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Molecular magnetism in a series of cyano-bridged Fe(11)-Ni(i1) complexes has been investigated using hybrid
density functional theory (DFT) B3LYP combined with broken symmetry (BS) approach. Two structural
factors of the r distance (Ni—Np,q) and the 0 angle (Ni—Ny,;—Cpriq) on J are analyzed by us in detail. The
calculated results show that the J values increase with the increase of the r distance when the 0 angles are
smaller than 150°. When 6 is 150°, the J values are almost the same for the different r distances. However,
when 0 is larger than 150°, the J values will decrease with the increase of the r distance. However, for all of
the r distances, the J values will decrease with the increase of the 6 angle except for when the 6 angles are in
the range 120-130° or 170-180°. Then we use above trends to interpret the experimental and calculated J
values of the complete structures for a series of cyano-bridged Fe(i1)-Ni(11) complexes. In addition, we find
that Fe(ur) mainly displays its polarization effect and although the largest part of the spin density is located
at the Ni(11), there is an important delocalization of the unpaired electron, mostly to the six donor atoms,

through the calculated spin density distributions.

Introduction

In molecular magnetism, the magneto-structural correlation of
bridged transition metal dimers has received considerable
attention both experimentally and theoretically.! One of the
most extensively studied families experimentally, owing to their
special structures, is that of the cyano-bridged transition metal
complexes. A number of cyano-bridged transition metal com-
plexes have been synthesized,” among which, cyano-bridged
Fe(m)-Ni(1) complexes have been received much attention
recently.>'> The variable temperature magnetic susceptibility
data show that these complexes have weak intramolecular
ferromagnetic exchange interactions with coupling constants
J in the range 0-10 cm™'. A wide range of Ni-Npiq—Chrid
angles could stabilize ferromagnetic Fe(in)-Ni(i1) coupling
through the CN™ bridge. As usual, the Ni-Ny;¢—Cpriq angles
are larger as the Ni—Ny,q distances are shorter from the
experimental structures and the J values become larger with
the increase of the Ni—Ny,;q—Cpriq angles. So some experimen-
tal chemists consider that the smaller J values might be
attributed to the more bent Ni-Ny;q—Chyriq linkages.” However,
the effect of the Ni—Ny,;q distance is not considered by them. In
our paper, we will investigate the dependence of J with the
Ni_Nbrid distance and Ni_Nbrid_Cbrid angle.

The existence of a manifold of states separated by small
energy difference makes the evaluation of the energy of cyano-
bridged Fe(i)-Ni(11) complexes difficult within a monodeter-
minant method. Sophisticated post-Hartree—Fock methods
such as CASSCF,"*'* CASPT2,'>'* and DDCI"® have been
shown to provide good approximations to coupling constants,
but the huge demand of computational resources associated
with these methods severely limits their applicability to most of
the complexes of actual experimental interest.'® 2! So methods
based on density functional theory (DFT) have been shown to
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be simply more convenient.>>?* In this paper, we use density
functional theory (DFT) combined with the broken-symmetry
(BS) approach proposed by Noodleman 2*2° to investigate the
magneto-structural correlations for a series of cyano-bridged
Fe(m)-Ni(i1) complexes.

As a first step in the study of magneto-structural correlations
of cyano-bridged Fe(in)-Ni(i1) complexes, we have chosen the
general topology represented in 1 which is found in complexes
A-G (Table 1). First we report calculations of the exchange
coupling constants for the complete structures and compare
the results with the experimental data. Then we will analyze the
effect of two structural factors on the exchange coupling in
both the modeled structures of model 1 and the modeled
compounds of complexes B, C, D, G2, G3 and H: (1) the Ni—
Nypig distance (2) the Ni—Ny,ijg—Cpia angle. Molecular orbital
analysis will be discussed for compound D. Finally, we will
discuss the calculated spin density distributions of complex D.

