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On the basis of density-functional theory (DFT) calculations, a theoretical analysis of the exchange interactions
in NigL2(O.,CMe)f (2-py).CO,} 4, was performed, where L is a bridging ligand, OKL) or N3~ (2). Each
magnetic interaction between the Ni spin centers is analyzed &vd 2 in terms of exchange integrald (
values), orbital overlap integral3 {salues) and natural orbitals. It was found thalsanteraction, which is

a magnetic interaction via the bridging ligand orbitals, mainly controls the whole magnetic properties, and
the dominant interaction is @type orbital interaction between Nizcbrbitals. Further investigations on the
magnetostructural correlations are performed onJthateractions using simplest NL—Ni models. These
models reproduced the magnetic interactions qualitatively well not only for theddaplexes but also for
other inorganic complexes. Strong correlations have been found between the magnetic orbital overlaps (
values) and the NiL—Ni angle. These results revealed that the difference of the magnetic properties between
OH™ and Ny~ is caused by the orbital overlap integral{alues) of thes-type J; interaction pathway. The
magnetic interactions are also discussed from a Hubbard model by evaluating the transfer it)tegihl (
on-site Coulomb integraldl), in relation to the Heisenberg picture.

1. Introduction TABLE 1: Four Broken Symmetry Spin States of the Ni
Complexes Calculated in This Stud§y

spinstate ¢ S & & S S S &5 S S
9 +1 +1 +1 +1 +1 +1 +1 +1 +1

Multinuclear metal complexes have attracted much attention
in recent years for their material properties and reactivity. One
of the most exciting developments in material science is a
discovery of single molecule magnets (SMMs), which show 7 -1 41 +1 +#1 +1 +1 +1 +1 +1
quantum phenomenological magnetic propefigsAt low i ii ﬁ H J_ri :i ii J_ri J_ri :i
temperature, SMMs show stepwise magnetizations caused by
a quantum magnetization tunneling (QMT). SMMs provide an alLocal spin distributions at the Ni spin centers are listed.
ideal opportunity to investigate quantum mechanical properties. ComPonent of the total spin angular momentum.

SMMs are also expected as nanosized information storages for
the slow relaxation property of magnetization at low tempera- dependent magnetic susceptibilifgT§ measurements revealed

ture. The ground spin state becomes bistable in case of negativghe magnetic interactions galues) for1.8 On the other hand,
states, spin-up and spin-down states, are separated by anisotropy

A WN B

energy barrier approximately given H|<, whereSindicates In our previous report, all the exchange interactions ahd
the ground spin size. Thus it is necessary to design a SMM 2 were evaluated by density functional theory (DFT) calcula-
complex with a largeS and a negatively larg® for applica- tions, and theoretical analyses fbrvalues were performed in
tions? direct comparison to the experimentdl curves® The calculated

In recent years, variety of SMMs have been discovered, andJ values for 1 were consistent with experimental results.
the number of SMMs continues to increase. Therefore, it is However, the calculateds value for2 was out of an averagé
important to analyze the electronic structures and magnetic value for other similar dinuclear Ni complexes, whdgds a
properties of the multinuclear metal complexes both experi- magnetic interaction through the bridging ligand, azido. At the
mentally and theoretically. calculated] values for2, the ground spin state was concluded

Multinuclear metal complexes composed of nine Ni atoms, to beS = 1 for a calculated weak antiferromagnedicvalue.
[NioL2(O2CMef (2-py)COs} 4], where the ligand L= OH (1) Therefore, detailed theoretical investigation of the magnetic
or N3 (2), were synthesized as candidates for SMMs. interactions is necessary.

