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Magnetic Exchange Across the Cyanide Bridge 
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The superexchange interaction in cyano-bridged tmnsition metal dimers is analysed by a 
valence bond confgumtion interaction model in combination with fourtb order perturba- 
tion theory. Ferro- and antiferromagnetic contributions to the exchange splitting arc 
cxprrsscd in t u m s  of metal-ligand hybridization matrix elements, metal-to-ligand, lig- 
and-to-metaI, metal-to-mtal charge transfer energies, and intra-atomic exbange integrals. 
The formalism is simplified and we arrive at a two-parameter model, with which it is pos- 
sible to estimate magnaic ordering temperatures of cubic stoichiomtric Prussian Blue 
like phases containing first row transition metals. The relevancc and applicability of OUT 
thoontical results is demonstrated on critical temperatures reported in the literature. The 
model accounts for both fem- and ferromagnetic ordering temperahms. It is found that 
cyanide is an efficient mediator of exchange due to the participation of the R and R* orbit- 
a l s  to equal extent. 

Keywords: cyan0 bridge; molecular magnetic maten&; Pnrrssian Blue d o g s ;  mag- 
netic exchange; exchange interaction; magneto-stluctural correlation; semi-empirical 
modeling of critical tempcrafurrs 
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1 INTRODUCTION 

This Comment has been inspired by recent work on the magnetic prop- 
erties of Russian Blue like materials [1]-[lo]. 

It has long been known that h s s i a n  Blue (PB) itself orders ferromag- 
netically, but at the rather low temperature of 8 K [ 111. In 1982 Griebler 
and Babel reported the first PB like material, namely CsMn[Cr(CN)& 
with an ordering temperature higher than that of liquid nitrogen [12]. 
This material orders ferrimagnctically at 90 K. 

Since then a lot of effort has been put into increasing the ordering 
temperatures of PB like materials. An immediate expression of the 
growing amount of literature on this subject is, that the critical tempera- 
tures (T,) are steadily increasing. The state of the art is a T, of 365 K 
obtained with a ferrimagnetic material containing hexacyano-chro- 
m a t e 0  anions as well as vanadium@) cations [2]. 

The nearest-neighbour transition metal ions in these PB like materials 
are bridged by cyanide ions. Hence, the shortest metal-metal distance in 
the cubic lattices is approximately 5.3 &l,  10, 13, 141. With such a 
large metal-metal distance it is reasonable to neglect direct metal-metal 
interactions, and a superexchange mechanism[l5], i.e. an interaction 
through the bridging ligand, must be operative. Several models have 
been proposed to account for the nature of the ordering phenomena. 
These proposals have been based on the symmetry of the orbitals con- 
taining the unpaired metal electrons [5, 6, 161. Cyanide has several 
orbitals through which an interaction can be mediated. Babel[6] noticed 
that an interaction through the cyanide o orbitals could not explain the 
experimental evidence available in 1986, whereas an interaction 
through the IC orbitals on cyanide could. Recently, Entley and Giro- 
lami[5] argued that mainly the cyanide K* antibonding orbitals were 
responsible for the exchange interaction. 

All proposals seem to be correct for qualitatively predicting whether 
the compounds will exhibit ferri- or ferromagnetic ordering. But they 
are not able to provide any reasonable guesses about the strength of the 
interaction and the critical temperatures. The aim of this Comment is to 
add a quantitative element to this subject. 

Rather than directly looking at compounds exhibiting spontanmus 
magnetization below a critical temperature, we begin on a simpler, but 
for a chemist more natural, level. In Table I we have collected some 
polynuclear complexes (1,2 and 3) in which the metal ions are bridged 
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by cyanide ions. The magnetic properties of these complexes are given 
in terms of J values across the cyanide bridge in the second column of 
Table I. J is the parameter in the spin Hamiltonian 

H = J S A  ; S B  (1) 
where S, and S, are the ground state spin operators of the interacting 
nearest-neighbour A and B, respectively. In the formulation eqn( l), anti- 
ferromagnetic and ferromagnetic splittings are represented with positive 
and negative J values, respectively. The operator eqn(1) is directly 
applicable to ions with orbitally non-degenerate ground states. This is 
the case for all the metal ions mentioned in Table I. 

TABLE I Magnetic propextics of cyano-bridged transition metal complexes 

Considering the large metal-metal separation in cyano bridged com- 
plexes, the absolute values of J quoted in Table I are rather high. By a 
comparison with similar complexes containing hydroxo[20, 211 rather 
than cyano bridges[l7, 18, 191 we conclude that J values for p-cyan0 
and p-hydroxo bridged complexes are similar in magnitude. This is at 
first sight remarkable, since the metal-metal distance in p-hydroxo 
bridged complexes is significantly shorter, approximately 3.6-3.7 A. 
The first objective of this Comment is to give a reasonable explanation 
for the relatively large J values obtained for cyano bridged species. The 
second objective is to explain the signs and magnitudes of the J values 
in Table I. 

