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The superexchange interaction in cyano-bridged transition metal dimers is analysed by a
valence bond configuration interaction model in combination with fourth order perturba-
tion theory. Ferro- and antiferromagnetic contributions to the exchange splitting are
cxpressed in terms of metal-ligand hybridization matrix eclements, metal-to-ligand, lig-
and-to-metal, metal-to-metal charge transfer energies, and intra-atomic exhange integrais.
The formalism is simplified and we arrive at a two-parameter model, with which it is pos-
sible to estimate magnetic ordering temperatures of cubic stoichiometric Prussian Blue
like phases containing first row transition metals. The relevance and applicability of our
theoretical results is demonstrated on critical temperatures reported in the literature. The
model accounts for both ferri- and ferromagnetic ordering temperatures. It is found that
cyanide is an efficient mediator of exchange due to the participation of the % and &~ orbit-
als to equal extent.
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1 INTRODUCTION

This Comment has been inspired by recent work on the magnetic prop-
erties of Prussian Blue like materials [1]-{10].

1t has long been known that Prussian Blue (PB) itself orders ferromag-
netically, but at the rather low temperature of 8 K {11]. In 1982 Griebler
and Babel reported the first PB like material, namely CsMn[Cr(CN)g¢],
with an ordering temperature higher than that of liquid nitrogen [12].
This material orders ferrimagnetically 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 (7,) are steadily increasing. The state of the art is a T, of 365 K
obtained with a ferrimagnetic material containing hexacyano-chro-
mate(TIT) anions as well as vanadium(I) 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 A[1, 10, 13, 14). With such a
large metal-metal distance it is reasonable to neglect direct metal-metal
interactions, and a superexchange mechanism[15], 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 [S, 6, 16]. Cyanide has several
orbitals through which an interaction can be mediated. Babel[6] noticed
that an interaction through the cyanide ¢ orbitals could not explain the
experimental evidence available in 1986, whercas an interaction
through the ® orbitals on cyanide could. Recently, Entley and Giro-
lami[5] argued that mainly the cyanide n" 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 spontaneous
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 1. J is the parameter in the spin Hamiltonian

H=JS,:Sg (1)

where S, and Sg are the ground state spin operators of the interacting
nearest-neighbour A and B, respectively. In the formulation eqn(1), 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 1.

TABLE I Magnetic properties of cyano-bridged transition metal complexes

# complex ion® J pfem™ Joafem™ ref
1 {Cr{(CN)Mn(trispicmeen)]s}** 8 16 (17
2 (Crl(CN)Ni(tetren))s }** -16 -16 [18]
3 [(NH3)sCr(CN)Cr(NH3)s]** 32 27 (19

a. Abbreviations used for terminal ligands are: trispicmeen = N,N,N'~(tris(2- pyridylme-
thyl)-N’-methyl-ethane)-1,2-diamine, and tetren = tetracthylene- pentaamine,

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, 21] rather
than cyano bridges[17, 18, 19] we conclude that J values for p-cyano
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 L.

Next we will move to extended lattices. In Table II we have collected
representative examples of stoichiometric compounds (4-12) which
exhibit magnetic ordering below a critical temperature T, given in the
second column. From the mean field theory of ferrimagnetism it can be
shown that 7, and the nearest-neighbour J value in the cubic PB like
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compounds with the stoichiometry Q,B{A(CN)g],, with Q being a uni-
positive cation, are approximately related in the following way[1]

T, ~ %IJl\/nA(nA F2)np(ns + 2) 2)
where k = 0.695 cm™Y/K is Boltzmann’s constant and n, and ng are the
number of unpaired electrons on metal centers A and B, respectively.
Eqn(2) also applies for ferromagnetical 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
Jxp 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 J,, values of the compounds 4-12.

TABLE II Critical temperatures and J values of some cubic PB like compounds with the
simple Q,B{A(CN)g], stoichiometry

# Q.BIA(CN)sl, T. Joap b Jeate  Tecatc € ref
K om™! em—! K
4 yNVoyctcN) 6]2/3-1‘39“20 115 44 38 101 1]
5 KVIC(CN)g}-2H,0 365 34 29 315 2]
6  V'CH(CN)glys3.5H,0 320 54 29 1711 2
7" CsNif[CP(CN)6}-2H,0 9% -11.4 -1 86 (3]
8*  NifICY(CN)Yglyn-4H,0 6 -14 -1 47 3
9 M HCN)glys - 1391120 240 32 2 162 [
10 Cs,Mn"[V(CN)gl 125 15 17 280  [5)
1 CsMn[Cr(CN)( 1 H,0 9% 55 17 280 6}
12 Mn”Mn’V(CN)g}-1.14H,0 49 3.0 17 280 [7]

a. The compounds exhibiting ferromagnetic ordering are marked with an asterix. The
other ones exhibit ferrimagnetic ordering.

b. The Jexp values are extracted from the critical temperatures T, by use of eqn(2).

