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Density Functional Theory Studies of the Magnetostructural Correlations in
the Cyano-Bridged Mo,Ni and Mo,Ni3; Systems
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A theoretical density functional study of the magnetostructu-
ral correlations in a series of cyano-bridged MoNi systems is
presented. Our calculations by two approaches with several
local density approximations (LDAs) and generalized gradi-
ent approximations (GGAs) show that: (1) the influence of
the next-nearest-neighbor MoMo interactions on the MoNi
interactions can be omitted; (2)the MoNi interactions
strengthen with an increase in the Ni—-Nj,;;—Cpriq angle in the
range 135° to 175° for all the functionals; (3) increasing the
number of exchange coupling interactions from one to two

will decrease the ferromagnetic MoNi interactions, but the
influence of further increasing the number of exchange
coupling interactions from two to three or four on the MoNi
interactions is very small, because the peripheral units do not
surround the same central metal ion in the MoNi systems
that we investigated. Kahn's theory was used to interpret the
above results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

In recent years, the synthesis and study of polynuclear
molecules having high-total-spin ground states and anisot-
ropy has received much attention.!!# These anisotropic
high-spin molecules exhibit original magnetic properties
such as single molecule magnet (SMM) behavior!!! or the
magnetic quantum tunneling effect.’] In these molecule
magnets, much attention has been focused on developing
cyano-bridged cluster systems, for which the ground state
spin value S and the zero-field splitting parameter D are
more readily adjusted by substitution of various metal
ions.?~4 However, in these cyano-bridged systems, a lot of
problems, such as the relationships between the exchange
coupling constants J and the bridging angles and the
number of exchange interactions and the parameter D, puz-
zle us. Thus, the studies of the cyano-bridged cluster sys-
tems are important for us to search novel molecular mag-
netic materials with higher blocking temperatures.

Long and co-workersP! considered that attaching two
Ni'l centers to the [(Mestacn)Mo(CN);] (Mestacn =
N,N',N"'-trimethyl-1,4,7-triazacyclononane) unit in the
complex [(Mestacn),(cyclam)s;(H,0),NizMo,(CN)e]°" (cy-
clam = 1,4,8,11-tetraazacyclotetradecane) (13 in ref.’l) can
cause a substantial reduction in the strength of the mag-
netic coupling, and the smaller coupling constant relative
to that of the complex [o-(Mestacn),(cyclam)NiMo,-
(CN)6J*" (8 in refPl) is associated with the central Ni',
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which is involved in the exchange interactions with two
Mo'!! centers rather than just one. As we know, magnetic
exchange coupling interactions are associated to several
structural factors, such as bond lengths and bridging angles.
In the above-mentioned complexes 8 and 13 in ref.ll, the
bridging bond lengths and the Mo—C,, ;4 Ny,q angles are
almost the same, but the bridging Ni—Ny,;q—Cyiq angles are
very different. Hence, we know that the two important
structural factors, the bridging Ni—Ny,;q—Chriq angle and the
number of peripheral complexes, both influence the MoNi
interactions. To investigate the relationships between the
MoNi interactions and the bridging Ni—Ny,;q—Cpriq angles
and the number of peripheral complexes, we selected
the complexes [(Mestacn),(cyclam);(H,0),NizMo,(CN)]¢*
and  [o-(Mestacn),(cyclam)NiMo,(CN)g>*.1  Finally,
Kahn’s qualitative theory!® 7! was used to interpret the cal-
culated results.

Description of the Complexes and Models

Complex A, [a-(Mestacn),(cyclam)NiMo,(CN)eJ** (see
Figure 1),°! contains two MoNi units taking part in ex-
change interactions.
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Two CN ligands bridge the nickel ion. The Ni—Nyq—
Chria angles deviate moderately from linearity (Ni—Nyq—
Chria = 163.57°). Models A and A? (the superscripted num-
bers denote the number of peripheral complexes; see Fig-
ure 2) are the modeled structures of complex A.

Complex B, [(Mestacn),(cyclam);(H,0),NizMo,(CN)g]®*
(see Figure 3),1°! contains four MoNi units participating in
exchange interactions.

