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THEORETICAL STUDIES ON MAGNETIC INTERACTIONS IN PRUSSIAN 
BLUE ANALOGS AND ACTIVE CONTROLS OF SPIN STATES BY EXTERNAL 
FIELDS. 

MASAMICHI NISHIN0:’SHIGEHIRO KUBO,’) YASUNORI YOSHIOKAb’ 
AKIRA NAKAMURA‘), AND IUZASHI YAMAGUCHI” 
a) Department of Chemistry, Graduate School of Science, Osaka University, 
Toyonaka, Osaka 560, Japan 
b) Takasago Laboratories, Kaneka Corporation, Miyamaemachi, Takasago-cho, 
Takasago, Hyogo 676. 
c) Department of Macromolecular Science, Graduate School of Science, Osaka 
University, Toyonaka, Osaka 560, Japan 

Abstract The symmetry rules for the d-orbital interactions are considered for simple 
prediction of the sign of effective exchange integrals between transition metal ions 
in Prussian blue analogs. Ab initio UHF and DFT calculations were carried out for 
binuclear transition-metal cyanides in order to elucidate variations of the through-bond 
exchange integrals with combinations of transition metal ions having different d- 
electron configurations. It was shown that the sign of effective exchange integrals 
predicted from the symmetry rules and the ab initio calculations are consistent with 
the experiments but their magnitudes calculated for tetracentric systems MCNM’ 
(M=Cr(III), M=V(II), MnO, etc.) by the use of triple zeta basis sets are larger 
than the observed values for Prussian blue analogs. The calculated results clearly 
indicated that the direct exchange interactions between M and M are negligible, 
whereas the through-bond superexchange and spin polarization interactions are crucial 
for the high-T, ferri (or ferro) magnetism in Prussian blue analogs. The modifications 
of electronic states in antiferromagnetic or paramagnetic precursors are also discussed 
in relation to our previous theoretical proposals for molecular spinics and recent 
experiments to obtain the switching type molecular magnets controlled by 
photochemical, electrochemical and other techniques. 

INTRODUCTION 

Theoretical studies on transition-metal complexes, clusters and solids have received 
continuous interest in relation to molecular design of functional materials. Over ten 
years ago, we attempted first principle calculations of the effective exchange integrals 
between transition metal ions via oxygen dianion. The antiferromagnetic exchange 
couplings for these species were well reproduced in our approximate spin projection 
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110 M. NlSHINO el al. 

procedure for the unrestricted Hartree-Fock (UHF) solution in combination with the 
Heisenberg model.' It was found that the magnitude of the effective exchange integral 
(Jab for the copper oxide unit, Cu(II)-O-Cu(II), is abnormally large as compared with 
other transition metal oxides.' However, it was impossible to imagine that such a large 
IJ,I value may be closely related to the high-T, superconductivity of copper oxides.2 
Therefore, after the discovery of the high-T, superconductivity in the hole-doped states 
of these species, we immediately carried out ab initio UHF calculations of several 
tricentric transition metal systems with and without holes? From these calculations, 
a spin-fluctuation mechanism was proposed for the high-T, superconductivity , and the 
T, itself was also estimated from the calculated J,  value^.^ We have also discussed 
possible electronic states generated from hole or electron doping into magnetic materials! 
In the recent symposium 'J on the molecular magnetism, one of the authors (K. Y) 
emphasized that a next target in this field is an active control of magnetic states by 
thermal or photon modes such as the inter- and intra-molecular charge-transfer (CT) 
excitations. 

Past decade, many experiments have demonstrated that molecule-based magnets 
exhibit several spin-related phenomena such as spin alignment, spin gap, spin crossover, 
spin frustration and spin dynamics, some of which are now current topics in relation to 
new physics in the mesoscopic systems. Active controls of these spin properties by 
chemical and physical techniques have been investigated extensively, I 3  and a new 
filed, molecular "spinics" (spin+ics), is now developing rapidly. For example, from 
the viewpoint of the molecular spinics, Prussian blue type magnetic materials, 
A&',[M(CN) Jl (H20), investigated by Girolami'c'6 , Verdagueri7-I9 and 
groups are particularly interesting because of several reasons: high transition temperature 