¢. T, cqis calculated from eqs(20)-(22) with Q=8.2 cm™!, see section 4.
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In Table II 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
jons with both high-spin and low-spin groundstates (Cr” 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,'s of 4-20, Table I and ITI.

With these four objectives in view we introduce in the next section a
valence bond configuration interaction (VBCI) model[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 model[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 © and the anti-
bonding 7" orbitals on the cyanide ion. The present treatment has some
analogies to our earlier treatment of the A-L-B system[23], in which the
bridging ligand L has only one orbital. But the fact that cyanide has two
available orbitals makes the cyano bridging ligand slightly different
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 one-electron interaction
between Aand cyanide and between cyanide and B are in the following
designated as follows:

Vo = {alh|7) = (r|hla) 3)
Vo = (blhfm) = (lhlb) (4)
Ve = (alkln®) = (n°|hla) (5)
Ve = (bl = (n* hlb) ©)

where } is the one-clectron part of the Hamiltonian. At this point it is
important to recall 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 (n,Ib), has the opposite sign of the three others. Hence, V}, has
the opposite sign of V,, V; and V.

X

A—»2z C N —Z
Va* Vb*
NS
Va Vb

FIGURE 1 Interacting orbitals with 1t 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
ref{23], and then the key matrix elements

(S'T M5M{\R\ST Ms Mr) (7

are calculated. The eigenvalues of the matrices thus obtained will 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
ii) a is half-filled and b is empty or vice versa
iii) a 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 from this interaction to
the net J is small[23].

2.1 Ji’”" : 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 II and III, as well as the MLCT configurations VI and VII all
give rise to spin singlets (S=0) and spin triplets (S=1), whereas the
MMCT configurations IV and V give rise to singlets only. Since we do
not take into account two-center 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 II, ITI, VI and VII.

The CI matrices for the singlet and triplet spin multiplets of this par-
ticular four electron system with ny=ng=1 are given in appendix A. For
n, and np unpaired electrons on centers A and B, respectively, the
expression for the contribution to J is found to be

iR V.
J1 nANEp { Va b [A%UAB + AzAUBA]

2 2
+ Vr2yx2? +
o vt [A;32UBA A;?UAB]

4 4
VAT + 8
b¥a Tb [UABABAQ UBAAAA*B] } ®

which is correct to fourth order in perturbation theory. The first two
terms have a conventional form which is also found in systems with
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A CN B

[E———

1 -+ _H_" +, S=1(1),0(2) : E=0

I 4 4 S=1(3)0():E=a,
_+_

I 4 4 S=1(5)006):E=s,
-+

IV 44 S=0(7):E=U,
—'-1-

V. 4+ 8=0(8):E=U,
..H.

VI T s=109)0(10):E=a,”
_H.

VI 4 T $=1(11),0(12): E=a,"
+f_

FIGURE 2 lustrations of the configurations included in the VBCI model for the case
when the cyanide & and n* orbitals interact with half-filled orbitals on metal centers A and
B (section 2.1). Configuration I represents the ground electron configuration, II and I
represent ligand LMCT electron configurations, IV and V represent MMCT electron con-
figurations, and finally VI and V represent MLCT electron configurations. Possible spin
values and zero-order energies are given to the right of each configuration. The numbers
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 n bonding ligand orbital, and the second term
describes the interaction through the n* antibonding ligand orbital.
Since the electron configuration a'n"%! is the hole-electron equivalent
of the configuration alnzbl, 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 7 and . Since V,, is negative while
V,, Va2 and V; all are positive, the three terms of eqn(8) all contribute
to J.f’”'. with the same sign, namely positively, i.e. antiferromagneti-
cally.

2.2 JI™ :ahalf filled and b empty

The four relevant electron configurations with their zero-order energies
are illustrated in Figure 3. The configurations I, II, HI 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 II in Figure 3. According to Hund’s rule, the triplet of the
sub configuration b1b} is lower in energy than the corresponding sin-
glet by the quantity Z2, which is a measure of one-center two-electron
exchange integrals as discussed in section 3. [23, 30].