The Ni(1)-Nypg-Cprg angles are both 175.12°. The
Ni(z)beridfcbrid and Ni(3)7Nbrid7Cbrid angles are both
170.81°. Models B'2, B!, B** B2’ B3 and B* (the super-
scripted numbers denote the number of MoNi units; a and
b denote the different MoNi units; see Figure 4) are the
modeled structures of complex B.

Figure 3. Structure of complex B.

Figure 4. Structures of models B'?, B'®, B**, B2 B3, and B*.
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In all figures, H atoms are omitted. All the models were
directly taken from complexes A and B, and they were not
optimized, because small changes to the experimental struc-
tures could result in significant deviations for the coupling
constants.

Results and Discussion

Evaluation of J for Each Model

The details of the computations can be found in the
Computational Details section at the end of this manu-
script. The J values for models A!, A2, B!*, B'>, B% B2
B3, and B*, which were calculated by using two approaches
with several LDAs and GGAs, and the experimental values
are shown in Table 1.0

Table 1. Experimental and calculated J and J' values [cm™'] for
models A!, A2, B'2, B'», B22, B2’ B3, and B*. In the calculations,
two approaches were used (“First” and “Second” represent the first
BS approach and the second approach, respectively.) with several
functionals in the Amsterdam Density Functional (ADF).

Approach VWN PW91 PBE OPerdew OPBE  Exp.
A' J  First (MoNi) 418 30.1 316 439 439
A? J  First (MoNiY) 279 220 226 30.0 298  17.68
Second (Mo, Ni) 246 192 198 26.2 26.0
SvomcEirst (MoMoZn) — 0.01 001 0.01 0.01 0.01
B'™ J  First (MoNi) 651 466 483 57.5 579
B™ J'  First (MoNi) 357 274 282 35.1 349
B* J  First (MoNiY) 370 294 301 36.7 36.6
Second (Mo, Ni) 326 258 2064 321 319
B*® J First (MoNiY) 273 195 201 27.0 26.6
Second (Mo, Ni) 235 163 168 234 23.1
B® J  Fist (MoNiYZn) 376 300 311 372 37.0
Second (Mo,Ni,) 314 249 252 31.0 30.8
J' First (MoNiYZn) 278 20.1 209 27.1 26.5
Second (Mo,Ni,) 239 168 172 234 23.1
B* J  First MoNiYZn,) 408 319 326 39.5 394 400
Second (Mo,Ni;)  30.7 243 250 309 31.0
J' First (MoNiYZn,) 280 21.1 216 274 273 853
Second (Mo,Ni;) 242 173 178 23.7 23.5

For all the models, the J values calculated by using PW91
are the ones closest to the experimental values.’l The GGAs
OPerdew and OPBE give the poorer J values for MoNi sys-
tems in which the interactions are ferromagnetic, although
they give the relatively better J values for CrMn and MoMn
systems in which the interactions are antiferromagnetic.®-"!
For all the models, the second approach with all the func-
tionals gives the better J values relative to those obtained
with the broken symmetry (BS) approach, as found in our
previous papers.B11 To our surprise, however, the calcu-
lated J values for model A2 are close to the experimental
one, but the calculated J and J' values for models B3 and
B* have larger differences from the experimental values. In
the next sections, we will interpret the reasons for these ob-
servations.
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Comparison and Analysis of the Exchange Interactions in
Models A', A2, B2, B'*, B>, B?*, B3, and B*

The J values for A! and A?, calculated by using all the
functionals, show that the MoNi ferromagnetic interactions
decrease with an increase in the number of exchange inter-
actions. As we know, the next-nearest neighbor MoMo
antiferromagnetic interactions in A% might decrease the
MoNi interactions. In ref.[®], the authors concluded that in-
cluding the next-nearest neighbors to account for long-
range coupling between the two Mo centers did not im-
prove the fit and did not reproduce the drop in yy7 at
lower temperatures from the experimental data. In addition,
the influence of the next-nearest neighbor on MoNi interac-
tions is very small (the MoMo exchange coupling constants
JMoMo Of A2, calculated by using the BS approach with sev-
eral functionals, are all very small; see Table 1). Therefore,
we conclude that the decrease in the J values from A! to A2
is mainly due to the increase in the number of exchange
interactions.

