi-
nated Mn" cation is involved in the weaker ferromagnetic
couplings (Jg—Jj0), similar to those of complex 1, also
with a heptacoordinated cation. However, the larger
ferromagnetic Jg—Jo values correspond to the nonequi-
valent pentacoordinated Mn'' cation (label 16 in
Figure 3).

On the other hand, Mn""=Mn'"" interactions could be
divided into two groups (see Figure 3) depending on
whether the central Mn"! cation (J1o—J15) 1s involved
or not (J1¢—J»3). If we employ the bridging ligands as a
criterion for the classification, there are also two groups,
the first one (J1,—J7) with u4-oxo and ,u-acetato-xz,0,0
as bridging ligands. The second group (J13—J>3) shows a
ug-oxo and a u3-X; entity, where X5 could be an azide (1)
or achloride (2) anion. For both complexes, again in most
of the cases, the decrease of the Mn—X—Mn angle is
related to an increase of the ferromagnetic coupling, as
previously found for Mn,o and Mn;9 complexes.

The second group of interactions, Ji3—J>3 showing
azide or chloride anions, has been pointed out as a
possible explanation for the different total spin value, S,
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Table 1. Calculated Exchange Coupling Constants Using Numerical Calculations with the PBE Functional (in em ") for the Two Mn;; Complexes Together with the

Corresponding Bridging Ligands and Geometrical Parameters (in A and deg)

bridging ligands Mn- - -Mn Mn—X—Mn Jeale
1 2 1 2 1 2 1 2
Mn"—Mn""/shared Mn" cations
Ji 3.202 99.6/99.7 —0.4
2(u4-0) 3.216 3.195 99.8/100.0 98.5/100.0 +3.6 +8.3
Jo . 3.442 100.6/109.5 +7.8
(14-0O) (ur-diol) 3.365 3.382 105.7/106.4 101.1/107.3 +7.5 +11.2
J3 . 3.380 104.9/105.8 102.1/106.8 +13.4
(4-0) (ux-diol) 3.361 3.351 102.0/106.2 +13.5 1253
Ja (14-0) (u>-diol) 3214 3.226 100.0/105.1 99.8/104.6 158 +79
Js (u4-O) (ur-diol) 3.208 3.215 98.5/106.3 98.8/104.4 —2.8 —4.1
Mn""=Mn""/nonshared Mn" cations
Je (u4-0O) (ur-diol) 3.317 3.172 102.7/107.7 100.2/103.6 +7.5 +27.5
J7 (u4-O) (up-diol) 3.312 3.188 102.2/108.1 101.2/103.8 —0.1 +19.2
Jg . 3.278 102.8/105.8 101.3/106.6 +4.5
(U4-0) (u-diol) 3.275 3.197 100.6/104.7 +1.7 171
Jo . 3.305 102.4/106.9 102.6/106.3 +8.3
(44-0) (ur-diol) 3.246 3227 102.3/104.5 +5.6 430.0
Jio . 3.258 100.9/105.7 100.4/104.8 +3.4
(u4-0) (ur-diol) 3.245 3.159 99.4/102.4 +6.4 +15.6
Ji . 3.121 100.3/106.1 98.0/102.1 +10.1
(U4-0) (ur-diol) 3.236 3.108 97.9/101.1 +3.9 Y114
Mn"'—Mn'"/central Mn'™ cation
Jin (u4-O) (14-0) (us-O,CMe) 3.432 3.430 125.5 124.6 +2.5 +2.9
Jis (14-0) (11-0,CMe) (1t2-0) (5-0,CMe) 3411 3.436 126.0 124.2 131 153
Jia (14-0O) (u4-O,CMe) (14-0) (us-O,CMe) 3.229 3.242 87.3/114.4 88.2/112.8 +16.4 +18.5
Jis (14-0) (u4-O-,CMe) (14-0) (us-O,CMe) 3.209 3.269 87.0/113.5 88.6/113.4 +16.5 +18.6
Mn'""—Mn""/noncentral Mn"" cation
Jie (u4-O) (14-0O) (us-O,CMe) 3.341 3.292 81.0/121.6 85.0/118.4 +8.2 +10.7
Ji7 (u4-O)(u4-O,CMe) (14-0) (us-O,CMe) 3.232 3.272 83.6/116.1 85.2/117.4 +19.6 +20.7
Jig (14-O)(u3-N3) (u4-O)(u3-Cl) 3.255 3.236 85.3/115.1 75.0/115.4 +20.9 +21.9
Ji9 3.249 74.8/116.7 +20.7
(u4-O)(u3-N3) (u4-O)(u3-Cl) 3.250 3042 86.3/116.2 74.4/115.9 +25.1 1+26.8
Jro (s-0)(3-Ny) (s-0)(u3-Cl) 3.164 3.246 84.0/113.6 75.4/115.6 1124 +6.2
Joy (4-O)(us-Ny) (14-O)(us-Cl) 3.150 3271 83.4/112.4 75.3/117.4 +19.9 1224
Jn (u4-O)(u3-N3) (u4-O)(us3-Cl) 3.136 3.188 84.4/108.7 73.6/109.0 +16.6 +10.9
I3 (u4-O)(u3-N3) (u4-O)(us5-Cl) 3.109 3.194 84.0/107.3 75.0/109.5 +13.1 +8.9