Next we will move to extended lattices. In Table I1 we have collected 
representative examples of stoichiometric compounds (4-12) which 
exhibit magnetic ordering below a critical temperature Tc, given in the 
second column. From the mean field theory of fenimagnetism it can be 
shown that T, and the nearest-neighbour J value in the cubic PB like 
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compounds with the stoichiometry Q$[A(CN)6Iy, with Q being a uni- 
positive cation, are approximately related in the following way[l] 

where k = 0.695 cm-'/K is Boltzmann's constant and nA and nB are the 
number of unpaired electrons on metal centers A and B, respectively. 
Eqn(2) also applies for femmagnetical materials. In both cases interac- 
tions between next-nearest neighbours are neglected. All the com- 
pounds 4-12 of Table II have orbitally non-degenerate ground states. 
Therefore it is meaningful to use eqn(2) to compute a nearest-neighbour 
J value. These are given in the third column of Table II. The third 
objective of this Comment is to account for the signs and magnitudes of 
the Jus, values of the compounds 4-12. 

up 

TABLE Il Critical tcmpcrahlres and J values of some cubic PB Like compounds with the 
simple Q$[A(CN)& stoichiomtry 

P 

115 

365 

320 

90 

60 

240 

125 

90 

49 

44 38 

34 29 

54 29 

-11.4 -11 

-14 -11 

32 22 

7.5 17 

5.5 17 

3.0 17 

101 

315 

171 

86 

47 

162 

280 

280 

280 

141 

a. The wmpounds exhibiting ferromagnetic ordering are marked with an asmix. The 
other ones exhibit ferrimagnetic adering. 
b. The J9 values are extracted from the critical tcmpraturcs T, by use of aqn(2). 
c. TGc- i s  calculated from cqs(20)-(22) with Q 4 . 2  cm-', ste Stction 4. 
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In Table III we have collected some additional PB type compounds 
(13-20) which also exhibit ordering phenomena. They either contain 
ions with orbitally degenerate groundstates (13-16), or contain metal 
ions with both high-spin and low-spin groundstates ( C P  in 17), or have 
rather complicated stoichiometries (18-20). Therefore, the formalism in 
eqs(1) and (2) is not really meaningful for these substances. However, 
they are certainly interesting and they will be included when we come to 
the fourth and final objective of this comment, which is a discussion and 
comparison of the T l s  of 4-20, Table II and ID. 

With these four objectives in view we introduce in the next section a 
valence bond configuration interaction (VBCI) mode1[22] which will be 
the framework of our calculations and discussion. 

2 A VALENCE BOND CONFIGURATION INTERACTION MODEL 
FOR A-CN-B 

In this section we adapt the VBCI mode1[22] to the PB like materials in 
which a cyanide ion is a linear bridge between two metal ions A and B. 
We assume that the metal ions interact via the bonding 7t and the anti- 
bonding R* orbitals on the cyanide ion. The present treatment has some 
analogies to our earlier treatment of the A-LB system[23], in which the 
bridging ligand L has only one orbital. But the fact that cyanide has two 
available orbitals makes the cyan0 bridging ligand slightly Werent 
from a mono-atomic bridging ligand. The interacting orbitals in the xz 
plane and, by analogy, in the yz plane are shown in Figure 1. The 
hybridization matrix elements describing the oneelectron interaction 
between Aand cyanide and between cyanide and B are in the following 
designated as follows: 

v, = (aliLI7r) = (rlkla) 

vb = (blklr) = (rlklb) 

v,* = (UliLIA') = (7r'lkla) 

v,. = (blL(7r') = (**\Qb) 

(3) 

(4) 

(5) 

(6) 
where k is the one-electron part of the Hamiltonian. At this point it is 
important to recaU the usual approximation [24] that such one-electron 
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matrix elements are proportional to the overlap integrals between the 
interacting orbitals. Referring to Figure 1, one of the relevant overlaps, 
namely (nxlb), has the opposite sign of the three others. Hence, V, has 
the opposite sign of V,, V: and V;. 

