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Relationship Between the Nearest-Neighbor Exchange Coupling Constants and
the Number of Exchange Interactions in the Cyano-Bridged MnMog(CN);5
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A theoretical density functional study of the relationship be-
tween the nearest-neighbor MnMo constants and the
number of exchange interactions in the cyano-bridged
K[(Mestacn)sMnMog(CN)45](C1Oy4)3 cluster is presented. Two
approaches (the first approach consisted of evaluating the
exchange coupling constant J; between two paramagnetic
metal centers i and j in the hexanuclear molecule by calculat-
ing the energy differences between the highest and broken-
symmetry spin states of a model molecule in which metal
atoms except for i and j are substituted by diamagnetic Y
cations, and the second is to calculate the different spin-state
energies of hexanuclear complexes and use the Heisenberg

Hamiltonian to obtain the exchange coupling constants be-
tween different metal centers) show that the antiferromag-
netic coupling interactions between nearest neighbors
weaken with the increase of the number of exchange interac-
tions. The various ¢ angles have an influence on the interac-
tions between the nearest-neighbor MoMn but do not
change the trend between J;, and the number of exchange
interactions. Moreover, Kahn's qualitative theory succeeded
in being applied to interpret the trend.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In recent years, the synthesis and study of single-mole-
cule magnets with high total spin that can be used to store
potential data have received much attention.!'"'# In these
single-molecule magnets, much attention is focused on de-
veloping cyano-bridged cluster systems, for which the pa-
rameters S and D are more readily adjusted by substitution
of various metal ions.>'¥l Long and coworkers found that
the absolute nearest-neighbor constants J always diminish
as the number of exchange interactions increases for a series
of cyano-bridged Mn"-Cr1[5:6) Mn"L-Cr" 791 Mol
NilL[19T and CrM-Ni (11121 complexes. It was demonstrated
that the interactions between the nearest-neighbor Mn!!!
and Cr'! decrease with the increase of the number of ex-
change interactions when we investigated the magnetism of
the cyano-bridged {Cr[CNMn(salen)(H,0)]¢}3* 781 cluster
and the linear trinuclear [(5-Brsalen),(H,O),Mn,Cr(CN)¢]!
cluster.'3] For the cyano-bridged single-molecule cluster
K[(Me;tacn)sMnMog(CN);5](ClO,4)5,1'4 which has a sub-
stantial increase in the nearest-neighbor MnMo interac-
tions compared to those of the above MnCr complexes, we
want to know whether the above trend also exists. and
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whether the MoMnMo angle has an influence on the inter-
actions between the nearest neighbors. Kahn’s qualitative
theory[!>16 was used to interpret the relationship. Finally,
we will discuss the relationship between the calculated spin-
density populations on Mn!! or Mo and the number of
exchange interactions.

Computational Methodology

Description of the Complexes and Models

In calculations, we used model A® [(Mestacn)sMn-
Mog(CN),g]**, which is a polynuclear cluster in which
six [(Mestacn)Mo(CN);] units surround a central Mn'! ion
(see Figure 1) and was directly taken from complex K[(Mes-
tacn)sMnMog(CN)g](ClO4)5!'Y and not optimized. The
bridges are of the Mo—CN-Mn type and, therefore, the Mn
atom with an Ng coordination sphere is in a high-spin con-
figuration. Models A!, A%, A3, A% and AS (the superscript
numbers denote the number of exchange interactions) (see
Figure 2) were used to investigate the relationship between
the nearest-neighbor exchange coupling constants J;, and
the number of exchange interactions. To investigate the rela-
tionship between J;, and the 6 angle (we use 6 to represent
the MoMnMo angle), we obtained three different structures
that all include two of the exchange interactions A2 AZ?
and A% (see Figure 3). The 0 angles for A%, A%, and A?”
are 86.38°, 113.33°, and 154.92°, respectively. All the mod-
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els were directly taken from model A%, and not optimized
because small changes to the experimental structures could
result in significant deviations for the coupling constants.
To easily perceive the topology of the metal framework, we
used sticks for the carbons of the tacn ligands and the ter-
minal CN ligands in Figure 1, Figure 2, and Figure 3.
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Figure 1. Structure of model A® (MnMo).

Calculation on Exchange Coupling Constant

There are two different approaches to calculating the ex-
change coupling constants for the polynuclear com-
plexes.'’1°1 In all calculations, the spin-orbit coupling is
not considered, so the magnetic anisotropy does not need
to be considered. The first approach consisted of evaluating
the exchange coupling constant J; between two paramag-
netic metal centers i and j in the hexanuclear molecule by
calculating the energy difference between the highest and
broken-symmetry spin states of a model molecule in which
metal atoms except for i and j are substituted by diamag-
netic Y cations. This approach was used to calculate the
exchange coupling interactions of hexanuclear complexes in
many papers and proved to give good results compared to
the experimental ones.['”2% The second approach is to cal-
culate the different spin-state energies of hexanuclear com-
plexes and use the Heisenberg Hamiltonian to obtain the
exchange coupling constants between different metal cen-
ters.!7211 1t is a more rigorous approach in evaluating J for
polynuclear complexes than the first one. How to use these
two approaches will be interpreted thoroughly below.