Computational methodology

Description of the complexes and models

Considering the computational resources, we extracted those
structures that only include one exchange pathway of Fe(in)
and Ni(11) from one-, two- or three-dimensional cyano-bridged
Fe(1)—Ni(11) complexes. To be able to compare our calculated
coupling constants for complete structures with the experi-
mental values, we used the molecular structures which are the
crystallographic results rather than the optimized ones, be-
cause small changes to the experimental structures could result
in significant deviations for the coupling constants. Fig. 2
depicts the structure of complex D (not including H atoms).
The complex is made of one macrocyclic [Ni(H,L)[**
(L = 3,10-bis(2-aminoethyl)-1,3,6,8,10,12-hexaazacyclotetra-
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Table 1 Experimental and calculated J values for all of the complete
structure complexes
NiNpria /| Ni-Npria=Corid /| Jeale/  Jexp/
Cmpd A degree em™'  ecm™!  Ref.
A 2.207 118.0 245 94 6
B 2.147 119.8 17.9 7
C 2.138 130.5 22.8 7
D 2.123 150.5 74 2.1 8
E 2.102 153.4 77 24 8
F 2.049 151.7 87 33 10
Gl  2.069 154.8 15.2
G G2 2.065 172.3 —-81 53 11
G3 2.017 165.6 7.2
H 2.003 168.2 7.5 10
I 2.012 178.7 89 55 12
decane, 18-C-6 = 18-crown-6-ether) linked by one

[Fe(CN)¢>~. The Ni-N1-C1 (CIN1 is the bridging ligand)
angle is 150.48° and the Ni—-N1 distance is 2.123 A. The other
complexes have similar structures to that of complex D only
Ni linked by different terminal ligands. The nearest atoms to
Ni are all N atoms except for the case of complex I and the Fe—
Npria—Coria angles are all about 170° for all of the complexes.
To obtain the modeled structures of these complexes, we use
NH; to substitute the nitrogen-coordinated ligands nearest to
Ni. The structure of the general topology model 1 is similar to
those of the other models. The Ni-Nieyy distance has been
taken as 2.074 A, the average value found in the experimentally
determined structures. For the ammonia molecules, the geo-
metrical parameters that were used are H-Ne;m=1.028 A. An
average distance of 1.374 A was taken for the bridge C-N bond
length. The mean distance of the Fe-C bond is 1.944 A and the
Fe—Cierm bond is 1.930 A. The mean distance of the terminal
ligands C-N was 1.145 A. An average angle of 173.17° was
taken for the Fe—Cy;q—Nyriq angle. The Ni—Ny,;q4 distance and
the Ni-Npiq—Crriq angle will be changed for investigating
magneto-structural correlations later. So we took 2.06 A for
the Ni—Ny,iq distance and 180° for the Ni—Ny;q—Cpriq angle at
random. The Ni-Ny,j¢ distance and the Ni-Nyyig—Chria angle
ranges from 2.00 A to 2.20 A and from 120° to 180°, respec-
tively, according to the experimental data. In the next sections,
we use 0 and r to represent the Ni—Nyp;4—Chpriqg angle and the
Ni—Ny,iq distance, respectively.

Calculation on exchange coupling constant

The magnetic interaction between Fe(i) and Ni(m) is studied
on the basis of density functional theory coupling with the
broken symmetry approach. The exchange coupling constants
J have been evaluated by calculating the energy difference
between the high-spin state (Eys) and the broken symmetry
state (Egs)-

Assuming the spin Hamiltonian is defined as:

H=-2JS -5, (1)
according to recent Ruiz et al. experience based on a number of

calculations on the magnetic exchange coupling constants with
the broken-symmetry approach,?*"?® Ezg may be regarded as

N
C 7 Hay Mg
_ | \
N=C7||:G—C=N—NJ NH;
L C 4>
N/ Il HsN NHy
N

Fig. 1 Structure of model 1.
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an approximation of the energy of the lowest spin state. They
consider that local functionals overestimate the relative stabi-
lization of the lowest spin state relative to the highest spin
state,”> DFT will usually give larger J values than experimental
ones.**3! So Ruiz er al.>” put forward the eqn (2) to calculate
the J.