FIGURE 1 Interacting orbitals with n symmetry in the A-CN-B bridging arrangement 

The present VBCI treatment will be slightly simpler than the one in 
ref.[23]. The method is outlined in [23] and will not be repeated here. In 
essence, the exchange splitting in the ground electron configuration is 
obtained by interaction of the ground electron configuration with vari- 
ous excited configurations. Besides the ground electron configuration, 
we only include ligand to metal electron transfer (LMCT), metal to lig- 
and electron transfer (MLCT) and metal to metal electron transfer 
(MMCT) electron configurations in which one electron has been trans- 
ferred. 
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All functions from each configuration are generated as described in 
refl231, and then the key matrix elements 

(sf rf hf;M;jjiIsr M ~ M ~ )  (7) 
are calculated. The eigenvalues of the matrices thus obtained wi l l  be 
examined with non-degenerate perturbation theory up to fourth order 
[25]. In the following three sections we treat the three cases where 

i) a is half-filled and b is half-filled 
i i )  a is half-filled and b is empty or vice versa 
iii) LI is half-filled and b is full or vice versa 

The final possibility, namely the case where a is full and bis empty 
will not be treated here, because the contribution h m  this interaction to 
the net J is small[23]. 

2.1 J;"' : a half filled and b half-filled 

The relevant electron configurations with their zero-order energies are 
illustrated in Figure 2. The ground electron configuration I, LMCT con- 
figurations 11 and III, as well as the MLCT configurations VI and VII all 
give rise to spin singlets (S=O) and spin triplets (S=l), whereas the 
MMCT configurations IV and V give rise to singlets only. Since we do 
not take into account twocenter two-electron exchange integrals, the 
singlet and triplet of the ground configuration I are degenerate in the 
absence of CI. The same applies for configurations 11, 111, VI and W. 

The CI matrices for the singlet and triplet spin multiplets of t h i s  par- 
ticular four electron system with nA=nE1 are given in appendix A. For 
nA and ng unpaired electrons on centers A and B, respectively, the 
expression for the contribution to J is found to be 

+ va*2v;2 

which is correct to fourth order in perturbation theory. The k t  two 
terms have a conventional form which is also found in systems with 
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I 

I1 

I11 

IV 

A 

+ a 

+ 

-I-+ 

- 

v +  

VI - 

VII + 

CN B 
-7t* 

*b 

st 

+ 

+t- 

- 
-t+ 

+ 
-I+ 

+ 
+t 

S=1(1),0(2) : E=O 

S=1(3),0(4) : E=$ 

S=1(5),0(6) : E=AA 

S=0(7) : E=U, 

S=0(8) : E=U, 

S=1(9),0(10) : E = A ~ *  

S=1(11),0(12) : E = A ~ *  

FIGURE 2 Illustrations of the configurations included in the VBCI model for the case 
when the cyanide x and x orbitals interact with half-filled orbitals on mtal centers A and 
B (section 2.1). Configuration I represents tbe ground electron configuration, IJ and III 
represent ligand LMCT e l m n  configurations, N and V represent MMCT electron con- 
figurations, and finally VI and V represent MUJT electron configurations. Possible spin 
values and zero-order energies axe given to the right of each configuration. The numbas 
in parentheses refer to basis function numbers used in Appendix A 
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mono-atomic bridges. The first term describes the interaction between a 
and b through the x bonding ligand orbital, and the second term 
describes the interaction through the K* antibonding ligand orbital. 
Since the electron configuration a1z*'b1 is the hole-electron equivalent 
of the configuration a'$b', the first two terms have the same form. The 
third term is new, it is a cross term which results from the simultanious 
presence of the two ligand orbitals K and IC*. Since V,  is negative while 
V,, Vi and Vi  all are positive, the three terms of eqn(8) all contribute 
to j y '  with the same sign, namely positively, i.e. antiferromagneti- 
cay .  

2.2 J;"' : a half filled and b empty 

The four relevant electron configurations with their zero-order energies 
are illustrated in Figure 3. The configurations I, 11, III and IV represent 
the ground, LMCT, MMCT and MLCT electron configurations, respec- 
tively. The situation here is slightly more complicated than in the previ- 
ous section, since we now have the possibility to generate excited 
configurations with two unpaired electrons on center B, see configura- 
tions II and III in F i m e  3. According to Hund's rule, the triplet of the 
sub configuration bib: is lower in energy than the corresponding sin- 
glet by the quantity 1 2 ,  which is a measure of one-center two-electron 
exchange integrals as discussed in section 3. [23,30]. 

The configuration interaction matrices for th is  particular four electron 
system with nA=ng=l are given in appendix B. For nA and ng unpaired 
electrons on centers A and B, respectively, the expression for the contri- 
bution to J is found to be 

J"* aa = (9) 

I) 4 - - vavbva*v:[ 4 
ALABUAB A>(AB + L , + I ) ( ~ A B  + L B + l )  

which is co-t to fourth order in perturbation theory. Assuming AB 
and zns+i << UAB [32] this simplifies to 
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+ v,.'Qy 
AXUAB 

(10) 
-4 Li%J','iT UAB + AB Le+l  

AIABUAB AB I =  
As in section 2.1 eqn(8), the fist, second and third terms in the square 

bracket correspond to the interaction through the x orbital, the interac- 
tion through the z* orbital and to the cross term, respectively. The elec- 
tron configurations relevant for the interaction through the IG and x* 
orbital are a'&' and a'x*'bo, respectively. These electron configura- 
tions are not hole-electron equivalents of each other and therefore the 
fist two terms do not have the same form. All three terms in eqn( 10) 
contribute to J;"' with the same sign, resulting in J;"' being nega- 
tive. Finally, noace that th is  contribution to net J is pmportional to 
MI,& + 1) [23, 301, and not to l/n,pE as reported in the older litera- 
ture [ 291. 