Interestingly, the magnetic properties of the Ni complexg(Ni . . . ) )
change depending on the bridging ligand L. The ground spin In this study, theqretlcal analysis of magnetlsm and elgctronlc
states were reported to Be= 1 and 9 forl and2, respectively? structure of the Ni complexes I, 2) is performed by first
The molecular structures are shown in Figure 1. These magneticPfinciple method at hybrid density functional theory (HDFT)
properties are Very |mp0rtant because Whole mo'ecu'ar mag_level. To eIUCidate the magnetiC Orbital interaCtiOnS, natural

netism could be controlled by the ligands. Temperature- orbital analysis (NO analysis) is performed. For the magneto-
structural correlations, simplest Ni models are employed and

* Corresponding author. E-mail: mshoji@chem.sci.osaka-u.ac.jp. the magnetic interactions are analyzed theoretically.
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(©)
Figure 1. Molecular structures of the Ncomplexes NiL2(O.CMe){ (2-py.CO:} 4, (@) L= OH (1) and (b) L= N3~ (2), used in this study. Atoms

are colored using the following scheme: Ni, green; N, blue; O, red; C, gray, H, white. (c) Spin structure of tenldiex. Arrows schematically
denote the spins at the Ni sites.

2. Theoretical Background magnetic anisotropy will be considerably important at the large-
2.1. Spin Hamiltonian and Effective Exchange Integral ts;)i;nsstha:jtss, the isotropic magnetic interactions are focused in

(J). The magnetic cage of the Neonsisted of a central Ni(ll)
and eight Ni atoms in two square planes, forming two square  Four Ising spin states were calculated for thgsNising the
pyramids linked at the top positions (Figure 1c). The cage has broken-symmetry (BS) method. The Ising spinBS) states
three different superexchange pathways: J,, andJs. J; is a are summarized in Table 1. From the eq 1, total energies at the
magnetic interaction throughaO of the di-2-pyridyl ketone BS states are given as follows,

ligand: (2-py}CO,%". J; is a magnetic interaction through a

carboxylate group of an acetic acid ligan#.is a magnetic E =—16J). — 16], — 8]
interaction through the terminal ligand L, which is a hydroxyl ! ! 2
or an azido anion fod or 2, respectively. All Ni atoms are E,=16J;, — 16J, — 8],
octahedrally coordinated by ligand atoms. _
The spin Hamiltonian of the Nicage is defined by E; =16, — 8J;
E,=8J; 2)
H=—20,(S'S, + SS,+ S, + SS; + 8§ +
S'S;+ S8+ 5°S) — 21,(S,S;+ 555, + 545+ whereE; denotes the total energy at the BS spin stat@plying
S'S,+50S,+ S5+ S5 S+ S0S) — 20,55, + the energy levels to first principle BS results, thealues can

S;S+ S¢S+ SS) (1) be evaluated by solving the above linear equations.

For two-spin site systems, the approximate spin projection
whereS§ is theith Ni spin site §= 1). S; is the central Ni spin (AP) procedure can be used to calculate the Heisenberg
and the other spin&;-o, are at the square corners. Though the valuel®which is given by
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whereYEy andY [ are the total energy and the total squared-
magnitude of spin state Y by method X & UHF, UHDFT,
CASSCF), respectively. In the AP method, orbital overlaps
between the spin orbitals are considered. For multinuclear spin {
systems, the generalized spin procedure (GP) can be applied tc LUNO+1
evaluate the Heisenberyvalues!? On the other hand, eq 2
neglects the orbital overlaps; therefore, thealues evaluated
by eq 2 are denoted as Isinfvalues. Fortunately for Ni
complexes, the Ising treatment is sufficiently reliable, because
the overlaps are negligibly small. In fact, the differences between
the calculated Ising and Heisenbetg/alues are less than 1
Cmfl_lZ

2.2. Natural Orbital Analysis. Natural orbitals ¢; are
obtained by diagonalization of a charge density matrix (first-
order reduced density matrix), which is written as

p(XX) = Zni(pi(x) @i(X) 4)

®)

wheren; is the occupation number of thith natural orbitakp;.
At the BS spin state (antiferromagnetically coupled spin state),
the natural orbitals with fractional occupations (FNO'’s) represent
the spin orbitald314 On the basis of the occupation numbers,
the FNO'’s are classified as higher occupied natural orbitals b
(HONO's) and lower unoccupied natural orbitals (LUNO's). HONO
The HONO'’s and LUNO'’s are formed in pairs at the BS spin
state of the two spin sites systems. These FNO’s are clearly
divided into interaction types of the spin orbitals. From the
occupation numbers, characteristic chemical indices sudh as
b, I, Q, U, Y, andB values can be derivetf-1>*These chemical
indices are useful to analyze the electron correlation effects and
to characterize the chemical bonds. Here, Thalue is mainly
used to characterize the magnetic interactions.