determined experimentally. It is well-known that the use
of the N3~ group when it bridges in the end-on (1,1)
coordination mode gives ferromagnetic interactions,””
while this is not always true when the bridging ligand is
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— J=0
— JCO

-m_m_ very weakly antiferromagnetic

Figure 4. Schematic representation of the calculated J values for com-
plexes 1 (above) and 2 (below). Ferromagnetic and antiferromagnetic
interactions are represented as blue and red cylinders, respectively, while
black and white rendered cylinders are equivalent to those exchange
interactions that are very weakly antiferromagnetic.

constants point out the same total spin value for both
complexes, S = 37, as the energy of the high spin distri-
bution, the one where all the spins are parallel, is the
lowest for all of the calculated distributions (see Compu-
tational Details). It is worth noting the antiferromagnetic
couplings found for the Js interaction in both complexes,
especially, taking into account that this interaction shows
the shortest Mn- - - Mn distance (and consequently small
Mn—X—Mn angles) of the J,—Js similar interactions.
Due to the overall ferromagnetic coupling, such antifer-
romagnetic Js interactions will remain frustrated, and the
highest possible spin S = 37 should be found in both
complexes.

Comparison with Mn;9 Complexes. Previously, we have
studied one Mn;q and one Mn;9 complex (3) that, as has
been said before, showed the same structural motif, the
Mn",Mn"¢ supertetrahedron, as the two Mn;; com-
pounds.?® The theoretical study, as well as the experi-
mental results, concluded that the total spin value for
both complexes is the highest possible, S =22 and 83/2,
respectively. However, a new Mn;9 complex (4) has been
recently synthesized showing an S = 73/2,*" although its
molecular structure is very similar to that of the first Mnq
compound (see Figure 5). This total spin value agrees
with a most stable spin distribution corres;l)onding to the
spin inversion of the central shared Mn" cation. The
geometrical parameters around the central Mn'" atom
are slightly different for complexes 3 and 4 (Table 2);
hence, the authors propose that the longer Mn"'—Mn'"!
separation for the latter could justify the different mag-
netic behavior, although the antiferromagnetic coupling
should be comparatively weak. In order to corroborate

(47) Ge, C.-H.; Ni, Z.-H.; Liu, C.-M.; Cui, A.-L.; Zhang, D.-Q.; Kou,
H.-Z. Inorg. Chem. Commun. 2008, 11, 675.
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Figure 5. Molecular structure of Mno complexes. [Mn'";Mn™ ,(uy-
0)8(,143-N3)8(HL)12(M€CN)6]2+ (3) and [MnH7Mnml2(/44-0)8(,143-N3)8-
(HL)»(OH),(H,0)4] (4) (H;L=2,6-bis(hydroxymethyl)-4-methyl-phenol).