2.3 J;;* : a half filled and b full 

The relevant electron configurations and their zero-order energies are 
given in Figure 4. The configuration interaction matrices for this partic- 
ular system with nA'nF1 are given in appendix C. For nA and n, 
unpaired electrons on centers A and B, respectively, the expression for 
the contribution to J is found to be 

4 - 4 - v, vi v,. &* 
[AAAkL.hA AA(A& +TnB+l)(UBA +ZnB+l) 

which is correct to fourth order in perhubation theory. Assuming A; 
and L e + l  UBA [32] this simplifies to 
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As in the previous two sections we note that the first, second and third 
term in the yuare bracket correspond to the interactions through the IL 
orbital, the x orbital and to the cross term, respectively. Notice that the 
form of the first and second terms cornsponds to the second and first 
terms in eqn( 10). respectively, whereas the third tern has the same form 
in both eqs(l0) and (12). They all contribute with the same sign, result- 
ing in J,$ being negative. 

3 MODEL PARAMETERS 

Before applying the above formalism to the real systems, a brief discus- 
sion of the various model parameters and also their relative magnitudes 
is in order. In hexacyano complexes with di- and trivalent 3d transition 
metal ions, LMCT transitions involving IL ligand and rZs metal 3d orbit- 
als have been reported at energies ranging from 3oooO cm-' to 37200 
cm'-'[26]. In the same type of complexes, MLCT transitions involving 
r2g metal and x* ligand orbitals have been reported at energies ranging 
h m  41000 cm-' to 5oooO cm'-'[26]. Hence, all the LMCT and MLCT 
energies appearing in the model are comparable in magnitude, and we 
make the approximation AA = A, = A> = A; = A. 

The ratios W I A ,  with W=V,, V,' , Vb or V; and and A=AA, A:, 
AB or A;, are related to and have the order of magnitude of of ligand 
field parameters [23]. Therefore, it is important to briefly discuss the x 
donor and the n*acxxptor properties of both the carbon and the nitrogen 
end of the cyanide bridging ligand. They are both situated at the high 
end of ligand-field strengths in the spectrochemical series, and in a first 
approximation we assume that they have the same total strength. From 
the fact that in the optical spectra of the complexes 
[Cr(NH3)&N12+[27] and [(NH3)5CrCNCr(NH3)s]k[ 191 the first two 
spin-allowed ligand-field bands are not split, we conclude that the IL 
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A CN B 
n*- 

-b 
S=l(1),0(2) : E=O I t a+ I r s t  

- + S=2(3),1(4),1(5),0(6) : E=A, 
+- S=1(7),0(8) : E = A ~ + I ;  + +  I1 

+ S=O(9): E=U, 
I11 - I .  + S=l(lO) : E=U,+I, 

+ 
S=l ( I  I ),O( 12) : E=A** IV - + 

FIGURE 3 Illuseations of the configurations in the VBCI model for the c~se when the 
cyanide n and n* ditals interact with a half-filled orbital u on center A and an empty 
orbital b on center B (section 2.2). Configurations I, II, III and IV represent the ground, a 
LMCT, a MMCT and a Mu3T electron co~iguration, respectively. Possible spin values 
and zeroonler energies arc given to the right of each configuration. The numbers in 
parentheses refer to basis function numbers used in Appendix B 

donor and x acceptor strengths are similar at both ends. In an ab initio 
study [28] of [CT(CN)~]> it was found that cyanide carbon-coordinated 
to chromium(III) acts as a x donor and acceptor to equal extents. We 
therefore make the further assumption that they are the same, and we 
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A CN B 

+ * 71- 

S=l(1),0(2) : E=O I +  a .rr+ *b 

I1 

111 

IV 

st +++ 
- + 
St-+ 

st 

+ + 
+ 

it 
+ 

S=1(3),0(4) : E=A* 

S=0(5) : E=U, 
S=l(6) : E=U,*12 

S=2(7),1(8),1(9),0(10) : E=A~* 
S=1(11),0(12) : E = A ~ * + ~ ~  

FIGURE 4 Nustrations of the configurations in the VBCI model for the case. when the 
cyanide n and n* orbitals interact with a half-filled orbital a on metal center A and a full 
orbital b on mtal center B (Section 2.3). Configurations I, II, ID and IV represent the 
ground, a LMCT, a MMCT and a ML(JT electron configuration, respectively. Possible 
spin values and zeroorder energies arc given t~ the right of each configuration. Tbe num- 
bers in pannthests Efer to basis function numbers used in Appendix C 

have for the hybridisation matrix elements in eqs(3)-(6): 