(T,), varieties of transition metal combinations (M, M), tunable magnetism, etc. Very 
recently, Hashimoto and Fujishima groupu-24 indeed reported the discovery of tunable 
magnetic phase transition of chromium cyanide thin film controlled by the 
electrochemical method. Their group also found the photo-induced magnetic phase 
transitions in h s s i a n  blue analogs. Thus active controls of electronic and magnetic 
properties of Prussian blue analogs are now current topics.'624 

for the 
d-orbital interactions are considered for simple prediction of the sign of the effective 
exchange integrals between transition metal ions in the octahedral ligand field since 
Prussian blue have the face-centered-cubic lattices. The ab initio UHF and 
DFT calculations of bicentric systems, MM', tetracentric systems, MCNM', and 
octacentric systems, NCMCNM'NC (M=Cr(III), M'=Cr(IlI), Cr(II), Ni(I1) and Mn(I1) 

Here, as a continuation of previous work,"I2 the symmetry 
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THEORETICAL STUDIES O N  MAGNETIC INTERACTIONS I l l  

), are performed in order to elucidate the sign and magnitude of J, values of these 
systems. '37,28 These calculated results are analyzed to obtain theoretical explanations 
of the possible mechanisms of the direct exchange interaction between M and M', and 
their indirect interaction via the cyan0 group. Implications of the calculated results 
are discussed in relation to possible modifications of antiferro- or para-magnets into 
ferro- or ferri-magnetic systems by electron or hole doping and CT excitations."" 

ORBITAL SYMMETRY RULES FOR MCNM' SYSTEMS 

(A) Direct Exchange Interactions 
First, let us consider the symmetry rules for the d-d orbital interactions to elucidate the 
direct interactions between transition metal ions. TO this end, Table I summarizes the 
electronic configurations of transition metal ions and possible spin states in the octahedral 
ligand field. Figure 1 illustrates the direct and indirect orbital interactions between the 
d-orbitals. The contributions of the CN group are neglected in the direct interaction. 
Since there are several open-shell orbitals on each site, the effective exchange integral 
between transition metal ions is given by the sum of all the effective orbital exchange 
integrals as 

where m and n denote, respectively, the numbers of the open-shell orbitals on the 
transition-metal ions M and M.  According to the orbital symmetry rules for the d-d 
direct interactions, the nonzero orbital-overlap (00) integral between the G~ (or eg) 

orbitals should provide the antiferromagnetic kinetic exchange (KE) interaction; Jlj( KE) 
<O. While the zero-overlap integral between the orthogonal f2g and eg orbitals gives 
rise to the ferromagnetic exchange interaction via the Coulombic potential; J, (PE)>O. 
However, judging from the previous computational results, 27 these direct exchange 
interactions might be negligibly small because of the long M-M' distances in Prussian 
blue analogs. 

JMM. = $ i J ,  (1) 
i=l '=I 

(B) Superexchange interactions. 
Next, the indirect (through-bond) interactions between transition metal ions via ligands 
X-Y were e~amined.2~ Figure 1 illustrates possible superexchange (SE) paths via 
the molecular orbitals (MO) of the coupler groups X-Y, where X-Y= C-C2-, CN'., 
N=N, NO'' etc. These isoelectronic ligands have the following MOs: X-lone pair, 
X-Y o-bond, Y-lone pair, two n-orbitals and two x*-orbitals. Therefore there 
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I12 M. NlSHlNO et al. 

TABLE I Electronic configurations and possible spin states of transition metal ions 
No. Configurations Spin States * Examples 
1 (f2,)' (S=l/2) Ti3+. V4, C?+, Mn& 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

(HS, S=U2), (LS, S=O), 
(HS, S=3/2), (LS, S=1/2) 

(IS, S = 2 n ) ,  (LS, S=O) 
(HS, S=4/2) 
(LS, S=1/2) 

(IS, S=3/2) 
(HS, S=5/2) 

(LS. S=O) 
(IS, S=U2) 
(HS, S d 2 )  
(LS, S=1/2) 
(HS, S=3/2) 
(HS, S=U2), (LS, S=O) 

Ti", Vk, Cr&, Mn5+ 
V2+, C?, Mn& 
V1+, Crz', Mn3+, Fe" 

Mn2+, Fe3+, Co4+ 

,I 

Fe2+, Co3+, Nib 

Co", Ni3' 

Ni'+, Cu3+ 
15 <t2J"eJ3 (S=l/2) Nil+, Cuz+ 
*HS: High-spin state, IS: Intermediate spin state and LS: Low-spin state. 