such assumptions and due to the similarity of the mag-
netic properties of complexes 1 and 2, we performed
calculations for complex 4, a high spin distribution
(S = 83/2) and the spin distribution with the central Mn""
atoms with inverted spin (S = 73/2). We determined that
the high spin distribution is the most stable one, contrary
to the experimental evidence. It is possible to estimate an
average J value of the interaction of the central Mn"' ion
with the surrounding Mn'"" atoms, using the energies of
the calculated S = 73/2 and S = 83/2 spin distributions,
giving J =44 cm ™' (Table 2).

In order to verify the accuracy of the numerical calcula-
tions using the PBE functional, which usually gives good
results, the computationally more expensive B3LYP
functional combined with Gaussian functions has been
employed (see the Computational Details), which gives
excellent results for these kinds of complexes, taking into
account that only two spin distributions must be consid-
ered to check the ground state of these Mn9 complexes.
The computed J values are ferromagnetic and similar for
the two complexes (see Table 2). The calculated energies
of the two spin distributions with the B3LYP functional
follow the same trend as that calculated with the PBE
functional, pointing out a total spin value S = 83/2. To
see how the distance of the central Mn'' cation to the
neighboring Mn'" atoms could affect the total spin value
of this Mn;o complex, the cluster has been distorted,
increasing the Mn"---Mn"" distance (complex 4%,
Table 2). The tendency observed is an increase of the
ferromagnetic behavior with the increase of the metal—metal
distance that cannot explain the different total spin values for
such compounds. These results are in agreement with those
obtained previously by us to explain the ferromagnetic
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Table 2. Calculated Averdge Exchange Coupling Constant (in cm ") Using the BALYP Functional (PBE values in parentheses) for the Interaction of the Central Mn Atom
with the Surrounding Mn'" Cations of Mny Complexes (3 and 4) and the Distorted 4* Complex Together with the Corresponding Geometrical Parameters (in Aand deg)

complex bridging ligands Mn'l.. . Mn'! Mn—O“ Mn—O—Mn Jeale
3 (u4-O) (u-OR) 3.436 f;gi ?gg? 101.8,109.3 +1.8 (+3.6)
4 (4s-0) (u-OR) 3.457 f :gg; f :gé; 102.2 +2.0 (+4.0)
4 (4a-0) (u-OR) 3.600 f:g;‘g: f:ggg 108.1 +2.8 (+6.0)

“Values in italics correspond to the Mn'! cations.

coupling in the Mn;9 complex with S = 83/2 due to the large
coordination number of the Mn" cations that results in long
bond distances.

Structural Modifications in Mn;7; Complexes. Focusing
again on the Mn;; complexes, we have performed a
similar study to that presented previously for the Mn g
complexes. The high spin distribution and different spin
distributions that could lead to values close to S =28 have
been recalculated with the B3LYP functional. We com-
pared the total energies corresponding to the inversion of
{Mnl2, Mnl13} and {Mnl6, Mnl7} (see Figure 4), be-
cause they have S = 27, with the high spin solution S = 37.
The second S = 27 distribution is the more stable, but still
around 250 cm™ ' above that of the high spin state. Again, the
B3LYP and PBE functionals agreed that the highest spin
distribution is the most stable for both Mn;; complexes.