For compounds in which the metals A and B are in the same oxidation 
state, upper limits of the MMCT energies Urn and U B A  can in principle 
be estimated from the free-ion ionization potentials. For di- and 
tri-valent transition metal ions the U values thus obtained are in the 

v, = v,. = v, = v; = v. 
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interval 14 - 24eV. However, these values are drastically reduced in a 
solid due to covalency effects. For isovalent A and B ions, reasonable U 
values entering models as the one presented here are of the order 5- 
lOeV (o4000(rsOOOO crn-l)[22]. For compounds in which A and B are 
different metals and have different oxidation states, the U values cannot 
be simply estimated from the &-ion ionization potentials. In general U 
values are reduced, and in so-called mixed-valence compounds, in 
which A and B represent the same ion in different oxidation states, the 
f i s t  allowed absorption band in the optical spectrum is due to an inter- 
valence transition and thus is mainly of MMCT character. h s s i a n  Blue 
itself is a notable example for this class of compounds, with an intense 
broad absorption centered around 15000 cm-' leading to the deep blue 
colour. None of the compounds in Tables 11 and III has been reported to 
exhibit a low-lying intervalence absorption, and we therefore assume 
that the first allowed intercenter electronic excitation is of LMCT or 
MLCT character. For our calculations we therefore assume, as we did in 

1 
2 

ref1231, that the following relation holds: - u < A < U. 

Equations (10) and (12) which both contribute fernmagnetically to 
the net J value both contain the factor ZnB+l/U. L B + l  can be 
expressed as follows[30] 

where I is an average one-center-two-electron exchange integral; 

I = C + -B with B and C being the Racah repulsion parameters. I is 

of the order 4000-5000 cm-'[30]. In a recent analysis [31] of the mag- 
netic properties of several 0x0 bridged dimers of trivalent transition 
metal ions we used the ratio VU as an effective parameter and a value of 
VU = 0.25 was obtained in the analysis[23]. This rather high value is 
mainly a result of the very restricted model. If the model is extended to 
also include hybridizations with higher-lying electron configurations 
such as double LMCT, then it is possible to get VU ratios of the order 
0.1, which appear more reasonable [231. 

As a result of all the approximations discussed above we can now 
reduce the formalism to the following tractable and very simple form 
with only two parameters 

5 
2 
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where Q isdehedas 

and W isdehedas 

w =  1+- + 2- y]; [ 2u;A 
From the prefactors of eqs(l4) and (15) we see that if both terms 

J:** and J? = Jzf' contribute to the net J ,  then the former will 
dominate. For A and B being both transition metals the prefactors of 

16 16 and eqs(l4) and (15) can vary between the limits 16 2 - 
n A n B  5 

2 2  
2 >_ - 2 -, respectively. 

n A  5 
The value of the dimension-less parameter W is strongly restricted 

by the model and to some extent by our approximations. With 
1 -U < A < U and 0.1 < VU< 0.25 we expect W to be close to unity, 
2 
i.e. 

W E 1  (18) 
The parameters Q and W will be adjusted to fit the experimental J 

values. 

4 CALCULATION OF J 

By an example we now illustrate how eqs(l4) and (15) are used to 
obtain expressions for the relevant ground state Jc& values for the elec- 
tron configurations represented by the compounds listed in Tables I and 
II. Let A and B be C?' and V02". respectively, corresponding to 4 from 
Table II. The geometry of the dimeric Cr-CN-VO unit is shown in 
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Cr-C--N- V Z 

FIGURE 5 hfinition of coordinate system for the chromium-cyanide-vanadyl s t ~ ~ c t u r a l  
unit (A), and illustration of the orbitals involved in the fernmagnetic (B) and antifem- 
magnetic (C) contributions to net J.  See section 4 for details 

Figure 5. With the coordinate system defined in Figure 5, the ground 
electron configuration of the Cr-CN-VO unit is 

(d~,d~,dr,)Cr(r2)CN(d~,)v0. The rZ, T: ligand orbitals interact 

with the dm metal orbitals, while the ry7 r; ligand orbitals interact 
with the dyZ metal orbitals. The Jcd expression for this unit is com- 

posed of two terns, namely an antiferromagnetic (positive) tcrm J:~* 
since the (dZr)cr and (d,)v0 are both half-filled, and a ferromagnetic 

(negative) term J:** since the (d& and (d&o are half-filled and 
empty, respectively. The dxy metal orbitals do not interact, since they 
have 6 symmetry with respect to the Cr-CN-V axis. Application of 
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eqs(l4) and (15) results in the following expression for Jcalc relevant for 
the Cr-CN-VO unit 

By using this procedure for the other electron configurations repre- 
sented by the compounds in Tables I and II, we obtain all the relevant 
Jcdc values. They are collected in Table IV. The factor of 2 appeaxhg in 
most of the expressions in Table IV is due our assumption that the inter- 
actions through the .%, .: and ry, .; orbitals of cyanide by assump 
tion contribute equally to the net J value. 