_ Eps — Ens

9J — °BS — ZHS
4 2818 + S,

(2)
however, this formula corresponds strictly to the limit of
complete overlap between the magnetic orbitals and such a
hypothesis is not sustained * although it can give the good J
results compared to experiment.?>?7-2

In a recent work,* Dai ef al. examined the eigenstates of the
Heisenberg spin Hamiltonian H = —2JS,-S, and the Ising
spin Hamiltonian H™"¢ = —2J§,.S,. for a general spin dimer
consisting of M unpaired spins at one spin site and N unpaired
spins at the other spin site. Their work shows that the descrip-
tion of the highest-spin and broken-symmetry spin states of a
spin dimer by H is the same as that by H™". For the analysis
of spin exchange interactions of a magnetic solid on the basis of
density functional theory, the use of the Heisenberg spin
Hamiltonian in the “‘cluster’” approach is consistent with that
of the Ising spin Hamiltonian in the “noncluster” approach.
They put forward the eqn (3) according to the Heisenberg Spin
Hamiltonian to calculate J. However, the same expression is
also obtained by considering the energies of the HS and BS
spin stated on the basis of the Ising spin Hamiltonian.

Egs — Ens
= =B — PHS 3
UN 3)

in our paper, we only select the cyano-bridged Fe(rm)—Ni(ir)
complexes whose Fe(ir) (d°, tzgs) are all in the low-spin state.
So M = 2 for Ni(i1) and N = 1 for Fe(in), from the eqn (3) we
further get the expression:

J = (Egs — Ens)/2 )

We carry out calculations for molecules A-I and model 1
with Gaussian 98 computer code.>* In the calculations of J
using DFT-BS method, Illas e al.*® showed the strong depen-
dence of the calculated J with respect to the exchange-correla-
tion functional chosen. In our paper, the popular hybrid
B3LYP functional method proposed by Becke®®*” and Lee
et al’® will be used to evaluate J. For the Fe(ir) and Ni(ir) ions,
a basis set of triple-¢ quality® was used for the valence orbitals
supplemented with two p orbitals (“polarization functions”),
whereas a double-¢ basis set*’ was used for the other atoms in
all of the complexes and models.

J

Results for full structures

The calculated coupling constants for the complete structures
are presented in Table 1. Although compounds B, C and H

Fig. 2 Structure of complex D.


http://dx.doi.org/10.1039/b508802j

Downloaded by University of California- Los Angeles on 01 January 2013

Published on 30 August 2005 on http://pubs.rsc.org | doi:10.1039/B508802J

have no experimental J values, we also give the calculated ones.
It can be seen that the calculated J values are qualitatively
correct and empirically scale the J with respect to experiment.
From the experimental and calculated data, we find the r
distances often decrease and the J values often increase with
the increase of the 0 angle. And we also find the trend is correct
only when the 0 angles are larger than about 150°. In a recent
work,*!' Kou er al. also found the same trend through experi-
ment. In their work, all the 0 angles of the compounds are also
larger than 150°. However, for compounds A, B and C whose 0
angles are all smaller than 150°, the above trend will not be
suited. The exceptions of A, B and C will be investigated in the
next section. For compounds D-F, their  angles are almost the
same, but the experimental J of compound F which has a
shorter r distance is larger than those of D and E. From the
calculated J of compounds G1 and G2 which have the similar r,
the calculated J of compound G1 is larger than that of G2
although compound G2 has a larger 0 angle. From above
analysis, we can find the r distance and the 0 angle are both
responsible for the J values. But how do the two structure
factors of the r distance and 0 angle have an influence on J?
This will be investigated by us in detail in the next section.

Structural effects

To inspect the dependence of the magnetic behavior on the Ni—
Noria—Crria angle, 0, we calculate the relevant J values with the
0 angle ranging from 120° to_180° when the r distance is 2.00 A,
2.06 A 2.12 A, and 2.16 A respectively, for model 1. The
results are presented in Fig. 3(a) where the J values almost
decrease with the increase of the 0 angle for all of the r
distances. Only when 0 is equal to 120° or 180° have the J
values departed a little from the trends. To further investigate
the relationship between J and 0, we select the modeled
structures of compounds H (r = 2.003 A) G2 (r = 2.065 A)
D (r=2.123 A) and B (r = 2.147 A) The results are presented
in Fig. 3(b) where the J values almost decrease with the
increase of the angle for all of the modeled structures except
for the 6 angle being 120° or 180°.