As pointed previously, it is possible to suggest an
alternative origin of the lower S value of complex 2 that
could be due to the problems of having the right structure
to perform the calculations caused by disorder found in
the X-ray structure, especially in the Mn"" atoms placed
on the corners of the molecule (see Figure 1 or 2). Hence,
to understand how the geometrical parameters of the
corner Mn" ions could modulate the strength (and the
sign) of the exchange coupling constants, the Mn" ion has
been displaced with respect to the u3-oxo group that is
bridging it with the neighboring Mn"" cations (Figure 6).
The increase of 0.2 A in the Mn—O distance reduces the
J value from +20.9 (average of the second value of Jg, Jo,
and Jio for 2 in Table 1) to +12.7 cm™ usmg numerical
PBE calculations, while the decrease of 0.1 A i in such a
Mn—O distance results in a value of +23.1 cm™~'. Using
the same procedure for the terminal Mn"" cation coordi-
nated to the pyridine, the J value remains practically
unchanged, from a value of +5.4 cm™' for the nondis-
torted structure to a J value +5.0 cm™! , increasing by
0.1 A the Mn—0O distance, and a value of +5.6 cm ™!,
shortening by 0.1 A the same distance. Thus, these
dependences for the external Mn'' cations are the oppo-
site of that found for the central Mn'' cation in the Mn,q
complex (see Table 2). As a conclusion, it is possible to
indicate that there is not clear evidence about the ex-
istence of antiferromagnetic interactions that can give a
reduction of the highest-possible spin value for these
kinds of complexes, but the presence of disorder in the
X-ray structure in complex 2 could avoid an accurate
estimation of the J values.

Concluding Remarks

The analysis of the calculated J values of two Mn;; com-
plexes, together with a Mn;9 complex, agrees with previous

Figure 6. Description of the distortion of complex 2 employed to check
the dependence of the exchange couphn% constant with modification in
the coordination of the nonshared Mn'" atoms that have been moved
along the direction of the Mn—O bond, represented with a black and
white rendered cylinder.

calculations of Mn;o and Mn,e complexes'""'? based on the
Mn",Mn"'s supertetrahedron structure, pointing out a pre-
dominance of the ferromagnetic interactions between the
manganese centers. Therefore, they exhibit the maximum
possible total spin value. However, one of the two studied
Mn,; complexes and another reported Mn ;9 compound show
experimental evidence of smaller S values that obviously do
not match with these computational results. The study was
carried out using numerical calculations with a PBE func-
tional, but also some B3LYP calculations were performed to
reach a greater accuracy and to verify the results. The problem
of the estimation of the J values for the Mn;; complex with a
smaller S value could be related to the disorder of the X-ray
structure. Thus, the lack of a good crystal structure could help
to avoid a proper calculation of the exchange coupling con-
stants for this complex.

Computational Details

The spin Hamiltonian for a general polynuclear complex is
indicated in eq la:

H = = J;S:S; +D<S2 >+E(S§—s§,) (1a)
i>j

where S; and S are the spin operators of the paramagnetic
centers 7 and j and S and S. are the total spin operators of the
molecule and its axial component, respectively. The J;; values
are the coupling constants for the different exchange path-
ways between all the paramagnetic centers of the molecule,
while D and E are the axial and rhombic components of the
anisotropy, respectively.*® For the calculation of zero-field

(48) Kortus, J.; Pederson, M. R.; Baruah, T.; Bernstein, N.; Hellberg,
C. S. Polyhedron 2003, 22, 1871.
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splitting D and E parameters, it is indispensable to include
spin—orbit coupling effects in the electronic structure calcu-
lations. However, in this work, we will focus only on the
calculation of exchange coupling values.