From Table 1, the calculated J values for B'® are larger
than the J' values for B'. This can be rationalized by look-
ing at the structures of the above models. An important
structural difference between models B'® and B!'®, which in-
fluences the MoNi interactions, is the Ni—Ny,;4—Cyiq angle.
Its value is greater for B'2 (175.12°) than for B'® (170.81°).
Marvaud and co-workers* concluded, from experimental
results, that the ferromagnetic interactions between Cr'!!
and Ni''in the cyano-bridged CrNi complexes increase with
increasing Ni—Ny,iq—Cpriq angle. In our previous paper,!'”]
we also presented the same conclusion by using the BS ap-
proach. In order to determine whether MoNi interactions
increase with increasing Ni—Ny,iq—Cpriqg angle for MoNi sys-
tems as well, we calculated the J values for A! (its structure
is similar to those of B'* and B'®) for a range of Ni—Ny;—
Chria angles between 135° and 180°. The plot of J versus
Ni—Npia—Criig angle (Figure 5) shows that J values increase
with an increase in the Ni—Ny;q—Cy,iq angle in the range
135° to 175° with all the functionals.

The lines connecting the data points in Figure 5, and also
those in the next figure, were all fitted by the Gaussian
function. Other functions can also be used to fit the lines.
However, our main aim is to clearly find the variation of
these data points from the fitted lines irrespective of the
function that is to be used. The above results can be simply
rationalized by Kahn’s theory,[®71 which states that the in-
crease in the Ni—Ny;q—Cyiq angle will lead to a decrease
in the overlap integral and therefore to an increase in the
ferromagnetic coupling constants J. A thorough discussion
of the relationship between the J and the overlap integral
will be given in the next section. However, as the Ni-Ny,jq—
Chpriq angle increases from 175° to 180°, the J values de-
crease. This might be due to the amount of antiferromag-
netic interaction that is probably overestimated, since the
complex was not re-optimized by holding the bond angle
fixed. From the above calculations, we understand why the
calculated J values for B'* (Ni-Nypjqg—Cpria = 175.12°) are
larger than those for B (Ni—Ny,iq—Cpria = 170.81°).
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Figure 5. Dependence of the exchange coupling constants J of Al
on the Ni—Nyq—Cyyiq angle in the range 135-180°. The J values
were calculated with several functionals [VWN (m), PW91 (O), PBE
(0), OPerdew (a), and OPBE (v)] by using the BS approach.

From the calculated J values for B'* and B?*, we find
that the J values decrease with an increase in the number
of exchange interactions from B'? to B2, However, the de-
crease in J' is small from B! to B®. The above results show
that attaching another [(Mestacn)Mo(CN);] to [(cyclam)Ni]
will decrease the MoNi ferromagnetic interactions, but the
influence of attaching another [(cyclam)Ni] to [(Mestacn)-
Mo(CN);] on the MoNi interactions is small. Our previous
paperl® shows that larger MoMnMo angles have a larger
influence on the MoMn interactions. For models B* and
B?*, the MoNiMo angle in B?* and the NiMoNi angle in
B?" are 180° and 94.6°, respectively. The larger MoNiMo
angle has a larger influence on the MoNi interactions in B
than that of the smaller NiMoNi angle in B*. Therefore, we
find that the decrease in J from B!* to B** is larger than
that from B'® to B?.

The calculated J values for B*, B3, and B* are almost
the same, which can be understood from the above results
that the influence of attaching another [(cyclam)Ni] to
[(Mestacn)Mo(CN);] on the MoNi interactions is small.
However, we also find that the J' value for B®®, B3, and B*
are almost the same, which shows that the next-nearest
units have a small influence on the MoNi interactions. In
our previous papers,® 1% we found that the magnetic coup-
ling interactions weaken with an increase in the number of
exchange interactions, regardless of whether the interac-
tions are ferromagnetic or antiferromagnetic, for a series of
complexes. However, why are the variations of the MoNi
interactions very small from B* to B* or B®* to B*? This
can be explained by the differences in their structures. As
indicated above, the nearest units influence the MoNi inter-
actions, but the next-nearest units have a small influence.
Thus, the interactions in our previously investigated com-
plexes, in which the peripheral units all surround one center,
will decrease with an increase in the number of exchange
interactions, but they are almost the same from B?** to B*
or from B?® to B*, because they do not surround the same
2202
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central metal ion for B3 and B*. Kahn’s qualitative
theoryl® 7! will be used to interpret the reason in the next
sections. The J and J' values compared were calculated by
using the same approach and functional.