Spin-polarized orbitals of BS solutions, and¢g, are related

to natural orbitals and occupation numbers as ’ HENGH 5
_ 1 ) ) (5a) Figure 2. Natural orbitals (NO) of thd; exchange interactions in the
+ 21+ T) o B Nig complexes: (leftll and (right)2. These NO’s are computed from
the UB3LYP/DZP method at the spin state 2 of the flil models.
n=1+T (5b) . iy .
tions20-22 All position coordinates of and2 were taken from
whereg.(¢-) is the (anti)bonding natural orbital amd (n_) the X-rzasy structure data in the Cambridge Structural Database
is the occupation number. THE value is an orbital overlap ~ (CSD)* The CSD codes were ACOFIH and ACOFON fbr
integral between the. and 8 spin-polarized orbitalsg, and and 2, respectivel\’. To investigate each magnetic interaction

¢g. It should be noted that thEvalue is equal to a bond order ~ Pathway, apomodels were also used, where unnecessary Ni
b. Thus T and b values can be evaluated by the difference atoms were replaced by point charges-J2Simplified models

between the occupation numbers of bonding and antibonding (3: 4 composed of two Ni atoms and bridging ligands were
natural orbitals, i.e., HONO's and LUNO's, as used to investigate the correlation between the magnetic

interactions and the geometrical parameters at the dinuclear sites.
Substitute point charges—0.5) were used for the terminal
T=—%—=b (6) ligands. The distance between the Ni center and the point charge
was kept at 2.1 A. Huzinaga MIDI basis and Hay’s diffuse basis
For example, if theT value is 1.0, the bond is in a completely ~Sets were used for the Ni atom, and 6-31G* basis sets were
closed-shell i = 1.0), and if theT value is 0.0, the bond is  used for the others i8 and4.24~% These all-electron basis sets

completely broken and is in a diradical stake= 0). are doubleZ plus polarization (DZP) quality.

3. Computational Procedures 4. Results and Discussion

All calculations were performed with the Gaussian98 program  4.1. Magnetic Orbital Interactions of 1 and 2. Full model
packagé® The B3LYP functional was used for hybrid density calculations were performed at the B3LYP/CEP-31G level. Four
functional (HDFT) calculation&’1° Effective core potentials, = BS spin states were calculated for each &dimplex (Table 1).
CEP-31G basis sets, were used for full model2) calcula- TheJ values for the full models from eq 2 wedg= 4.5 cn1?,
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TABLE 2: Calculated Interaction Types and the Orbital
Overlap Integral (T Value?) for Each Magnetic Interaction
in the Nig Complexes

Ti
|:J;|_ |:J2 |:J3
molecule NO

1 HONO-1 de 0.0590 mi® 0.0223 ¢ 0.0746
LUNO+1
HONO d2 0.0182 mi¥ 0.0151 o 0.0076
LUNO

2 HONO-1 de 0.0651 mi® 0.0285 ¢ 0.0514 LUNO=+1
LUNO+1
HONO d2 0.0177 mi¥ 0.0190 o0 0.0123
LUNO

aT values are calculated by full- and apo-models at the UB3LYP/
ECP-31G level® Mixture of thes—c andd—¢ interactions.

J,=5.5cn?, andJ; = —29.3 cnt! for 1 andJ; = 4.4 cn1’l,

J, =6.3 cnt?, andJ; = 0.7 cn! for 2.9 It is clearly shown

that the essential difference is onlyinteraction. These values
are comparable to the experimentally determidedilues,J;
=3.0cntl, J, =9.0 cntl, andJz = —28.5 cn1 for 1, which
were evaluated from the temperature-dependent magnetic
susceptibility curvé.

Magnetic interactions of thé pathways are discussed using
the natural orbitals (NO’s). In Figure 2, the orbital interactions
between the central Ni spin and the other surrounding eight spin
sites are shown. These NO’s are evaluated by the UB3LYP
calculation at the spin state 2 of the full models. The HONO
and LUNO are characterized as orbital interactions between the
d2 type orbitals in the central Ni and other d orbitals in the
surrounding Ni, because the HONO and LUNO are different
only at the node of the centrajdrbitals. On the other hand,
the HONG-1 and LUNGt1 show anothed; magnetic interac-
tions between the,& 2 orbitals in the central Ni center and
other d orbitals in the surrounding Ni. From tfievalues of
these interactions, it can be concluded that the latter interactions
(de-y?) have relatively stronger overlaps than the forme#)(d
The T values forl are 0.059 and 0.0182, respectively. The
values are listed in Table 2. The shapes of the NO’s and the
values are similar fot and2. In fact, these orbital interactions
are not related to the bridging ligand L.