For the first approach, the magnetic interactions between
Mn'' and Mo'™ metal ions were studied on the basis of
density functional theory (DFT) coupled with the broken-
symmetry approach (BS).?>24l The exchange coupling con-
stants J were evaluated by calculating the energy difference

Figure 2. Structure of models A! (MnMo), A2 (MnMo,), A3 (MnMos), A* (MnMo,), and A5 (MnMos).
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Figure 3. Structure of models A2 (0 = 86.38°), A% (0 = 113.33°), and A% (0 = 154.92°).
between the high-spin state (Eys) and the broken-symmetry  H = ¥-2J;S.S; (5

state (Eps). Assume the spin Hamiltonian is defined as
Equation (1).

H=-2JS,S, 1)

If the spin-projected approach is used, the equation pro-
posed by Noodleman!??>-24 to extract the J value for a binu-
clear transition-metal complex is thus Equation (2).

J= E/}S _EIIS (2)
LA

while with the nonprojected approach:3]

2] = EBS "Ens (3)
25,8, +5,

where S| and S, are the total spins of two interacting para-

magnetic centers and S,>S, is assumed for heterodinuclear

complexes.

However, Equation (3) corresponds strictly to the limit
of complete overlap between the magnetic orbitals and such
a hypothesis is not sustained,?®! although it can give good
J results compared to the experimental ones.[?>-27-28

For all models, where S; = 5/2 for Mn!! and S, = 3/2 for
Mo, from Equation (2) we get Equation (4).

J = (Eps — Ens)/15 (4)

The second approach is more rigorous. If one neglects
the spin-orbit coupling effects, the Hamiltonian for a gene-
ral extended structure is indicated in Equation (5).
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i=j

where S; and Sj are the spin operators of the different para-
magnetic centers. The J;; values are the coupling constants
between all the paramagnetic centers. In our paper, we only
consider the exchange interactions between nearest neigh-
bors. This fact together with the presence of additional
symmetry elements in the structure normally result in a re-
duced set of J;; values.

When using single-determinant methods such as DFT,
the calculated energies are related to the diagonal matrix
elements of the Heisenberg Hamiltonian. An alternative
way to describe the system is by considering an Ising Ham-
iltonian as a special case of a Heisenberg Hamiltonian in
which only the diagonal terms are kept. Thus, we can con-
sider that the wave functions obtained with the single-deter-
minant methods are eigenfunctions of an Ising Hamiltonian
that is formulated with the same J values as the original
Heisenberg Hamiltonian because their diagonal terms are
identical. For that reason, the J values obtained with single-
determinant methods are directly comparable to those ob-
tained from experimental data.l'”l So we can use the single-
dominant method DFT to obtain the J values from calcu-
lating the energy differences between two spin-states. A
thorough description of this approach can be found in
refs.[” 19,21]

For A2, which includes three magnetic centers, the mag-
netic coupling constants J;, between each nearest-neighbor
Mo"™-Mn'! pair are the same for the symmetry of the com-
plete structure. Moreover, we only need the nearest-
neighbor coupling constant. So, the J;, can be extracted by

Eur. J. Inorg. Chem. 2006, 2292-2298
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calculating the energies of two spin-states: 1 with S = 1/2,
and 2 with S = 11/2, which are shown in Figure 4. The
equation to extract J;, is thus Equation (6).

Ji2 = (B - E5)/35 (6)
bl bt
o Mmr——Mo Mo Mm——Mo

Figure 4. Two spin states: 1 with S = 1/2 (left), 2 with S = 11/2
(right) for model A2

To obtain all the nearest-neighbor constants J;, for the
modeled structures A3, A4, AS, and A®, we also only need
to calculate the energy of two spin-states for each model.
Two spin-states for each model are as follows: 1 with S =
1/2 and 2 with S = 11/2 for A2, 1 with S =2 and 2 with S
= 14/2 for A3, 1 with S = 7/2 and 2 with S = 17/2 for A%, 1
with § = 5 and 2 with S = 10 for AS, and 1 with S = 13/2
and 2 with S = 23/2 for A®. For all these 1 states, only the
spins on Mn'" are flipped. The equations to extract J;, val-
ues for all of the models are as follows:

For model A3, Equation (7) is thus:

Ji» = (E, — E»)I50 (7)
For model A%, Equation (8) is thus:

Ji» = (E, — E»)[65 ®)
For model AS, Equation (9) is thus:

Ji» = (E, — E»)I80 )
For model A%, Equation (10) is thus:

Jiz = (E; - E»)/95 (10)

DFT calculations have been performed using the Am-
sterdam Density Functional (ADF, version 2004.0112%-31])
package for four models. Illas et al.3?l showed the strong
dependence of the calculated J with respect to the ex-
change-correlation functionals chosen. Several exchange-
correlation functionals will be used to evaluate J. In the
calculations of J using ADF, the local density approxi-
mation (LDA) made use of the Vosko, Wilk, and Nusair[*3]
(VWN) local correlation functional. A series of generalized
gradient approximation (GGA): Perdew-Wang 1991
(PW91),B4 Perdew-Burke-Ernzerhof (PBE),**! and the re-
cently developed OPTX-Perdew (Operdew)3%371 and
OPTX-Perdew—Burke-Ernzerhof (OPBE)P*>37! functionals
were examined. Basis set TZV2P [a basis set of triple-C
qualityP®! supplemented with two p orbitals (“polarization
functions™)] was applied for all of the metals (Mo, Mn) and
basis set DZP (a basis set of double-{ quality®* sup-
plemented with one polarization function) for the other
atoms (C, N, and H). The inner core shells of C(1s), N(1s),
Mn(1s, 2s, 2p), Y(Is, 2s, 2p, 3s, 3p), and Mo(ls, 2s, 2p, 3s,
3p) were treated by the frozen core approximation. The ac-
curacy parameter (accint) for the numerical integration grid
was set to 4.0 for all of the complexes. The convergence
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standard of the system energy was set to be smaller than
10° eV, reaching a precision required for the evaluation
of J.

Results and Discussion

Relationship Between J and the Number of Exchange
Interactions

The relationship between the nearest-neighbor exchange
coupling constants J, and the number of exchange interac-
tions is shown in Figure 5. Two approaches show that the
absolute Ji, values decrease with the increase of the number
of exchange interactions. The second approach gives better
results than the first one for A2, A%, and A?". However, the
two approaches give similar results for A3, A% AS, and AS.
This is because the decrease of the absolute J;, values with
the increase of the number of exchange interactions will re-
duce the differences between the results using the two ap-
proaches. Moreover, this is of conceptual importance, as the
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Figure 5. Relationship between the nearest-neighbor interaction
constant J;, (cm ') and the number of exchange interactions n with
several functionals [VWN (H), PW91 (@), PBE (A), Operdew (V),
and OPBE (#)] for the models of complex I. (a) The relationship
using the first approach; (b) the relationship using the second ap-
proach.
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Table 1. Experimental J,, value for the complete structure and calculated J;, values (cm™') for models A, A%, A%, A?", A3, and A® using

two approaches with different functionals in ADF.

Approach VWN PWI1 PBE Operdew OPBE Experiment
Al first -412.3 -373.2 -375.7 -280.1 -284.2
A? first -218.0 -192.5 -195.8 -142.0 -147.2

second -152.7 -130.9 -132.0 -92.7 -94.4
A% first -208.2 -183.2 -184.8 -133.0 -136.3

second -147.9 -127.3 -128.3 -89.4 -91.4 —6.71101
A%’ first -164.4 -132.8 -133.9 -84.6 -87.7

second -123.1 -98.4 -99.2 -62.4 -64.4
A3 first -95.8 754 -76.1 —48.1 -50.1

second -83.6 -68.9 -69.5 -46.7 -47.7
AS first -18.7 -13.4 -14.8 -8.6 -9.0

second -16.3 -12.6 -13.5 -7.4 -1.7

changes in J;, values with the number of Mo atoms has to
do with the fact that one new t,, orbital is incorporated in
the exchange interaction for the first three Mo atoms, then
the addition of new atoms does not introduce new orbital
interactions, as reflected in the small slopes between n = 3
and n = 6. From Figure 5, the consistent behavior between
the calculated J;, values and the experimental value be-
comes better in the sequence: LDA (VWN), GGA (PW91,
PBE), GGA (Operdew, OPBE), which was also found in
our previous paper,!'3] and the differences between the cal-
culated Ji, values using the two approaches decrease with
the increase of the number of exchange interactions for all
of the functionals. From Table 1, the calculated J,, values
of model A®, which is the most similar to the complete
structure using two approaches with Operdew and OPBE
functionals, have good agreement with the experimental
result.l'4]

The nearest-neighbor exchange coupling constants Ji,
calculated using different functionals with two approaches
for models A%, A%, and A?" are shown in Table 1 where the
absolute J;, values calculated using two approaches with all
the functionals all decrease with the increase of the 6 angle.
From Table 1, we also found that the increase of the J;»
values from A% to A? is very small but large from A? to
A?". However, all the J,, values of models A%, A%, and A?”
are between those of A! and A3 and thus, the different 0
angles do not change the trend between J;, and the number
of exchange interactions.