The Ni—Ny,iq—Cpyiq angles of A% and B* are 163.57° and
175.12°, respectively. From Figure 5, we know that the J
values increase with an increase in the Ni—Ny.iq—Chprid
angles. As we expected, the calculated J values for B** are
larger than those for A% (Table 1). However, the experimen-
tal J value for B* (4.0 cm™') is much smaller than that for
A? (17.6 cm™). As the above results indicated, the differ-
ences in the calculated J values for B% and B* are small,
and therefore, the J value for B* should be larger than that
for A%. Moreover, we find that the experimental J value for
compound 14 in ref.l’! (for which the Ni—Ny,iq—Cpyiq angle
is about 171°), which has a similar structure to that of B4,
is 14.9 cm™!, which is much larger than that for B* There-
fore, we consider that the experimental J value for B* may
have been underestimated by Long and co-workers. For the
same reason, the experimental J' value for B* may also have
been underestimated by them.

The following conclusions can be extracted from the re-
sults of our calculations on MoNi systems: (1) the influence
of the next-nearest neighbor MoMo interactions on the
MoN!i interactions can be omitted, thus, the decrease in the
J values from A! to A? is mainly due to the increase in the
number of exchange interactions; (2) the J values increase
with an increase in the Ni—Ny;4—Cyq angle in the range
135-175° with all the functionals; (3) attaching a [(Mes-
tacn)Mo(CN);] moiety to [(cyclam)Ni] will decrease the
MoNi ferromagnetic interactions, but the influence of at-
taching a [(cyclam)Ni] moiety to [(Mestacn)Mo(CN);s] on
the MoNi interactions is small for the smaller NiMoNi an-
gle from the calculated J and J' values for B!?, B?2, BIP,
and B?"; (4) the next-nearest units have a small influence
on the MoNi interactions from the calculated J' for B2,
B3, and B* for their structures in which the peripheral units
do not surround one magnetic center.

Qualitative Analysis of the Exchange Interaction

According to Kahn’s theory,[®7) the exchange coupling
constant, J,y, 1s expressed by Equation (1).

Jab = Kab - Sab(Az - 52)”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,,(4> — &°)!2
is the antiferromagnetic contribution Jag, favoring anti-
parallel alignment of the spins and a singlet ground state.
S.p 18 the overlap integral between a and b. ¢ is the initial
energy gap between the magnetic orbitals, A is the energy
gap between the molecular orbitals derived from them.
When several electrons are present on each center, n, on
one site, n,, 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 [see Equation (2)].

Eur. J. Inorg. Chem. 2008, 2199-2206
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Some authors!!213] have recently shown that magnetic or-
bitals a and b are well represented by the localized orbitals
of the broken-symmetry solution (called BS-OMSO in
ref.l'¥)). There are six different contributions to the ex-
change coupling constant in each Mo"Ni'! pair. The mean
overlap integral, S;;, between the six orbitals of Mo and
Ni'f can be expressed in Equation (3).

S;=Wdyd, .+dd, .+d.d. .+dd,+d.d.+d.d.)/6 3)

According to a recent study by E. Ruiz and co-
workers,!'3 S;? can be correlated to A,, [Equation (4)] for
polynuclear complexes calculated by using the second ap-
proach.

A, =@ =) o) -0’1 @)

Here pii§ s are the different spin populations of the para-
magnetic centers x or y involved in the exchange interaction
in the highest (HS) or lowest (LS) spin configurations.
Equation (4) tells us that the values of (pjj§)? should be
larger than those of (pi¥)>. All the calculated values of
(p¥%)? are larger than the calculated (pi)? values. Thus,
Equation (4) can be used to interpret the magnetostructural
correlations for polynuclear complexes calculated by using
the second approach.