To investigate the magnetic interactions between the Ni spin
sites, apomodels are employed, where unnecessary Ni atom:
; : ) . HONO-1
in other interaction pathways are replaced by point charges,
because it is inevitable that all magnetic interactions of 1 2
multinuclear metal complexes will be mixed in the natural Figure 3. Natural orbitals (NO) of thd, exchange interactions in the
orbitals at the BS spin states. For the, Nage, thel, and J; Nis complexes: (leftjl and (right). These NO’s are computed from
magnetic interactions mix at the BS states 3 and 4, and it is th_e UB3LYP/DZP method at the antiferromagnetic spin state of the
. . A S . Nig apo-models (apomodel 2).
impossible to analyze individual magnetic interactions from the
natural orbital analysis. In the apomodel &2, all Ni atoms
except for those at;Sand S positions are replaced by point
charges. In the apomodel 8%), all Ni atoms except for those

appropriate for these Ni complexes. It is shown that these
apomodels are appropriate to investigate the magnetic interac-

at S and § positions are replaced by point charges. Using these 110NS:

apomodelsA2, A3), the magnetic interactions df andJs are Figure 3 shows the magnetic interactions between the

investigated. neighboring Ni spins at the square pyramid base, which
From the apomodels] values are calculated by following ~ correspond to the), interaction pathways. These NO's are

the AP procedure (eq 3). They alg = 4.81 cnmt and J; = calculated usingA2 and are a mixture of dland dz- type

—29.41 cnrt for 1 andJ, = 6.50 cntt andJ; = —0.54 cn1t orbitals. TheT values forl are 0.0223 and 0.0151, respectively,
for 2 by the UB3LYP method. These results are in reasonable and are relatively small. These smalivalues are reasonable
agreement with the full model results. Because the point chargebecausél; is a ferromagnetic interactiod{> 0) and the Ni-
substitution of unnecessary Ni atoms is a quite drastic ap- ligand—Ni angles are almost orthogonal. Almost the same
proximation, the magnetic orbitals are localizing over the Ni features are observed far the NO’s and th& values of2 are
spin centers and mediating ligands. Thus the approximation is similar to those ofl.
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Figure 4. Natural orbitals (NO) of thd; exchange interactions in the
Nig complexes: (left)l and (right)2. These NO’s are computed from
the UB3LYP/DZP method at the antiferromagnetic spin state of the
Nig apo-models (apomodel 3).

The NO's for theJs interaction pathways are calculated using

Shoji et al.

Figure 5. Simplified models used in this study. Binuclear Ni(ll) atoms
are bridged by ligands L and the other terminal ligands are substituted
by point charges (X). (a) = OH™ (3) and (b) L= N3~ (4). The
geometrical variables are bridging ang® @nd ligand-metal bond
length R). Atoms are colored using the following scheme: Ni, light
blue; N, blue; O, red; H, white; X, violet.

S+20= —2, respectively. For the local spin densities, only the
central spin takes a nonzero val&,= 1,S =0 (i = 2—-9).
The surrounding spinsg, (i = 2—9), are singlet-coupled for
the J; interactions, and the local spin momentums are canceled
out each other. Thus thk interaction is significantly important
for the magnetism of the Blicomplexes.

In the next section, validity of the calculatdd values for
the Nig complexes are discussed by investigating the magne-
tostructural correlations, comparing to other synthesized Ni
complexes.