Furthermore, we find the J values are almost negative when
the Ni—Ny,iq—Cryig angles are from about 160° to 180° in Fig. 3.
But the J values of the complete molecules are almost positive
from Table 1. This is because the complete complexes in Table
1 have shorter r distances when these complexes have larger 0
angles. In Fig. 3(a), when r is 2.00 A (the shortest r distance in
which we select) for model 1, the J values are near positive
when the 0 angles are from about 160° to 180°. If we continue
to decrease the r distance, the J values for model 1 will be
positive for all of the 0 angles. However, in Fig. 3, the selected r
distances are all larger than 2.00 A. So it is considerable the J
values will be negative when 0 angles are from about 160° to
180°. In Table 1, there is only one exception whose calculated J
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value is negative because it has a large 0 angle (172.3%) and a
long r distance (2.065 A) Moreover, the limit case expected by
us is not found when the Ni—Ny,;q—Cp,iq angles are 180° due to
the orthogonality between the m system and “‘e,” orbitals of
Ni(11). This is because the Fe—Cyjg—Npriq angles for model 1
(173.17°) and other modeled systems are not equal to 180°.
They are not strictly orthogonalized between the w system and
“eg”” orbitals of Ni(u) when the 6 angles are 180°. So we don’t
find the expected limit case in Fig. 3 when the 0 angles are 180°.

Above results tell us the J values almost decrease with the
increase of the 0 angle. But experimental data shows the J
values often increase with the increase of the 0 angle when 0 is
larger than 150°. This can be interpreted by investigating the
relationship between J and r in the next part.

Fig. 4(a) represents the relationship between J and r when 6
is 130°, 140°, 145°, 150°, 160°, 170° and 180°, respectively, for
model 1. The results show the J values are almost the same with
the increase of the r distance when 0 is about 150°. When 0 is
larger than 150°, the J values decrease with the increase of the r
distance. However, the J values will increase with the increase
of r when 0 is smaller than 150°. To confirm the above results,
we also give the relationship between J and r for the modeled
structures of compounds C (0 = 130.53°), D (0 = 150.48°) and
G3 (0 = 165.64°). The results are presented in Fig. 4(b) where
the J values have similar trends to those of model 1 with the
increase of r .

Kahn’s qualitative theory* can be used to interpret above
results through the changes of the spin density on Ni().
According to Kahn’s theory, the exchange coupling constant
J is expressed in eqn (5):

Jab ~ ]<ab + Sab (Az - 52)2 (5)

The positive term, Ky, represents the ferromagnetic con-
tribution Jg, favoring parallel alignment of the spins and a
triplet ground state, while the negative term S,p, (4> — 6% is
the antiferromagnetic contribution Japg, favoring antiparallel
alignment of the spins and a singlet ground state. Sy, is the
overlap integral between a and b. J is the initial energy gap
between the magnetic orbitals, 4 the energy gap between the
molecular orbitals derived from them. 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’
Jap, defined as above for pairs of orbitals a and b located on
each site, weighted by the number of electrons:

J =3 ab Jav/nia X ng (6)

As usual, the changes in the Jor term are more important
and these contributions usually will control the magneto-
structural correlations. Hence, we only consider the changes
in the Jar term. From above eqn (5) and eqn (6), Jaf is
associated to the overlap integral S,;, which is influenced by the

110 120 130 140 150 160 170 180
6/degree

120 130 140 150 160 170 180
o/degree

Fig. 3 (a) Magnetic coupling constant J as a function of the 0 angle ranging from 120° to 180° for model 1 when ris 2.0 A (M), 2.06 A (A),2.12 A
(O)and 2.16 A (A), respectively (b) Magnetic coupling constant J as a function of the 0 angle ranging from 120° to 180° for the modeled structures
of complexes H (r = 2.003 A) (A), G2 (r = 2.065 A) (B), and D (r = 2.123 A) (O), B (r = 2.147 A) (A), respectively.
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Fig. 4 (a) Magnetic coupling constant J as a function of the r distance ranging from 2.0 A t02.16 A for model 1 when the 6 angle is 130° (O), 140°
(0),145°(A), 150° (V), 160° (V), 170° (@) and 180° (M), respectively (b) Magnetic coupling constant J as a function of the r distance ranging from
2.0 A to 2.20 A for compounds C (6 = 130.53°) (W), D (0 = 150.48°) (O) and G3 (6 = 165.64°) (A), respectively.

tropism of magnetic orbitals (the tuning or bending of the
magnetic orbitals) and the delocalization of unpaired electrons.
Because the spin populations on Fe(i) are always localized
from our calculated results for all of the complexes and models,
S.p 18 associated to the spin delocalization of Ni(1r).