M XY M' 
(B) <e,(M)le,(M')>=S,,. Zo 

a* 

M XY M' XY= CS",  C a l - ,  N=N, N=O'+, etc 
(C) <Gg(M)le,(M')>=S, =O 

FIGURE 1 Possible direct and super*xchange interaction paths for the MXl" system. 
A and B denote, respectively, the antiferromagnetic exchange interactions 
between f2* orbitals and between e, orbitals. On the other hand, C denotes 
the ferromagnetic interaction between t2, and eg orbitals. 
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THEORETICAL STUDIES ON MAGNETIC INTERACTIONS I I3 

are three different through-bond interactions: one is the through o-bond interaction, 
through x-  and through orthogonal x-orbital interactions. Figure 2 illustrates the 
superexchange interactions through these orbitals. The CT from the occupied x-MO 
of X-Y to the d-orbital of M generates the unpaired electron in the x-MO, which 
interacts with the unpaired d-electron of M .  If the orbital overlap between the open-shell 
x- and d-orbitals is not zero, this orbital-overlap (00) term leads to the nonzero 
stabilization of the singlet state, namely J,, (SE) c0. On the other hand, if these 
radical orbitals are orthogonal, the potential exchange term becomes predominant in 
the CT configuration, leading to the ferromagnetic superexchange interaction; J,, (SE)>O. 
Therefore, the net results arising from the superexchange (SE) interactions are quite 
similar to those of the direct exchange interactions. 

The possible spin alignments are easily predicted from the following assumptions. 
Rulel: The antiparallel spin alignment is expected if one of the possible orbital 

superexchange integrals J ,  is negative (antiferromagnetic), though several orbital 
ferromagnetic terms are operative in Equation (1). 

Rule2: The parallel spin alignment is expected if all of the possible orbital superexchange 
integrals are positive (ferromagnetic) in Equation (1). 

Table II summarizes possible spin alignments derived from these spin alignment rules 
based on the orbital interaction schemes in Figure 2. 

From Table II, the antiferromagnetism is expected for the transition metal pair 
with zero net spin moment. On the other hand, the femmagnetisrn is 

a* 

dM- + dM* \ &change interaction CT 
b (A) (i) < b 14. > # 0 J,,(SE) < 0 

(ii) < b I d,.> = 0 J,,.(SE) > 0 

,a* exchange interaction 
dM- cTf \+ d,, 

* 
b (B) (i) c a *I d,.> # 0 J,,(SE) < 0 

(ii) -c a* I d,.> = 0 J,(SE) > 0 

FIGURE 2 The superexchange interaction schemes via the CT configurations (A) 
b-path and (B) a*-path. The sign of the superexchange integrals is 
determined by the orbital overlap integral between the singly occupied 
orbitals. 
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114 M. NlSHlNO rf ul. 

1 
2(HS) 
3 ( W  
3(LS) 

5 
6 
7 
8 
10 
11 
12 
13 

14(HS) 
15 
X 

a) X=2(LS), 

TABLE 11 Spin alignment rules based on the superexchange mechanism. 

1 2(HS)3(HS)3(LS) 5 6 7 8 10 11 12 1314(HS)15 X' 
AF FI FI AF F I A F F I  FI FI FI F FI F F P 

A F F I F I F I F I F I F I A F F I F F I F F P  
AF FI FI FI AF FI FI FI F FI F F P 

AF FI AF FI FI FI FI F FI F F P 
A F F I F I F I F I A F F I F I F I F I P  

AF FI FI FI FI F FI F F P 
A F F I  Fl FI FI FI FI FI P 

A F F I F I F I F I F I F I P  
AF FI FI FI AF FI P 

AF FI FI FI FI P 
A F F I F I A F P  

A F F I F I P  
AF FI P 

A F P  
D 

4(LS), 9,14(LS), b) AF=antiferromagnetic, FI=ferrimagnetic, 

predicted for the antiparallel spins with different sizes. Therefore there are many 
combinations of transition metal ions, which in principle provide the ferrimagnetism. 
On the other hand, there are several ferromagnetic pairs such as Cr(II1)-Ni(I1) and 
Cr(III)-Cu(II) as shown in Table 11 since their magnetic orbitals are orthogonal. 

(C) The Double Exchange and Spin Polarization Effects 
The double exchange mechanism may become important if the occupied d-orbital level 
becomes close to that of the partner ion. The potential exchange interaction within the 
metal ion favors the high spin state as illustrated in Figure 3. Therefore, many 
femmagnetic states are converted into the ferromagnetic states if the double exchange 
m e c h a n i ~ m ~ ~ * ~  is more significant than the superexchange mechanism. 