TABLE IV Theoretical exprcssions for J d  in tams of the parameters Q and W 
defined in eqs(l6) and (17). respectively 

-23QW 2 

16 2 
3 -u - ?"W 

16 
2-u 12 

We will now apply the formalism developed above to the model com- 
pounds of Table I. In the rest of this Comment we assume that the two 
effective parameters Q and W are transferable between h e r s  irre- 
spective of the oxidation states of the constituent metal ions. 

The expressions for J d  in Table IV are fitted to the Jus, values in 
Table I, with Q and W as adjustable parameters. The least-squares fit 
yields the parameter values ( Q ,  W )  = (7.6 cm-', 1.6). The Q value 
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represents a reasonable average, since if 1 and 3 are analysed separately 
and independently with the relevant expressions from Table IV and the 
Jq values from Table I, Q values of 4 and 9 cm-', respectively, are 
obtained. The value of W also has the expected magnitude, see eqs( 17) 
and (18). The calculated Jcdc values using the obtained parameter val- 
ues are given in the fourth column of Table I, and graphically repre- 
sented in Figure 6. 

Repeating the fitting procedure to the J- values of the PB analogs in 
Table II yields the parameter values (Q, W) = (8.2 cm-l, 1.03), in 
good agreement with the parameter values from the previous paragraph 
and our expectation (eqn(l8)). The Jcdc values obtained using these 
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parameters are given in the fifth column of Table 11, and graphically rep- 
resented in Figure 6. We are now in a position to discuss the first three 
objectives of this Comment 

1: Why is the absolute magnitude of the exchange parameters large 
despite the large metal-metal separation? All effects of one-center 
two-electron exchange interactions on the possible inter-center elec- 
tronic excitations are contained in the parameter W. If the A-CN-B 
interaction was mediated solely through either the n: or the x* orbitals of 
cyanide, then the expression for W eqn( 17) would be reduced to either 
of the first two terms, recall sections 2.2 and 2.3. Hence, a value of W 
of 0.1-0.25 1231 would be expected. The value of W M 1 results from 
the action of all the terms in eqn(l7). This validated our assumption that 
both x and x* orbitals of cyanide participate with comparable magnitude 
in the interaction. Recently, this was also assumed valid in a fist princi- 
ple calculation of J in cyano-bridged species[33]. There it was con- 
cluded that the interaction through the Q orbitals of cyanide was 
significantly smaller compared to the interaction through the sc and n:* 
orbitals. This is in agreement with the observation of Babel[6]. 

2,3: Can we account for the sign and magnitude of the observed J 
parameter? The comparison between experimental and calculated J val- 
ues is illustrated in Figure6. The agreement is remarkably good 
throughout the series of cluster compounds (Table I) and PB analogs 
(Table II), considering the numerous approximations we had to intro- 
duce. The signs and gross trends are nicely reproduced. The consistency 
of the parameter values obtained for the two classes of compounds 
clearly illustrates that studying molecular polynuclear complexes cer- 
tainly provides useful information about extended lattices. 

5 Tc IN PB ANALOGS 

Since the critical temperature is related to J by eqn(2) we can now 
directly calculate how T, depends on the number of unpaired electrons 
on the interacting metal centers. 

We fist  consider the situation when both xZ x: and xy x; interact 
with half-filled orbitals on both metal centers. Both interaction path- 
ways ( (rZl n:) and (xvlxi))  are antiferromagnetic and by combina- 
tion of eqs (2) and (14) we obtain that for materials in which the 
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nearest-neighbour interaction is purely antiferromagnetic and which 
order ferrimagnetically, the critical tempera- T, is given as 

Since we have the requirement that two unpaired electrons on A are 
interacting with two unpaired electrons on B, eqn(20) is only valid for 
nA 2 2 and ng 2 2. The critical temperature eqn(20) is plotted in Figure 7 
for different combinations of nA and nB. 