We first investigated the relationship between J and the spin
population p on Ni(i) in their high spin states for model 1
when the r distance is 2.00 A, 2.06 A, 2.12 A and 2.16 A,
respectively, and for the modeled structures of compounds H
(r =2.003 A), G2 (r = 2.065 A), and D (+ = 2.123 A) with the 0
angles ranging from 120° to 180°. But we found the relationship
between J and p is not clear for model 1 and also all of the
modeled complexes. It is because the changes of 6 will not only
change the p on Ni(11) but also the tropism of magnetic orbitals.
As we know, S,1, favoring antiferromagnetic contribution Ja is
not only associated to the spin delocalization of Ni(i) but also
the tropism of magnetic orbitals. So it is understandable that the
relationship between J and p is not clear.

Fig. 5 shows the relationship between J and p on Ni(11) in
their highest spin states for model 1 when the 0 angle is 130°,
140°, 145°, 150°, 160°, 170° and 180°, respectively, with the r
distance ranging from 2.0 A to 2.20 A. In such cases, the
changes of the distance r when the 0 angle is fixed will not
change the tropism of the magnetic orbital and only change p
on Ni(m). So Sy, is only associated to p on Ni(11). For model 1
and the modeled structures, we find J increases with the
increase of p when 0 is smaller than about 150°. This can be
easily rationalized using Kahn’s qualitative theory. The in-
crease of the p on Ni(11) will lead to the decrease of the absolute

60 -
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Fig. 5 Magnetic coupling constant J as a function of the spin
population p on Ni(11) in its high spin state with the r distance ranging
from 2.0 A to 2.20 A for model 1 when 0 is 130° (O), 140° (O), 145°
(A), 150° (), 160° (V), 170° (@) and 180° (M), respectively.

1288

New J. Chem., 2005, 29, 1285-1290

values of S,p, so as to the decrease of the Jog term. And the J
(J = Jg + Jar) values which are positive will increase. How-
ever, the J values decrease with the increase of p when 0 is
larger than about 150° in Fig. 5. We consider that it is nearly
orthogonal between the m system and “e,”” orbitals of Ni(11) in
such large angles. So the Jar term is small. As we know, Ky, is
also associated to the overlap density which is influenced by p
on Ni(11). When p increases, K,p, will decrease and, in turn, the
Jr contribution will decrease. Therefore, the J (J = Jg + JaF)
values will decrease. But why are their J values almost negative
in such conditions? It is due to the second-order perturbation
corrections which favor antiferromagnetism. When 0 is about
150°, K,1, and the absolute value of S,;, both decrease with the
increase of p. Thus, the J values remain almost unchanged. We
also investigated the relationship between J and p on Ni(1) in
their highest spin states for the modeled structures of com-
pounds C (0 = 130.53°), D (0 = 150.48°) and G3 (0 = 165.64°).
They have similar trends to those of model 1. However, we
must point out the artifact of DFT will excessively delocalize
the spin densities and B3LYP is not an exception,*® although it
gives the qualitatively correct result according to Kahn’s
theory with respect to experiment.

From above analysis, we believe that the increase of the J
values with the increase of the 0 angle and the decrease of the r
distance from the experimental data is due to a counteraction
of the opposite effects which are the decrease of the r distance
and the increase of the 0 angle when the 0 angles are larger than
150°. However, when the 0 angles are smaller than 150°, the
increase of the r distance will enhance the J values. So we find
the calculated and experimental J values of compounds A, B
and C from Table 1 are larger than those of others.