Both the 0- and x-type spin polarization mechanisms are also conceivable in the 
M-X-Y-M' systems. The spin alternation on the Ic-electron system leads to the 
antiferromagnetic spin alignment as illustrated in Figure 4A. Similarly the spin 
polarization via the o-elecuon also gives rise to the antiparallel spin alignment as 
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THEORETICAL STUDIES ON MAGNETIC INTERACTIONS I I5 

: stabilization 

- - 
: destabilization 

Low-spin (LS) Low-spin (LS) 

FIGURE 3 Stabilization of the high-spin (HS) state and destabilization of the low-spin 
(LS) state by the double exchange mechanism. 

t r t l  

51 -path 0 -path 

t t 
(C) M-C-N-MI 

FIGURE 4 Schematic illustrations of the spin polarization (SP) effects. A, B and C 
denote, respectively, the n- and o-type SP paths, and the spin structure. 

illustrated in Figure 4B. From Figure 4C, the negative spin density should appear on 
the carbon atom as confirmed by the later ab initio calculations. 

ELECTRONIC STRUCTURES AND SPIN STATES OF PRUSSIAN BLUE 
ANALOGS 
(A) Qualitative Theoretical Explanations of Magnetic Interactions 
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116 M. NlSHlNO et ul. 

Recently there are many experimental reports for Prussian blue  analog^.'^'' Table I11 
summarizes the combinations of transition metal ions reported in these papers. The 
electronic configurations of the component transition metal ions are also summarized 
in Table III. According to the spin alignment rules in Table II, the plausible magnetic 
orderings can be easily predicted. For example, the effective exchange interaction 
between Cr(1II) and V(II) ( or V(III)) should be antiferromagnetic. On the other hand, 
the interaction between Cr(III) and Ni(I1) (or Cu(II)) is predicted to be ferromagnetic 
because of the orthogonality between the t4 and e,-orbitals. The theoretical results are 
wholly compatible with the experimental results available’424 as shown in Table ILI. 

(B) Ab initio Calculations 
The molecular orbital (MO) calculations were carried out to confirm the preceding 
qualitative results. Figure 5A shows the orbital interaction diagram in the M-M’ 
systems at the Extended Huckel MO level. The symmetric (S ) and antisymmetric (A) 

TABLE 111 The d-electron configurations of transition metal ions (M, M’) and the 
magnetic couplings between M and M’. 

System M M Magnetic Couplings Exp.*** 
Ferri Ferri17. 22 1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 

Cr( III) : (t 2g)3( S=3/2) 
Cr( III): (t2J3(S=3/2) 
Cr( III): ( t2,y(S=3/2) 
Cr(III): (t2J3 (S=3/2) 
Cr(II1): (t2J3 (S=3/2) 
Mn(II): ( Q3 (e,)’( S=5/2) 
Mn(II): ($J3(e,J2(S=5/2) 
Mn(II): (t$’(e.J2(S=5/2) 
Mn(II): (~,)~(e,)~(S=5/2) 
Mn(I1): ($J3(eg)*(S=5/2) 
Mn(1KI): (6,)‘ (S=2/2) 
Fe(III): (t,J5(S=1/2) 

Fe( III): (tJ (S= 1/2) 
Fe(1II): (t,J5 (S=5/2) 

cr(n): (t2,)3(ig)i(~=4/2) 
Cr(lII): (t2J3 (S=3/2) 
V(LI): ( J 3  (S=3/2) 

Ni(II): (t2J6 (eJ2 (S=22) 
Mn(II): (6,)’ (S=l/2) 

Mn(IV): (Q3 (S=3/2) 
V(II): (t.$ (S=3/2) 
Cr(III): (t2,)’ (S=3/2) 
Ni(II): (t2J6(eJ2(S=2/2) 
Co(II): (t2,)’ (e,)’(S=3/2) 

V(III): (tJ (S=2/2) 

Wm): (Q4 ( S = W  

Ni(II) : (t ze)6 (e,)2 (S=2/2) 

Antiferro 
Antiferro 
Ferri 
Ferro 
Ferri 
Ferri 
Ferri 
Ferri 
Ferri 
Ferro 
Ferri* 
Ferro** 
Ferro 
Ferri 

Antiferro”* 22 

h t i ferro ’* 
Feml* 

F e d 4  
FerriI4 
Ferri” 
Ferri” 
F e d 6  
Ferro16 

Ferro” 
Ferro” 
Ferri2’ 