Qualitative Analysis of the Exchange Interaction

According to Kahn’s theory,[!>1¢] the exchange coupling
constant J is expressed in Equation (11) (H = —2J5,-S,).

Jab = Kap — Sab(A2 - 52)1/2 (] 1)

The positive term K, represents the ferromagnetic con-
tribution Jg, favoring parallel alignment of the spins and a
triplet ground state, while the negative term —S,,(A% — &*)!/2
is the antiferromagnetic contribution Jap, favoring anti-
parallel alignment of the spins and a singlet ground state.
S, 1s the overlap integrals between a and b. J is the initial
energy gap between the magnetic orbitals, and A the energy
gap between the molecular orbitals derived from them.
2296
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When several electrons are present on each center, n, on
one side, ng on the other, J can be described by the sum of
the different “orbital pathways” J,, defined as above for
pairs of orbitals a and b located on each site, weighted by
the number of electrons [Equation (12)].
J = Y Jlnang (12)

ab

Some authorsP%4% have recently shown that magnetic or-
bitals a and b are well represented by the localized orbitals
of the broken-symmetry solution (they call them BS-
OMSOM™!), There are 15 different contributions to the ex-
change coupling constant in each Mo™-Mn'! pair; the in-
appropriate orientation of some of the magnetic orbitals
involved allows us to discard most of them. The ferromag-
netic contributions are not considered because the antifer-
romagnetic coupling interactions for all the complexes are
dominant. Moreover, as usual, the changes in the Jog term
are more important and these contributions usually control
the magnetostructural correlations, especially for those
whose intramolecular interactions are antiferromagnetic.
Hence, we only consider the changes in the J,p term.
Among the important antiferromagnetic contributions, the
most relevant ones are those involving two t,, orbitals (d,,
and d,.) of the Mo™" which are directed toward the bridg-
ing ligands because of the good overlap with the appropri-
ate t,, orbitals (d,, and d,.) of the Mn'. The mean overlap
integral S;; between the four orbitals of the Mo™ and Mn"!
can be expressed as Equation (13).

Sy = 1/4(d,,dy, + dydy. +d.dy, +d.dy) (13)

Figure 6 gives the relationship between J,, and S;; ob-
tained using Equation (13) and the PW91 functional with
the increase of the number of the exchange interaction. The
absolute Jj, values decrease with the decrease of the S;; in
accordance with Kahn’s qualitative theory. Therefore, we
can conclude that the increase of the number of exchange
interactions will decrease the overlap integral S;; and lead
to the decrease of the absolute J;, values. This conclusion
can be verified by investigating the relationship between J;,
and the spin-density populations on Mo™ and Mn"' with
the increase of the number of exchange interactions. Be-
cause the spin-density populations on several Mo'" are al-
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most the same, we only use the spin-density population on
one Mo, The spin-density populations on Mo and Mn!!
were obtained with Mulliken Population Analysis*?! calcu-
lated using the PW91 functional in the ADF2004.01 pack-
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Figure 6. Relationship between the nearest-neighbor interaction
constant Jj, (cm™!) and the mean overlap integral Sy with the in-
crease of the number of exchange interactions using the PWOl
functional.
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Figure 7. Relationship between the nearest-neighbor interaction
constant J, (cm!) and the spin-density populations p on Mo

(top) and Mn'"' (bottom) in the high-spin states with the PW91
functional using the first approach.
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age in the high-spin (HS) states. The relationship is shown
in Figure 7 where the spin populations on Mo and Mn!!
increase with the decrease of the absolute J;,. From Kahn’s
theory, the increase of the spin populations on Mo and
Mn'! will decrease the S; and then lead to the decrease of
the absolute J;,. Moreover, we also found that the various
spin populations on Mn'" were much smaller than those on
Mo™. These results were calculated using the first ap-
proach. The second approach also gives the same trend be-
tween J;, and the spin-density populations on Mo and
Mn'! in the high-spin states.

Conclusions

Two approaches were used to investigate the magnetic
coupling interactions between the nearest-neighbor Mo'!
and Mn'". From our calculations, both approaches show
that the antiferromagnetic interactions between nearest-
neighbors decrease with the increase of the number of ex-
change interactions for our studied Mo™-Mn'! system. The
trend is rationalized by using Kahn’s theory through the
overlap integral S; and the spin-density populations on
Mo and Mn'" in the HS states successfully. The absolute
J1» values calculated using two approaches with all the
functionals all decrease with the increase of the 0 angle, and
the decrease of the absolute J;, values from A2 to A? is
very small but large from A% to A%". However, all the J,,
values of models A2, A%, and A?" are between those of A!
and A3 and, thus, the different 0 angles do not change the
trend between J;, and the number of exchange interactions.
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