200 

180 Y x 

It 
3 

160 
I-" 

140 

2 3 4 
n A  

5 

FIG- 7 Calculated critical temperatures for PB analogs in which two antifummag- 
netic exchange pathways contribute to the net J value, eqn(20). y is the A/B ratio in the PB 
formula. Examples from Table II are indicated 

Similarily, by combining eqs  (2) and (15) we obtain that for materials 
in which the nearest-neighbour interaction is ferromagnetic and which 
order fernmagnetically, the Critical temperature is given as 

Tc = [ $ J ~ A ( ~ A  4- 2)nB(nB 4- 2) ] (21) 

where we for simplicity set W = 1. Here we have the requirement that 
nA 2 2. The critical temperature eqn(2l) is plotted in Figure 8 as a func- 
tion Of nA and I lB 

95 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Y x 
I1 
% 

7 

Y 

4 I I I I I 

\ ;  
140 - n84\ 1 

180- n0=5 

160 - 

+ I  120 - n,=3 

100 - 
nB=2 

80 - - 

100 

90 

80 s 
70 5 
60 & 
50 I-O 

cv 

40 

n,=l- 30 60 
- 

1 8 1 I 

1 2 3 4 5 
"A 

FIGURE 8 Calculated critical tempmatures for PB analogs in which two ferromagnetic 
exchange pathways contribute to the net J value, ap(21). Examples from Table II are 
indicated 

Finally, when one set of the ligand orbkds, say zX and 6, contrib- 
utes negatively to the net J, and the other set, i.e. n,, and T; ,  contributes 
positively to net J ,  then the Critical temperature is given as 1 

where we again set W = 1. This combination requires nA 2 2. The cnt- 
ical temperature eqn(22) is plotted in Figure 9 as a function of nA and 
n,. 

Comparing the ordinate axes of Figures 7-9, we immediately see that 
the highest critical temperatures are expected for materials in which 
both interaction pathways contribute antifemmagnetically to the net J 
(Figure 7 and eqn(20)). For these materials, exemplified by 5,6 and 9- 
12 from Table II, the critical temperature is expected to lie in the range 

240-360 K and 14.0-240 K for y = 1 and y = - , respectively. 
2 
3 

If there exist two ferromagnetic exchange pathways (7 and 8 from 
Table II) between the two interacting metal centers (Figure8 and 
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80 - 
60 - 

K 
80 2 
60 r" 
40 

I1 
>r 

"B=4 -- - 
ng=5 -- 

1 2 3 4 5 
"A 

FIGURE 9 Calculated critical tempemtum for PB d o g s  in which one antifarornag- 
netic and one f m w e t i c  pathway contribute to the net J value+ eqn(22). Compound 4 
from Table 11 is i n d i d  as an example 

eqn(21)) then the critical temperature is expected to lie in the range 50- 

190 K and 25-1 00 K for y = 1 and 9 = - , respectively. 

The situation with one antiferromagnetic and one ferromagnetic 
exchange pathway (Figure 9 and eqn(22)) leads to similar ranges of crit- 
ical temperatures as discussed for Figure 8. The only example of this sit- 
uation is compound 4 from Table II. 

Notice the qualitative difference between the cases where antiferro- 
magnetic (Figures 7 and 9) and ferromagnetic (Figure 8) contributions 
to J dominate. In the former case the highest T,'s arc obtained for nA and 
nB both as low as possible. In the latter case high TJs are obtained for 
small nA and large nB values. 

The calculated T,'s corresponding to the nA and ng values represented 
by 4-12 are given in the sixth column of Table 11, and have been marked 
in Figures 7-9. The comparison with the experimental critical tempera- 
tures shows an overall good agreement. The discrepancies are mainly a 
result of our assumption of perfect transferability of Q and W 
between all the compounds. For compounds 10,ll  and 12, the agree- 

2 
3 
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ment is worst, and the observed decrease of T, in this series is not repro- 
duced by the model. This can be ex lained by referring directly to 
eqn(8). Due to the higher charge of Mn Compared to V2+, the d orbitals 
of V2+ are more diffuse than those of h4nec. This implies that the trans- 
fer integrals show the following trend Vvz+ > Vcr,+ > VM++ and 
V&+ > V&+ > VGn4+. ML€T energies increase with the oxidation 
state of the metal, i.e., AL,,+ > A&+ > Atz+,  while the opposite 
holds for LMCT transitions. Using such refinements of our model we 
can understand the observed trend in Tc for 10, l l  and 12, in agreement 
with ref.[5]. 

The compounds 13-21 collected in Table III cannot be treated qumti- 
tatively with our formalism, since orbital nondegeneracy and a simple 
Q,A[B(CN)& stoichiometry is a necessary requirement for eqn(1) 
and (2). We can, however, discuss the critical temperatures of the mm- 
pounds of Table III semiquantitatively based on the number of unpaired 
electrons. 