F ~ I T O I ~  

-* 

*: superexchange mechanism; **: double exchange mechanism; *** references 
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THEORETICAL STUDIES ON MAGNETIC INTERACTIONS I17 

molecular orbitals ($s, $,J are formed from the symmetry requirement. However, 
because of the near degeneracy between the S and A MOs. the magnetic orbitals based 
on the UHF and DFT approximations's '' are given by 

$a (up spin) = cos 6 $s + sin6 $A (2a) 
(downspin) =case $s - sine$, . (2b) 

From Figure 5A, the magnetic orbitals are symmetry-broken and are essentially localized 
on the left and right transition metal ions, respectively, if the interatomic distance 
exceeds a certain limit. 

The above localized magnetic orbitals interact with the bonding (b) o or x- and 
antibonding (a*) Q*- or x* -MOs of the coupler group as illustrated in Figure 5B. The 
mixing ratio between the d- and x(  or IF) MOs is dependent on their energy gaps and 
magnitude of the interaction matrix elements (see below). The magnetic orbitals for 
the up- and down-spins via the superexchange mechanisms are generally given by 

\y, (up spin) = N, { $a + C, + C,X* } (3a) 
ykl. (down spin) = N,. {h + C, x + C, x* } (3b) 

where N, and N,. are the normalizing factors, and C,-C, denote the orbital mixing 

FIGURE 5 The orbital interactions between d- and II: (or +) MOs. A and B denote, 
respectively, the direct and indirect orbital interactions between transition- 
metal ions. 
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118 M. NlSHlNO ct ul. 

coefficients determined by the UHF and DFT calculations.” 
As an example, Figures 6A and B show the magnetic t,, orbitals calculated for the 

M-CN-M systems (M=Cr(III), V(II), M=Cr(III), V(II), Mn(II)) by the UHF and D f l  
methods. The following triple-zeta (TZ) basis sets were used: the Tatewaki-Hujinaga 
MIDI” plus Hay’s diffuse d-basis sets: (533(2 1)/53(21)/411 for transition metal ions 
and 6-3 1G plus diffuse spand d-polarization orbitals for C and N . Figure 6C shows 
the magnetic $g orbitals of Cr(III) and magnetic e, orbitals of Ni(I1) in the Cr(II1)- 
CN-Ni(II) system obtained by the LJHFnZ calculation. For comparative purpose, the 
e, orbitals of Mn(I1) obtained for Cr(II)-CN-Mn(I1) by both the UHF and DFTRZ 
methods are also shown in Figure 6D. 
From Figure 6, the following conclusions are drawn: 
(1) The magnetic t,, orbitals of Cr(III) and Mn(I1) by the ab initio UHF method are 

essentially localized on each atomic site, whereas that of V(II) is significantly 
delocalized over the CN group. 

(2) The .magnetic 6, orbital of Cr(JII) by the DFT (B2LYP) method is a little delocalized 
over the CN group, but that of Mn(II) is significantly delocalized over the CN 
group in the case of V(II)-CN-Mn(II). The magnetic t,, orbitals of Mn(I1) and 
V(I1) are delocalized even over the Cr(III) ion in the cases of Cr(II1)-CN-Mn(I1) 
and Cr( 111) -CN-V( 11). 

while the eg orbital of Ni(II) interacts with the o* MO of CN, showing the significant 
delocalization in the Cr(II1)-CN-Ni(II) system. The orthogonality between these 
Gg and eg orbitals is clear as required for the ferromagnetic interaction. 

(4) The e, orbital of Mn(II) obtained for the Cr(IIl)-CN-Mn(II) system by DFT is 
delocalized over the partner Cr(rrr) ion, showing an important contribution of the 
double exchange interaction. On the other hand, such an interaction becomes 
weak under the UHF approximation. 

(3) The magnetic Gg orbitals of Cr(III) are essentially localized on the atomic site, 

From these conclusions, the orbital interaction schemes are different between UHF and 
DFT in several cases. The D f l  method is biased to provide delocalized d-orbitals; 
namely the covalent bonding character is remarkable. 

(C) Calculations of J, values by ab initio UHF and DFT 
Although the magnetic orbitals are more or less delocalized over the CN group, they 
are largely symmetry-broken at the magnetic centers. Therefore, the Heisenberg 
model is formally used to describe the energy gaps between the high-spin (HS) and 
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120 M. NlSHlNO ef ul. 