4.2. Correlation between the Exchange Integral J) and
the Core Geometry. The magnetostructural correlations be-
tween theJ values and the geometrical parameters of the Ni
cores have been reported previously. On the basis of a number
of azido—bridged Ni complexes, Ribas and co-workers reported
that the Ni-N3—Ni angle@ is in the range 102104° and that
they are ferromagnetic couplings from 30 to 40 ¢3¢ The
Ni—N bond lengths are in the range of 22.3 A. Ruiz reported
the 6 dependence of thé value by DFT calculations using

A3, and are shown in Figure 4. These NO’s are assigned to themodel complexe3! Compared to these dinuclear Ni azido

o andé type interactions. The HON©OL and LUNGt1 indicate
the o-interaction between thezltype Ni orbitals through the
bridging ligand L. The HONO and LUNO are characterized as
thed interaction between thead,? type Ni orbitals. Thél values

of 1are 0.0746 and 0.0076 forandd interactions, respectively.

It is noteworthy that thes interactions have larger orbital
overlaps. On the other hand, f2rtheT values are 0.0514 and
0.0123, respectively. The maia interactions of the azido

complexes, the geometrical parameters2oére outside the
range, where the NiN bond length and NiN—Ni angle are
2.3 A and 142, respectively. Thd value dependence of these
geometrical ranges and magnetic interactions has not yet been
studied. In this study, a theoretical investigation of the magnetic
interactions is conducted.

The molecular structures of the simplified mod8&laind 4
are shown in Figure 5a and 5b, respectively. The bond angles

ligands are suppressed. This result is in accord with the drastic are varied from 100to 180 with the bond lengthsR) held

decrease in the antiferromagneficcouplings (s values).

If the J; antiferromagnetic interaction is dominadg (< =
—7.6 cn11),° the ground spin state of Ncomplex becomeS
= 1. At this S = 1 state, spin correlation functions fdt, J»
andJ; interactions aré$;*S.-10= 0, [§1°S+1= 0 and[F.-1*

at 2.0, 2.2 and 2.4 A. Following the AP procedure of eq 3, the
J values are evaluated. The calculatedurves are presented
in Figure 6a,b for3 and 4, respectively. These curves suggest
that the magnetic interactions are significantly affectedfby
and R. As the 0 value increases, botB and 4 increase the
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Figure 6. Calculated] values of simplified models: (& (simplified
model of L= OH") and (b)4 (simplified model of L= N3~) by the
UB3LYP/DZP method as a function of the NO—Ni bridging angle
).

antiferromagnetic interactions. On the other hand, aRteue
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the R value decreased the magnetic interactionsd At 100°
the ferromagnetic interaction is decreased, an#i=at180° the
stronger antiferromagnetic interaction is decreased by half.

For the hydroxyl modeB, J is an antiferromagnetic interac-
tion for the wholef region, except for a small region t=
90° andR = 2.4 A. Magnetic measurements of hydroxyl bridged
Ni complexes were reported to show weak antiferromagnetic
interactions’®® The reported] value for [Ni(u-OH) (u-CHs-
CQO,),L2]Cl04is —4.5 cnTl, whered andR are 115.1 and 2.0
A, respectively?® The calculated value of3 at§ = 116> and
R=2.0Ais—16.12 cntl. For1, the calculateds value was
—29.3 cnt! and the fitted] value to the experimental magnetic
susceptibility curve was-28.5 cnt1,8 which are compared with
the calculated-23.68 cnl of 3at @ = 140° andR = 2.3 A.

For the azido modet, calculated] values are 25.18, 18.78,
14.72, and 11.15 cnt at @ = 100 for R=2.0 A, R=2.2 A,
andR = 2.4 A, respectively. These calculatddvalues are
comparable to the experimental values:= 26.9 cnt?, 0 =
103.8, R = 2.08 A) of [NizMe3[12]N3]2(1-N3)2](ClO4),, (I =
26.8 cnTl, 0 = 104.3, R= 2.13 A) of [Nixeru(u-N23),](ClO4)s,
and 0 = 16.9 cnT?, # = 104.9, R = 2.17 A) of [Nix(232-
N4)2(14-N3)7](Cl104),.28-30 It should be noted that the ferromag-
netic interaction of the azido bridge exists only bel@w 140°.
From the simple moded, the calculated) value for theJs
interaction of2 is J = —11.23 cn! (at 6 = 140.0, R= 2.3
A), where the estimated value by fitting the experimentadT
curve isJ = —9.0 cnTL.? Compared to thesé values, thels
value of the full model is rather small. Ruiz et al. have reported
that effective core potentials tend to underestimate antiferro-
magnetic contributions relative to all electron basis $ets.