The ferromagnetic ordering temperamres of compounds 13 and 14 
can be directly compared. The number of possible exchange pathways is 
determined by the electron occupancy of the metal ions. Both ions con- 
tain low spin Fe3+ with an electron configuration tg. The Ni2+ and 
Cu2" ions have the electron configuration t;e2 and t;el, , respectively. 
We thus have a half-filled orbital of Fe3+ interacting with a full orbital 
on Ni2+ or Cu2+. "'his gives a negative contribution (eqn(l2)) to the 
exchange splitting. No positive contributions are possible. Hence, the 
ferromagnetic ordering is explained. If the nA, nE dependence eqn(21) 
and Figure 8 was applicable we would ex* Tc(13)>Tc(14). This is in 
agreement with the experimental facts, but the experimental T l s  are 
very similar. 

In a similar way, the critical temperatures of compounds 15 and 16 
can be compared. By considering the r2 electron configurations of the 
metal ions we conclude that the= are both negative and positive contri- 
butions to the net J value. If eqn(22) and Figure 9 was applicable we 
would expect T,(15) (nA=l,np3) to be higher than T,(16) (nA=l,n&). 
This again is in agreement with the experimental facts. 
Based on simple stoichiometry arguments one should expect Tc(17)> 

T,(9) since y(17)>y(9). However, the opposite was found, and the 
authors of refi41 showed that part of the C?' ions in 17 have the 
low-spin ground state. The low-spin C?+ ions have one doubly occu- 
pied r2 orbital which adds a ferromagnetic contribution to the net J 

K 
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which as a result gets reduced. This, apart from the non-simple stoichi- 
ometry, explains part of the unexpected reversal of T, between 9 and 17. 

It is certainly remarkable that the compounds 5,6,18-20 with the high- 
est ordering temperatures all contain the metal ions Cr3+as well as V2+ 
or V3+. These metal ions have two (V33 or three (C?, V”) unpaired 
electrons in their ground states. Hence, there are two possible antiferro- 
magnetic interaction pathways. According to our model, this combina- 
tion of nA and n, should lead to the highest possible critical 
temperatures, see Figure 7. 

6 CONCLUSION 

By adapting the VBCI model to the specific situation of cyanide bridged 
species, which requires a number of approximations, we are able to cal- 
culate J values with a remarkable accuracy. With the family of Russian 
Blue analogs we calculate critical temperatures for both ferro- and fer- 
rirnagnetic order. The highest ordering temperatures in Russian Blue 
analogs are expected for ferrimagnetic ordering. According to our cal- 
culations ordering temperatures much higher than those already 
achieved should not be expected for F’russian Blue analogs containing 
3d metals. 
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A Q AND b BOTH HALF-FILLED 

2 
4 
6 
7 
8 

10 
12 

This appendix contains the CI matrices for the particular system illus- 
trated in Figure 1, section 2.1. The triplet matrix has the following form 

3 5 9 11 I 1  

2 4 6 7 8 

0 -vB -vA 0 0 
-vB AB 0 &v, 0 
-vA 0 A A  0 mi3 

0 &vA 0 UAB 0 
0 0 fivB 0 UBA 
v,. 0 0 Jzv; 0 
v; 0 0 0 Jzv; 

I 
I 

10 12 

vi v; 

fiv; 0 

0 0 
0 0 

0 Jzv; 
A: 0 
0 AE? 

(24) 
To fourth order in perturbation theory, the energy difference E(1)-E(0) 

between the lowest triplet and singlet is given as 
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B u HALF-FTLLED AND b EME?"y 

1 

4 

5 

7 

9 
11 

1 4 5 7 9 11 -- 
0 f i b  - f i b  f i b  0 -v,. 

f i b  
AB 0 0 @, 0 

-&vb 0 AB 0 fiv, 0 

&vb 
0 0 AB+& 0 0 

0 &Va fiv, 0 UAB V l  
-V,. 0 0 0 Vt  A: 

2 

6 

8 

12 
10 

2 6 8 10 12 

0 
f i b  fivb 0 17; 

fi% AB 0 0 0 

&K, o A , + L  Jzva 0 
0 0 JZV, U A B  +I2 -Vl 
v,. 0 0 - Va' A: 

To fourth order in perturbation theory, the energy difference E(1)-E(0) 
between the lowest hiplet and singlet is given as 

2 

6 

8 

12 
10 

102 

2 6 8 10 12 

0 
f i b  fivb 0 17; 

fi% AB 0 0 0 

&K, o A , + L  Jzva 0 
0 0 JZV, U A B  +I2 -Vl 
v,. 0 0 - Va' A: D

o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
2
3
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



C a  HALF-FIUEDANDbFULL 

This appendix contains the CI matrices for the particular system illus- 
trated in Figure 2, section 2.3. The triplet matrix has the following form 

I 1 3 5 8 9 11 

1 
3 
5 

8 

9 

11 

The singlet matrix has the following form 

1 2  4 6 10 12 

2 
4 
6 

10 

12 

To fourth order in perturbation theory, the energy difference E(1)-E(0) 
between the lowest triplet and singlet is given as 
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