FIGURE 6 The hr orbitals for the up- and down-spins in the M-CN-M' systems by the 
UHF (A) and DFT(B) calculations. The orthogonal t,, and eg orbitals for the Cr(II1)- 
CN-Ni(II) system are shown in C, whereas the eg orbitals for Mn(I1) of the Cr(IIT)-CN- 
Mn(E) by the UHF and DFT methods are given in D. 
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THEORETICAL STUDIES ON MAGNETIC INTERACTIONS 121 

low-spin (LS) states. The effective exchange integrals (J,) were easily calculated by 
the combination of the UHF or DFT method with the Heisenberg model (HB)IV2' as 

where andYcSZ>, denote, respectively, the total energy and total angular momentum 
for the spin state Y by the method X. 

Table IV summaizes the Jm values calculated for MM', MCNM' and NCMCNM"C 
by the AP-UHF and AP-DFT methods. The geometries for these model systems were 
taken from the experiments. ICz4 From Table IV, the following conclusions were 
obtained: 
(1) The direct exchange interactions between the transition metal ions are almost zero 

because their interatomic distances are over 5 A in the Prussian blue analogs. 
(2) The signs of the Jw values calculated for MCNM' by the APUHF method are 

consistent with those predicted from the symmetry rules, and the experiments 
a~a i l ab1e . I~~~  This indicates that the through-bond exchange interaction plays a 
crucial role in Prussian blue analogs. 

TABLE IV The effective exchange integrals between the transition metal ions 
(M, M )  in Prussian blue analogs. 

Cr(IwfNJJ) 
C a W ( I I )  
Cr(III)NI(II) 
V(JJ)Mn@) 
Cr(III)CNCr(III) 
Cr(lII)CNMn(II) 
Cr(III)CNV(II) 
Cr(lII)CNNi(II) 
Cr(III)CNV(III) 
V(JJ)CNMn(rn 
NCCr(III)CNMn(II)NC 
NCCr(III)CNNi(lI)NC 

O.OO0 
O.OO0 
0.001 
0.01 1 

-232.7 
-25.4 
-143.9 
63.7 

-173.0 
-1 1.5 
-48.2 
40.2 

-0.002 

24.5 
-104.8 
49.9 
-35.0 
-1 1.4 

4 
8.5 
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(3) The magnitudes of the JMw values calculated for MCNM' are much larger than the 
experimental values determined for the real Prussian blue analogs. The situation is 
similar even for the NCMCNMNC systems. 

(4) The J,. value for the Cr(III)-CN-Mn(m by the DFT method becomes positive in 
sign because of the double exchange mechanism. This is consistent with the eB 
orbital delocalization of Mn(II) in Figure 6D. 

From these conclusions, it is clear that the ab initio calculations predict reasonable 
tendencies in the exchange interactions between M and M but the magnitude of the 
calculated J,. values are sensitive to environmental effects such as the number of CN 
group. Therefore ab initio calculations of more larger clusters are necessary for further 
discussions. 
(D) Calculations of the Spin Densities 

The ab initio UHF and DFT calculations clearly indicated that the negative spin 
densities appear on the carbon atom. This indicates that the spin polarization (SP) 
effect plays an important role for the through-bond interaction between the transition- 
metal ions. Table V summarizes the atomic spin densities calculated for the MCNM' 
and NCMCNM'NC systems by the DFT method. The spin density on the Cr(II1) atom 
in the model systems becomes larger than 3.0, whereas the spin density on the carbon 
atom becomes smaller than -0.2. Apparently, the SP mechanism acts effectively on 

TABLE V The atomic spin densities calculated for the M-C-N-M' systems by the 
DFT (U-B2LYF')/TZ method. 

System 2s+1 M C N M' 
Cr(III)-CN-Cr(III) 1 3.25 -0.52 0.46 -3.19 
Cr(III)-CN-Mn(II) 3 3.35 -0.61 0.26 -5.00 

9 3.42 -0.44 0.09 4.93 
Cr(III)-CN-V(II) 1 3.3 1 -0.66 0.28 -2.93 

7 3.37 -0.49 0.15 2.97 
Cr(III)-CN-Ni(II) 2 3.34 -0.54 0.19 - 1.99 

6 3.36 -0.56 0.25 1.95 
Cr(III)-CN-V(ITI) 2 3.25 -0.45 0.28 -2.08 

6 3.24 -0.40 0.06 2.10 
V(II)-CN-Mn(II) 3 2.99 -0.22 0.22 -4.99 

9 2.99 -0.07 0.09 4.99 
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THEORETICAL STUDIES O N  MAGNETIC INTERACTIONS 123 

the MCNM' network, giving rise to the antiferromagnetic contribution; M(T)-C(I)- 
N(T)-M(.l) as illustrated in Figure 4C. The decomposition of atomic spin density into 
the 6- and x- contributions indicates that the SP effect via the x-network is more 
significant than the o-contribution. Probably, this is a characteristic of the d-x- 
conjugated systems. 