For binuclear models calculated by the BS approach, we
find that the calculated (pij4)* are not always larger than
(p5d)>. We therefore used a revised A,, as indicated in
Equation (5).

A, =@ -}

@ - P )

If the signs of (pfis)” — (pis)” and (plis)* — (phs)” are the
same, we should use the plus sign in Equation (5). Other-
wise, the minus sign should be adopted in Equation (5). The
spin density populations on Mo and Ni'! were obtained
with Mulliken Population Analysis!'® calculated by using
the PW91 functional. The strength of the S;? should be
linearly dependent on A, [Equation (6)].

S?KA_ (6)

ij Xy
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The relationship between J and A,, for Al, as its Ni—
Npria—Chrriqg angle changes from 135° to 180°, is shown in
Figure 6. The J values, calculated by using the BS approach
with the PW91 functional, increase with decreasing A,

60
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A /e
xy

Figure 6. Dependence of the exchange coupling constants J for Al
on A,, as the Ni-Ny,;¢—Cyiq angle is varied from 135° to 180°. The
J values were calculated with the PW91 functional by using the BS
approach.

This result can be simply rationalized according to Equa-
tions (1) and (6) to conclude that the decrease in A, will
reduce the antiferromagnetic contributions and then lead to
an increase in the overall J value (J = Jg + Jap).

Then, we calculated the A,, for models A, A%, B'2, B'®,
B**, B® B3, and B* by using two approaches with the
PWO1 functional (see Table 2).

Analysis of the results in Table 2 shows that the calcu-
lated J or J' are all almost linearly dependent on the corre-
sponding A,, and that the MoNi interactions strengthen
with decreasing A,,, which shows that S;? can be correlated
to A,, in Equations (4) and (5) to interpret the magne-
tostructural correlations. The A, values for A2, B?2, and
B? calculated by using the BS approach are larger than
those of A!, B!, and B'®, respectively, which will result in
a decrease in the calculated J or J' from A2, B**, and B*
to A!, B'® and B'® (Table 1), respectively, according to
Equations (1) and (6). The above result shows that the in-
crease in the number of exchange coupling interactions
from one to two will decrease the ferromagnetic MoNi in-
teractions. However, from the calculated A, values for B2,
B3, and B?* (corresponding to J) or B®, B3, and B* (corre-
sponding to J'), the A, values calculated by using the same

Table 2. Calculated A, (¢?) and J or J' values [cm '] for models A', A%, B'*, B'®, B*, B®, B3, and B* by the PW91 functional with two

approaches (the First BS and the Second).

Al AZ B]a Blb BZa sz B3 B4
Type J J J J' J J' J J' J J'
Ap- . . . . . . . Sec- . . Sec- .

First First First First First Second First Second First First Second First First Second
proach ond ond
A, 0.039 0.056 0.004 0.049 0.044 0.067 0.071 0.096  0.041 0.068 0.071 0.097 0.040 0.069 0.073 0.098
JorJ 30.1 220 466 274 294 258 19.5 163 30.0 249 20.1 16.8 319 243 21.1 173
Eur. J. Inorg. Chem. 2008, 2199-2206 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2203
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approach are almost the same, which shows that increasing
the number of exchange coupling interactions from two to
three or four will not decrease the ferromagnetic MoNi in-
teractions.