Now, we know why complexes A, B and C have larger J
values than those of other complexes. They have smaller 0
angles which are smaller than 150° and the longer r distances
(when the angle is smaller than 150°, a longer r distance will
give a larger J value). In the above sections, we discussed that
when the 6 angles are equal to 120° or 180°, the J values have a
little departure from the trends. This can be confirmed by the
calculated J values of complexes B, C, G3, H and I. For
complexes B and C, they have the similar r distance, but the
angle of complex B (6 = 119.8°) is lower than that of complex
C (6 = 130.5°). So we understand why the J value of compound
B is smaller than that of C (Table 1) from the trends in Fig. 3.
The angle (0 = 178.7°) of complex I is near to 180° and the
angles of complexes G3 and H are 165.6° and 168.2°, respec-
tively, and they have the similar r distances. Also we know why
the calculated J value of complex I is larger than those of
complexes G3 and H from the trends in Fig. 3.

Also, we can easily interpret why the calculated J value of G2
is smaller than that of G1 and the experimental J value of F is a
little larger than those of D and E using the magneto-structure
correlations between J and the two structural factors of the r
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and 6 investigated by us. Compound G2 has a larger 6 angle
than that of G1 and the r distances of G1 and G2 are almost the
same. From the trends in Fig. 3, a larger 6 angle will make for a
smaller J value in the same r distance. So the J value of
compound G1 is larger than that of compound G2. For
compounds F, D and E, their 6 angles which are larger than
150° are almost the same. But compound F has a shorter r
distance. From Fig. 5, a shorter r distance will make for a
larger J value. So the J value of compound F is a little larger
than those of compounds D and E.

Illas e al.** showed that the influence of terminal ligands on J
is strongly dependent on exchange—correlation functionals,
especially the hybrid B3LYP. They showed that B3LYP gave
a large deviation of J when using NHj to substitute for the real
ligands. However, we use B3LYP because the overall description
and magnetostructural study is qualitatively correct and empiri-
cally scale the calculated J values with respect to experiment.

Molecular orbital analysis

In the above complexes that we studied, Fe'"' (d°) ions are all in
the low-spin configuration. The unpaired electron in the Fe(r)
is located in a t,, orbital with only n-bonding character while in
the case of Ni() cations, there is only one configuration,
(tzg)ﬁ(eg)z, with two unpaired electrons which are placed in
antibonding orbitals. If the whole symmetry is high enough to
retain the orthogonality of the t,, and e, orbitals (<ty, | €, >
= 0), the Fe—Ni interaction will be ferromagnetic. For all of the
complete structures that we studied except for complex G2,
both the experimental and calculated results show the Fe—Ni
interaction is ferromagnetic. The good agreement claimed in
refs. 22 and 23 for the J values is based on the assumption of
complete overlap of magnetic orbitals. However, for our
studied systems in which the magnetic orbitals on Fe(ur) and
Ni(11) are strongly orthogonal, the assumption is not sus-
tained.*

In Fig. 6, we show three o singly occupied molecular orbitals
of complex D in its high spin state. The t», orbital (dy) where
the unpaired electrons on Fe(i) are on the left and the two e,
orbitals (ds2_2 and d,2) where two unpaired electrons on Ni(1r)
are on the right. From Fig. 6, we find the d,, orbital of Fe(im)
displays zones of small magnitude around the bridges. Accord-
ing to the overlap density p,p, = ai(1)by(1) which favors
ferromagnetic contribution, complex D should have a weak
intramolecular ferromagnetic exchange interaction. This con-
clusion is consistent with the calculated and experimental J
values of complex D. The other complexes also have such
magnetic orbitals, so these complexes have weak intramolecu-
lar ferromagnetic exchange interactions with the coupling
constants J in the range 0-10 cm™".

These singly occupied molecular orbitals are those that host
the unpaired electrons, not necessarily those with the highest
energy. This interpretation is supported by the analysis of the
corresponding B orbitals for the a singly occupied molecular
orbitals, which show no contribution at the Fe(ir) and Ni(ir)
atoms. According to Kahn’s theory,*> only when the doubly
occupied molecular orbitals are low in energy with respect to
those singly occupied orbitals, the so-called kinetic exchange
term which favoring antiferromagnetic generally dominates
among the second-order perturbation corrections. From these
orbitals, we find the singly occupied molecular orbital ¢; where
the unpaired electron on Fe(in) locates almost localized around
Fe(mn). For the singly occupied molecular orbitals ¢, and ¢3
where two unpaired electrons on Ni(ir) locate, there are non-
negligible contributions at the bridges and Fe(t). This is due to
the breakdown of the active electron approximation due to
mixing of the orbitals in Fig. 6 with other occupied orbitals.
The other complexes have similar singly occupied orbitals to
those of complex D.