A more detailed description of the procedure to obtain the
exchange coupling constants can be found in previous
publications.* >! Basically, we need to calculate at least the
energy of n + 1 spin distributions if we have a system with
n different exchange coupling constants. These values will
allow us to build up a system of n equations where the J values
are the unknowns. If more energy values are calculated, a
fitting procedure is required to extract the Jvalues. Therefore,
26 calculations were performed for complex 1: a high-spin
solution (S = 37); two S = 32 configurations with negative
spin at {Mnl16} and {Mnl17}; 16 S = 29 configurations with
negative spin at {Mn2, Mn7}, {Mn4, Mn9}, {Mn3, Mn8},
{Mn5, Mnl10}, {Mn6, Mnl1}, {Mnl, Mn2}, {Mnl, Mn4},
{Mn4, Mn10}, {Mn9, Mn10}, {Mn2, Mn5}, {Mn2, Mn6},
{Mn4, Mn6}, {Mn5, Mn6}, {Mn3, Mn4}, {Mnl, Mn3}, and
{Mn2, Mn4}; five S = 28 configurations with negative spin at
{Mnl0, Mnl7}, {Mnl, Mnl2}, {Mn8, Mnl5}, {Mn6,
Mnl4}, and {Mn5, Mnl6}; and two S = 27 configurations
with negative spinat {Mn12, Mn13} and {Mn14, Mn15}. The
same configurations plus three S = 29 configurations with
negative spin at {Mn4, Mn5}, {Mnl, Mn5},and {Mnl, Mn7}
and four S = 28 configurations with negative spin at {Mn6,
Mnl6}, {Mnll, Mnl17}, {Mnl, Mnl13}, and {Mn3, Mnl14}
have been used for complex 2.

The computer code employed for all calculations was the
program SIESTA (Spanish Initiative for Electronic Simula-
tions with Thousands of Atoms).'” !5 This code has been
developed and designed for efficient calculations in large and
low symmetry systems. We have employed the generalized-
gradient functional proposed by Perdew, Burke, and

(49) Ruiz, E.; Rodriguez-Fortea, A.; Tercero, J.; Cauchy, T. J. Chem.
Phys. 2005, 123, 074102.

(50) Ruiz, E. Struct. Bonding (Berlin) 2004, 113, 71.

(51) Ruiz, E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez, S.; Alemany, P.
J. Comput. Chem. 2003, 24, 982.

(52) Séanchez-Portal, D.; Ordején, P.; Artacho, E.; Soler, J. M. Int.
J. Quantum Chem. 1997, 65, 453.

(53) Kleinman, L.; Bylander, D. M. Phys. Rev. Lett. 1982, 48, 1425.

(54) Trouiller, N.; Martins, J. L. Phys. Rev. B 1991, 43, 1993.

(55) Ruiz, E.; Rodriguez-Fortea, A.; Tercero, J.; Cauchy, T.; Massobrio,
C. J. Chem. Phys. 2005, 123, 074102.
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Erzernhof.?? Only valence electrons are included in the calcula-
tions, with the core being replaced by norm-conserving scalar
relativistic pseudopotentials factorized in the Kleinman—
Bylander form.>* The pseudopotentials are generated accord-
ing to the procedure of Trouiller and Martins.>* The cutoff
radii were 1.14 A for oxygen, hydrogen, and nitrogen atoms
and 1.25 A for carbon atoms. For the Mn atoms, we have
employed a pseudopotential including the 3s and 3p orbitals in
the basis set that we have previously tested to give accurate
J values.>® We also have employed a numerical basis set of
triple- quality with polarization functions for the manganese
atoms and a double-{ one with polarization functions for the
main group elements.?' There are two parameters that control
the accuracy of the numerical calculation: (i) since the wave
function vanishes at the chosen confinement radius r., whose
value is different for each atomic orbital, the energy radii of
different orbitals are determined by a single parameter, the
energy shift, which is the energy increase of the atomic eigen-
state due to the confinement, and (ii) the integrals of the self-
consistent terms are obtained with the help of a regular real
space grid in which the electron density is projected. The grid
spacing is determined by the maximum kinetic energy of the
plane waves that can be represented in that grid. Previously, we
have studied the influence of these two parameters in the
calculated J value. Thus, the values of 50 meV for the energy
shift and 250 Ry for mesh cutoff provide a good compromise
between accuracy and computer time to estimate exchange
coupling constants.>

Calculations with the B3LYP functional®® were performed
with the NWChem code®*?* using a guess function generated
with the Jaguar 7.5 code.”® The triple- all electron Gaussian
basis set proposed by Schaefer et al. was employed for all
atoms.”’
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