Conclusions

Two approaches with several LDAs and GGAs were used
to investigate the magneto-correlations of the selected
MoNi systems. From the calculations, we conclude that: (1)
the influence of the next-nearest-neighbor MoMo interac-
tions on the MoNi interactions can be omitted, thus, the
decrease in the J values from A! to A2 is mainly due to the
increase in the number of exchange interactions; (2) from
the calculated J values for A! with varying Ni-Nyi¢—Chriq
angle, we found that the J values increase with an increase
in the Ni-—Ny,iq—Cpriq angle in the range 135-175° with all
the functionals; (3) the next-nearest units have a small influ-
ence on the MoNi interactions as indicated by the calcu-
lated J' values for B?*, B3, and B* for their structures in
which the peripheral units do not surround one magnetic
center. The above results show that an increase in the
number of exchange coupling interactions from one to two
will decrease the ferromagnetic MoNi interactions, but the
influence of increasing the number of exchange coupling
interactions from two to three or four on the MoNi interac-
tions is very small. Thus, we consider that the experimental
J value for B* may have been underestimated by Long and
co-workers.’l Moreover, the experimental J value for com-
pound 14 in ref.B! (the Ni-Ny,iq—Cpyiq is about 171°)5] hav-
ing a similar structure to that of B* is 14.9 cm™!, which is
much larger than that of B*. This observation also confirms
our conclusion. The results may be extended to other sim-
ilar systems. For polynuclear models calculated by using the
second approach, Equation (4) is appropriate for interpret-
ing the magnetostructural correlations. However, for binu-
clear models calculated by using the BS approach, a revised
A, [Equation (5)] proposed by us is more appropriate.

Computational Details

Two different approaches were used for calculating the exchange
coupling constants for the polynuclear complexes.!” 1! In all the
calculations, the spin-orbit coupling was not considered, so taking
into account the magnetic anisotropy was not necessary. The first
approach consisted of evaluating the exchange coupling constant,
Jj;, between two paramagnetic metal centers, 7 and j, in the hexanu-
clear molecule by calculating the energy difference between the
highest and broken-symmetry spin states of a model molecule in
which metal atoms except for the above-mentioned i and j are sub-
stituted by diamagnetic Zn" for Ni'' and Y for Mo''. This ap-
proach was used to calculate the exchange coupling interactions of
hexanuclear complexes in many papers and proved to provide re-
sults that were in agreement with the experimental ones.'’2%) The
second approach is to calculate the different spin state energies of
hexanuclear complexes and use the Heisenberg Hamiltonian to ob-
tain the exchange coupling constants between different metal cen-
ters.'7-211 This is the more rigorous approach with respect to the
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first one in evaluating J for polynuclear complexes. The use of the
two approaches will be discussed thoroughly below.

At first, we discuss the first approach. The magnetic interactions
between Cr'" and Ni'l ions were studied on the basis of the density
functional theory (DFT) coupled with the broken symmetry ap-
proach (BS).?>241 The exchange coupling constants, J, have been
evaluated by calculating the energy difference between the high-
spin state (Eys) and the broken symmetry state (Egg). Let us as-
sume that the spin Hamiltonian is defined by Equation (7).

H=-2J8,S, @)
If the spin-projected approach is used, the equation proposed by

Noodleman?* 24 to extract the J value for a binuclear transition-
metal complex is given by Equation (8).

_E

BS Eus
45,5, 8)

For all the models A!, A%, B'2, B'*, B22, B, B3, and B*, where S,
= 3/2 for Mo, S, = 1 for Ni", and from Equation (8), we get the
expression in Equation (9).

J = (EBS - EHS)/6 (9)

Equations (8) and (9) are only used for binuclear compounds such
as A', A2, B'®, and B' . In the calculations for polynuclear com-
plexes such as B>, B?, B3, and B* we used the diamagnetic Zn'!
to replace the other Ni'! and Y'"! to replace the other Mo!'!!; the
resulting MoNiZn,,Y,, complex is equivalent to a binuclear MoNi
complex from the magnetic point of view, and we can therefore use
Equation (8) and (9) to obtain the exchange coupling constants, J.

According to recent reports by Ruiz et al. based on a number of
calculations on the magnetic exchange coupling constants with the
broken-symmetry approach,l>>27 Epg may be regarded as an
approximation of the energy of the lowest spin state. They consider
that local functionals overestimate the relative stabilization of the
lowest spin state relative to the highest spin state,”! DFT will usu-
ally give larger J values than experimental ones.*”! Ruiz and co-
workers®®! put forward Equation (10) to calculate J.