ACTIVE CONTROLS OF MAGNETISM BY EXTERNAL. VARIABLES 

(A) Hubbard Models for Prussian Blue Analogs 
The computational results in Figure 6 show that the orbital interactions are sensitive to 
the computational procedures. It is noteworthy that the ab initio UHF method is biased 
to the localized description, whereas the DFT method favors the delocalized description. 
Apparently more refined methods are necessary for the first principle calculations of 
the d-p covalent bondings. This in turn indicates the semiempirical models are still 
useful for molecular design of Prussian blue analogs having desired properties. Here, 
Hubbard models,, are considered in order to clarify the key factors controlling the 
electronic structwes of Prussian blue analogs. Generally speaking, electronic, magnetic, 
optical and other properties of these species are governed by three important microscopic 
variables: (1) transfer integral (T), (2) electron-phonon (lattice) interaction (W) and 
electron-electron interaction (U).' T describes the itinerant character of electron or 
hole. Figure 7 illustrates three T-parameters for MCNM' : T, denotes the transfer 
integral between M and C, and T, denotes that between N and M'. The transfer 
integral T, between C and N is considered to be constant but the electron phonon 
(lattice) coupling W via the CN group is considered to be an important parameter The 
on-site repulsion term U is explicitly considered for the transition metal ions: U, and 

Uw The orbital energies EM(,., and the repulsion terms U,,,., are given in previous 
papers. 33 Therefore, any property (P) of Prussian blue analogs can be described by 
these variables: P = functions (T, W, U,) and the extended Peirles Hubbard Hamiltonian 
involving these parameters should have a general applicability to theoretical treatments 
of the species. However, several characteristic cases are approximately described by 
depicting the orbital energy diagrams as shown in Figure 8. 
(a) Localized limit ; The d-orbital levels are far different from the x- and x* MO 

levels. The d-electrons are essentially localized on the transition metal ions 
because of the small d-x(x*) mixing. The perturbation theory can be applicable 
to the estimation of the contribution of the superexchange interaction in Figure 5,  
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I24 M. NISHINO el ul 

FIGURE 7 The parameters in the Hubbard model for the M-CN-M' system. The 
notations T, U and E are given in the text. 

\- 
resonance 

FIGURE 8 The orbital interaction diagrams responsible for the d-orbital resonances 
on the basis of the Hubbard models. A and B denote, respectively, the double resonance 
and triple resonance cases. 

and the d-x(x;*) mixing coefficients are approximately given by 

For example, the d-n mixing in the Cr(III)-CN-Mn(II) system is very small under 
the UHF approximation as shown in Figure 6A. This corresponds to a localized limt 
described by Equation (5).  
(b) Half-delocalized case; One of the d-orbital levels is close to that of the x; (or x*) . 
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THEORETICAL STUDIES O N  MAGNETIC INTERACTIONS 125 

Therefore the half and half mixing occurs between these two levels. For example, 
\yh(= NM {$a + (It*) I Or \y, = Nw ($b + n (z*> 1 (6a) 
where E, = E~..) or E, = G ( ~ )  (6b) 

The t,, orbitals for V(II) in the Cr(II1)-CN-V(II) and V(II)-CN-Mn(II) systems by 
the UHF method are delocalized over the CN group, showing the strong d-n interaction 
(see Figure 6A). 
(c) Delocalized cases; There are two delocalized limits. One is the resonance state of 

the degenerate d-orbitals; one electron transfer (ET) is therefore feasible between 
them. One ET is responsible for the double exchange mechanism in Figure 3 

\VM(M') = 4.S Or @A (7) 
The other is the resonance state of the three orbitals; d-n(n*)-d; 

\ymM)= 'M(M){+a + ' (It*) + % 1' (8) 
For example, the DFT 'ze orbitals for V(I1) in the Cr(1II)-CN-V(II) system and for 
Mn(II) in the Cr(III)-CN-Mn(II) system delocalize over the Cr(III) ion because of the 
near degeneracy though such delocalizations do not occur under the UHF approximation. 
This indicates that the d-orbital level is different between the UHF and DFT methods. 
The Hubbard models based on the above classification will be used for future 
semiempirical explanation of the experiments.'c24 