View Article Online

Fig. 6 Molecular orbitals bearing the unpaired electrons in the
ferromagnetic state for complex D: one ty, orbital on Fe(ur) on the
left, two e, orbitals on Ni(1) on the right.

Spin density distribution

The spin density distributions obtained with Mulliken Popula-
tion Analysis for the high-spin (HS) and broken-symmetry
(BS) states of complex D are shown in Fig. 7 and the spin
populations are shown in Table 2. The plus and minus signs
indicate o and B spin states, respectively. It should be men-
tioned that the broken-symmetry state is a mixed spin state
with Ms = 0, not to be a pure spin state, but it represents an
averaged antiferromagnetic alignment of spins. The spin po-
pulation on Fe(im) is 1.112 in HS state and —1.102 in BS state,
which suggests the only one unpaired electron on Fe(i) is
almost localized. The spin population on Ni(n) is 1.626 (HS)
and 1.627 (BS) demonstrating a part of spin densities deloca-
lization effect. In HS state, the spin population is —0.026 on the
bridging atom CI for the polarization of Fe and 0.053 on the
bridging atom N1 for the delocalization of Ni(i1). The spin
populations of the terminal atoms C2, C3, C4, C5 and C6
nearest to Fe(mn) are all negative. Thus Fe(i1) mainly display its
polarization effect. Although the largest part of the spin density
is located at the Ni(11), there is an important delocalization of
the unpaired electron, mostly to the six donor atoms. So, the
spin populations of the terminal atoms N2, N3, N4, N5 and N6
around Ni(mr) are all positive demonstrating the predominant
delocalization effect from Ni(i1). In BS state, the spin popula-
tions of the bridging and the terminal atoms nearest to Fe(r)
and Ni(11) also show the predominant spin polarization from
Fe(ur) and delocalization from Ni(i1). The spin density distri-
butions of the other cyano-bridged Fe(i)~Ni(i1) complexes are
similar to those of complex D.

*2
Fig. 7 Spin density maps calculated for complex D for the high spin
(HS) state on the left and the broken-symmetry (BS) state on the right.
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Table 2 Spin densities calculated for the high spin (HS) and broken-
symmetry (BS) states of complex D

Atom HS BS Atom HS BS
Fe 1.112 —~1.102 N6 0.063 0.064
Ni 1.626 1.627 Cl1 —0.026 0.030
N1 0.053 0.057 2 —0.038 0.038
N2 0.070 0.070 C3 —0.046 0.049
N3 0.077 0.077 Cc4 —0.057 0.058
N4 0.067 0.067 Cs —0.049 0.048
N5 0.040 0.040 C6 —0.056 0.055
Conclusions

Broken-symmetry approach combined with density functional
theory succeeded in being applied to investigate the cyano-
bridged Fe(1)-Ni(11) complexes. Most of these complexes have
weak ferromagnetic interactions between Fe(i) and Ni(1r) for
the orthogonality of the magnetic orbitals of the low-spin
Fe(ur) (d’, tzgs) and Ni(m) (d®, tzgﬁegz). Although the properly
computed B3LYP value is too large and that comparison to
experiment requires empirical scaling, the overall magnetos-
tructural description appears to be qualitatively correct. As
usual, the 0 angle is larger as the r distance is shorter from the
experimental structures. From our calculated results, we find
the J values will decrease with the increase of the r distance
when the 6 angles are larger than 150°. However, when the 0
angles are smaller than 150°, the J values will increase with the
increase of the r distance. But for all of the r distances, the J
values will decrease with the increase of the 0 angle except for
when the 0 angles are in the range 120-130° or 170-180° (Fig.
3). This is why compounds A, B and C have such larger J
values. From the above analysis, we know the smaller J values
are not due to the more bent Ni—Ny,;—Chp,iq linkages but the
shorter Ni—Ny,q distance. From the calculated spin density
distributions, we find Fe(m) mainly displays its polarization
effect and Ni(i1) shows an important delocalization of the
unpaired electron, mostly to the six donor atoms.
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