Figure 7 shows four NO’s 08 and4. We can see two pairs
of HONO’s and LUNOQO’s. The HON©1 and LUNOG+1 pair
corresponds to a-type interaction between thezarbitals of
the Ni atoms. The HONO and LUNO pair corresponds to a
J-type interaction between thed vz orbitals of the Ni atoms.
These NO’s of3 and 4 are very similar to those of thés
interactions ofl and2 (Figure 4), respectively. The shapes of
HONO-1 and LUNGH+1 are noticeable. The mediating orbitals
of the bridging ligands are p and orbitals of OH and Ny,
respectively, which corresponds to HOMO orbitals of the ligand
fragments. In fact, if the LUN@ 1s are projected to the ligand
flagment orbitals, largest coefficients are seen for the ligand
HOMO's, the coefficients are 0.356 and 0.375 ®rand 4,
respectively ah = 140.0%, R = 2.3 A. On the other hand for
the HONO-1s, major parts are from their inner orbitals, ligand
HOMO-—3's, the coefficients are 0.106 and 0.127 &and4,
respectively. These NO’s clearly show us what is the most
important ligand orbital for each magnetic interaction (Figure
4). It is noted that the LUN@ 1s have similar shapes to ligand
to metal charge transfer orbitals (LMCT). It is also noteworthy
that these HOMG-LUNO pairs are spin delocalization (SD)
orbitals, which can be observed by experiments. For Cu azido
complexes, spin polarizations at azido ligand were observed by
neutron scatterindt The spin polarization densities are very
similar in shape to the NO’s shown in the Figure 4.

The occupation numbers of the NO'’s are related to the orbital
overlap ) as defined in eq 5. Thé dependences of thé
values of3 and4 are shown in Figure 8. ThE values of the)
interactions are almost zero, indicating that the orbital interac-
tions are significantly weak. On the other hand, Thealues of

increases, the antiferromagnetic interactions are suppressed. Fathe o-type interactions are larger, indicating that the main

3, the weak antiferromagnetic interactionfat= 100 is turned

magnetic pathways between the Ni atoms are éhiype

to weak ferromagnetic interactions and stronger antiferromag- interactions. A% decreases from 180the T values gradually

netic interaction at) = 18 is drastically decreased. Fdr

decrease for botB and4. At = 180%° andR = 2.0 A, theT
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Figure 7. Natural orbitals (NO) of the exchange interactions in the

simplified models, (aB and (b)4. These NO'’s are calculated by the
UB3LYP/DZP method at the antiferromagnetic spin states.

values are 0.138 and 0.182 f8rand 4, respectively, and are
0.073 and 0.055 & = 100°. TheseT values at) = 100" are
comparable with those in the full model§,= 0.0746 and
0.0514, respectively. The azido ligan§) bas a highel value
than the hydroxyl one3). Therefore, we can conclude that the
ferromagnetic interaction of the azido ligands can be attributed - . g
to the orthogonality of the spin orbitals, where the maitype 100 120 140 160 180
antiferromagnetic interaction is suppressed at ardurd100
due to the orthogonality. 6C)

It is noted that thé&k parameter is not a significant factor for ~ Figure 8. Spin orbital overlap T) dependences as a function of the
T values. bridging angle §) in the simplified models: (a) = OH™ and (b) L

4.3. Relationship between the Effective Exchange Integral = N3~. TheseT values are calculated by the UB3LYP/DZP method at

- - . the antiferromagnetic spin states.

(J) and Spin Orbital Overlap Integral ( T). The results of the
model systems3 and4 show the strong correlations between i, the solid-state physics to describe the magnetic phases. The
the effective exchange |nf[egrdl\(alue) an_d the or_b|tal overlap  Hupbbard Hamiltonian is expressed as
(T value): as theTl value increases, the interaction strengthen
the antiferromagnetic coupling. This correlation is commonly . 1 . .
observed for other correlated spin systems. This rule can be H=— z z Ga 8, = Z Udo@adipins  (7)
explained in terms of the Hubbard model, which is widely used N 2
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TABLE 3: Calculated Effective on-Site Columbic Integral U
in the Dinuclear Ni Models, 3 and 4