E,

- EBS —Ens

28,5, +S5, (10)
However, this formula corresponds strictly to the limit of complete
overlap between the magnetic orbitals, and such a hypothesis is not
sustained especially for ferromagnetic systems,?°31 although it can

sometimes give results for J that agree well with experimental val-
Hes. 25271

Next, we discuss the more rigorous second approach. If one ne-
glects spin-orbit coupling effects, the Hamiltonian for a general
extended structure is indicated in Equation (11).

PITRY
272,515, (a1

where S; and S/ are the spin operators for the different paramag-
netic centers, and the J; values are the coupling constants between
all the paramagnetic centers. Here, we only consider the exchange
interactions between nearest neighbors. This fact, together with the

Eur. J. Inorg. Chem. 2008, 2199-2206
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presence of additional symmetry elements in the structure, nor-
mally results in a reduced set of J;; values.

There are two pairwise nearest-neighbor MoNi interactions for A
and four MoNi interactions for B (Figure 1 and Figure 3). Accord-
ing to the symmetry, there is one independent coupling constant
for A [see Equation (12)].

J = ImomnNi) = IMoNi() (12)
There are two independent constants for B [Equations (13) and

(14)].
(13)

J = IvomNi() = IMo@Ni(1)

J = IMo()Ni2) = IMo@)Ni(3) (14)
For A% or B*, which have three magnetic centers, the magnetic
coupling constants, J, between each nearest-neighbor MoNi pair
are the same for the symmetry of the complete structure. Thus, J
can be extracted by calculating the energies of two spin states:
state 1 with S = 4 (all spins up) for A2 and B?* and state 2 with S
= 2 (Ni atom with spin down) for A% and B?*. Equation (15) can
be used to extract J values.

J=(E>— E)14 (15)
For B?, including state 1 with S = 7/2 (all spins up) and state 2
with S = 1/2 (Mo atom with spin down), Equation (16) can be used
to extract J' values.

J = (E,- E)/15 (16)
To obtain the nearest-neighbor constants, J and J', for the modeled
structures B3, we should calculate the energies of three spin states:
state 1 with § = 5 (all spins up), state 2 with § = 1 (all Ni atoms
with spins down), and state 3 with S = 0 [Ni(1) and one Mo with
spins down]. Equations (17) and (18) can be used to extract J and
J’ values for B3.

J=(E;-E)/8 17)

J' =(E2*E3)/8*J (18)
For model B*, the three spin states are as follows: state 1 with S =
6 (all spins up), state 2 with S = 0 (all Ni atoms with spins down),
and state 3 with S = 4 [only Ni(2) with spin down]. Equations (19)
and (20) can be used to extract J and J' values for B*.

J = (E;— E)I16 (19)

J' = (E, - E3)I16 (20)
DFT calculations have been performed by using the Amsterdam
Density Functional (ADF, version 2005.01b832)) package for four
models. Illas and co-workers?3 showed the strong dependence of
the calculated J value on the exchange-correlation functionals cho-
sen. Several exchange-correlation functionals were used to evaluate
J values. In the calculations of J by using the ADF, the local den-
sity approximation (LDA) made use of the Vosko, Wilk, and Nus-
air4 (VWN) local correlation functional. A series of generalized
gradient approximations (GGAs), Perdew-Wang 1991 (PW91),13%
Perdew—Burke-Ernzerhof (PBE)I*%), and the recently developed
OPTX-Perdew (OPerdew)*”-38 and OPTX—Perdew—Burke-Ernzer-
hof (OPBE)P%38] functionals were examined. For Mo, Y, Ni, and
Zn, the basis set TZV2P (a basis set of triple-& quality®*” with two
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polarization functions) was applied. The basis set DZP (a basis set
of double-¢ quality®*) supplemented with one polarization func-
tion) was used for the other atoms (C, N, O, and H). The inner-
core shells of C(1s), N(1s), Zn(ls, 2s, 2p), Y(1s, 2s, 2p, 3s, 3p, 3d),
Ni(ls, 2s, 2p), and Mo(ls, 2s, 2p, 3s, 3p, 3d) were treated by the
frozen core approximation. The accuracy parameter (accint) for the
numerical integration grid was set to 4.0 for all of the complexes.
The convergence standard of the system energy was set to be
smaller than 1076 eV, which allowed us to reach a precision required
for the evaluation of J.
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