(B) Active Controls of Spin states of Prussian Blue Analogs 
Previously 6-12*n*28, we have emphasized that active controls of spin states by 

external fields are important for potential applications of molecule-based materials to 
advanced technologies. Concerning with these applications, there are several reasons 
why Prussian blue analogs are so interesting:'"% 
(1) The effective exchange interactions between M and M via CN anion are strong. 
(2) The solids are easily prepared from cyanometallate building blocks. 
(3) The oxidation or reduction states of transition metal ions are often sensitive to 

external variables (concentration of alkali metals, electron donors, external 
electronic field, photoexcitation, etc). 

(4) Controls of spin properties with the above variables are feasible in appropriate 
experimental conditions. 
In fact, Girolami and Verdaguer groups have discussed that switchings of 

electronic, magnetic and optical properties by the external fields are key issues for 
Prussian blue analogs'421. Hashimoto and Fujishima groupz2.% have first demonstrated 
the tunable molecular magnetisms in these systems. 
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(C) Theoretical Possibilitics of Molecular Spinics in Prussian Blue Analogs 
There are many theoretical possibilities to modify the electronic and spin states 

of Prussian blue analogs. From Tables II-V and Figures 1-7, the following modification 
procedures are conceivable. 
(1) d-level controls: The through-bond exchange interactions between transition-metal 

ions are sensitive to the d-orbital energy levels which are controllable with 
selecting alkali metal cations and other donor cations (see Figure 8). The 
transition temperatures should be raised by these substitutions. 

(2) doping (oxidation or reduction): The electron or hole doping (reduction or oxidation) 
into transition-metal ions or linkage groups by several techniques may induce the 
magnetic phase transitions: for example, antiferromagnetis state t) ferri- or ferro- 
magnetic state. 

(3) CT excitation: The charge transfer excitations between transition-metal ions 
induced by thermal and photochemical techniques may induce the magnetic phase 
transitions: for example, antiferromagnetic (or diamagnetic) state c) ferri- or 
ferromagnetic state. 

(4) substitutions of transition-metal ions: The partial substitutions of transition metal 
ions for other transition-metal ions may induce variations of the magnetic states 
in Prussian blue analogs. 

( 5 )  substitutions of linkage groups: The partial substitutions of cyano groups with 
other linkage groups may induce variations of the magnetic states in Prussian blue 
analogs (see Figure 1). 

Figure 9 illustrates possible magnetic phase transitions induced by the above 
techniques. Probably many experimental efforts for active controls of the magnetic 
states in Prussian blue.analogs will appear in the next few years. 

oxidation 
reduction (A) W-X-Y-M’w IL 

(antiferromagnetic state) 
thermal CT 

(B) MP+-X-Y-MW - 
(dia- or antiferro-magnetic state) 

substitution 

of metal 
(C) M”+-X-Y-M* ,pb M”+-X-Y -( M )  I .xq+( M ” ) ,“ 

MP-X-Y-(M),.P+ (M’)x(@l’+ 

(fem-or ferro- magnetic state ) 

M(P+lh-X-Y-h,f”Pll+ 

(ferri- or ferromagnetic state) 

FIGURE 9 Active controls of the magnetic states in Prussian blue analogs by the 
doping (A), thermal and photochemical charge-transfer (CT) (B) and 
substitutions of transition-metal ions (C). 
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CONCLUSIONS 

Recent  experiment^"^^ clearly demonstrated that dynamic controls of the magnetic 
phases in Prussian blue analogs are feasible by several techniques such as hole or 
electron dopingc6 and charge transfer (CT) excitation7-I2. These experimental results 
support our previous theoretical proposalsc6 for modifications of molecule-based magnets 
into functional materials. From the same guiding principles 7-12, pure organic CT 
complexes with spins are also interesting targets for the dynamic controls of magnetic 
phases. For example, the high-T, organic CT ferrimagnets, ferri(or ferro) magnetic 
metals, 34 and spin-mediated organic superconductors remain as theoretical 
but they will be discovered near future. In fact, several preliminary experiments3' have 
been carried out for syntheses of these new materials. In conclusion, a new field, 
molecular spinics, is developing rapidly under the interplay between theories and 
experiments . 
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