UleV
model R=2.0 R=2.2 R=24
3 5.78 5.52 5.23
4 4.43 4.20 3.54

J. Phys. Chem. A, Vol. 112, No. 17, 2008027

OH~ and L= N37) have almost the samk andJ, values, and
the J; values are differentls is the superexchange interaction
through the bridging ligands L. It is concluded that the magnetic
properties of the Nicomplexes are changed by thginterac-
tion. NO'’s for theJs interaction pathway clearly showed that
the main interaction ig-type and is composed ofzdorbitals

at the Ni centers and p and orbitals of the bridging ligand

wheret andU are a transfer integral and an on-site coulomb OH™ and Ny, respectively.

integrals. The subscript j, andk indicate Ni spin sites. The

Using simplified models, the structure dependences of the

Hubbard Hamiltonian can be converted to the Heisenberg modelmagnetic interactions of the Otand N5~ were examined. The

such as eq 1 at the strong correlation liniftJ << 1. According

J values calculated from these simplified models were quali-

to the Kahn's scheme, the effective exchange interaction cantatively reproduced not only for the results of the inorganic

be decomposed as a sum of ferromagneli énd antiferro-
magnetic Jar) contributions?? Using the Hubbard model of a
simple two electrons two sites model, thg contribution can
be expressed as follows,

I= 3+,
=+ 5 (1 - V1+47)
u
%JT:O—ET (8)

whereJr—o is aJ value atT = 0 (for details, see Supporting
Information). Thet value is given by

U

As can be seen from eq 8, thevalue is linearly dependent on
the J value, because thd value is approximately constant for

complexes but also for the Neomplexes. Thd values strongly
depended on the geometrical parameters:=-IN+Ni angle 6

and Ni~L bond length. A¥) decreases from 18Qo 100, the
magnetic interactions reduced the antiferromagnetic couplings
for both ligands. The NiL bond length reduced the magnitude
of the magnetic interactions. It was observed thatXialues

and the orbital overlapT] values correlate with each other.
Using the Hubbard model, the relationship betweerdthalues
andT values is clarified. The results of simplified models clearly
show that the major difference of the magnetic properties
between the OHand N~ ligands is attributed for the orbital
overlap interactionT value). Thus, the ferromagnetic couplings
of the azido ligand seen in dinuclear Ni inorganic complexes
are attributed to the orthogonality of the spin orbitals. For the
azido ligand, the ferromagnetic interaction can exist in the case
of @ < 113 atR= 2.3 A. From the structural parameterstbf

= 142 andR= 2.3 A of 2, a weak antiferromagnetic interaction

is appropriate foR. The weak antiferromagnetic interaction of
the azido ligand o® is attributed to the unusually large bond

homo multinuclear metal centers. This Hubbard model has more @ngle, which are constrained by the four (248@,%" ligands.
parameters than the Heisenberg model, a careful treatment for

the parameters such asJr—p and U, is mandatory for the
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= 230
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Supporting Information Available: Tables of] values for
1 and2 (Table S1); chemical indices for the magnetic interac-
tions of1 and2 (Table S2 and S3); bridging angledependence
of theJ andT values for3 and4 (Table S4 and S5); figures of
the correlation between thkvalues andr values for3 and4

under the assumption that the magnetic interaction is occurred(Figure S1); Table of the fitting parameters of the correlation

through one ¢-type) interaction. The eq 10 well reproduced
the correlations between thkand T values of3 and 4 (see
Supporting Information). From the slope of the lines, the
effectiveU value of the Ni centers can be determinedJas
5.23 eV andJ = 3.54 eV atR = 2.4 A for 3 and4, respectively.
CalculatedU values are summarized in Table 3. These ldjge

values indicate the characteristic feature of the strong correlation

of the Ni centers. As thR value increase, the value decreases
gradually for the change of the geometrical core structures.

5. Conclusions

The magnetic interactiond values, and the overlap integrals,
T values, of the Nj complexes have been investigated using

density functional theory calculations. Using apomodels, each

lines (Table S6); detailed explanations for the “notation of the
chemical indices” and the “derivation of the Hubbard model
representation”. This material is available free of charge via
the Internet at http://pubs.acs.org.
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