The configuration interaction matrices for this particular four electron
system with n,=ng=1 are given in appendix B. For n4 and ng unpaired
electrons on centers A and B, respectively, the expression for the contri-
bution to J is found to be

I = (9)

R T —
na(ng+1) | ® ° |A%Uap  (Ap+Tnp+1)2(Uas+Tng41)

2 2
+ V22 { - }
 |AR%Uap  AR2(Uap +Ing+1)
4 4
— VW VeV — -
bla b [AAABUAB A% (A5 + Tnp11)(Uas +zna+1)} }

which is correct to fourth order in perturbation theory. Assuming Ap
and Znp4+1 € Uap [32] this simplifies to
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gt = 1 [ V2V 2Uap +Ap
" na(npg +1) A%Uap  Uas
Vt2v:2
9_a b
+ A:fUAB

VaVl ViV Uas + ABJ Lop+1

_ 10
AYApUsp  Agp (10)

Uas

As in section 2.1 eqn(8), the first, second and third terms in the square
bracket correspond to the interaction through the n orbital, the interac-
tion through the 7" orbital and to the cross term, respectively. The elec-
tron configurations relevant for the interaction through the 7 and 7"
orbital are a!n2b” and aln"Ob0, respectively. These electron configura-
tions are not hole-electron equivalents of each other and therefore the
first two terms do not have the same form. All three terms in eqn(10)
contribute to ng‘ with the same sign, resulting in J'?;’f' being nega-
tive. Finally, notice that this contribution to net J is proportional to
ny(ng + 1) [23, 30], and not to 1/nynp as reported in the older litera-
ture [29].

2.3 JEr: ahalf 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 ny,=ng=1 are given in appendix C. For n, and ng
unpaired electrons on centers A and B, respectively, the expression for
the contribution to J is found to be

JIT = (11)

iz

3 1 {V2V2 [ 2 2 ]
na(ng +1) | *° [A%Upa  A4(Upa +ZIng+1)

2 2
+ Vt2vt2 [ _ ]
ot A¥Ups (AF +Tnp+1)*(UBa +Inp+1)
4 4
AN -
b b [AAABUBA As(A +Tnp+1)(UBa +In3+l)] }

which is correct to fourth order in perturbation theory. Assuming A%
and Znp+1 < Upa [32] this simplifies to
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J

111

T 1 [ 9 V'az‘/b2
- na(np +1) A2AUBA
1’,,'2‘/,,"2 2Ups + Ag
ARUpa  Upa
VeV U+ A% ] Topss
AsAARUBs AR

As in the previous two sections we note that the first, second and third
term in the square bracket correspond to the interactions through the n
orbital, the © ~ orbital and to the cross term, respectively. Notice that the
form of the first and second terms corresponds to the second and first
terms in eqn(10), respectively, whereas the third term has the same form
in both eqs(10) and (12). They all contribute with the same sign, result-
ingin JZ7" being negative.

-4

Una (12)

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 7 ligand and 1,, metal 3d orbit-
als have been reported at energies ranging from 30000 em™! to 37200
cm™![26]. In the same type of complexes, MLCT transitions involving
1y, metal and n* ligand orbitals have been reported at energies ranging
from 41000 cm™! to 50000 cm™[26]. Hence, all the LMCT and MLCT
energies appearing in the model are comparable in magnitude, and we
make the approximation A4 = Ap = A) = A = A.

The ratios VV'/A, with VV'=V,, V7, Vyor V, and and A=A,, A},
Ap or Ag, are related to and have the order of magnitude of of ligand
field parameters [23]. Therefore, it is important to briefly discuss the &
donor and the n'acceptor 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)sCNJ?*[27] and [(NH;)sCrCNCr(NH3)s]>*[19] the first two
spin-allowed ligand-field bands are not split, we conclude that the &t
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A CN B
—b
S=1(1),0(2) : E=0

S=2(3),1(4),1(5),0(6) : E=A,
S=1(7).0(8) : E=A+I,

_|_
T+

+  8=0(9): E=U,,
+ S=1(10): E=U,,+I,

IV _ . SE0D0(12): E=ay

FIGURE 3 Illust;axions of the configurations in the VBCI model for the case when the
cyanide # and n orbitals interact with a half-filled orbital a on center A and an empty
orbital b on center B (section 2.2). Configurations 1, I, Il and IV represent the ground, a
LMCT, a MMCT and a MLCT electron configuration, respectively. Possible spin values
and zero-order energics are given to the right of each configuration. The numbers in
parentheses refer to basis function numbers used in Appendix B

donor and 7 acceptor strengths are similar at both ends. In an ab initio
study [28] of [Cr(CN)G]3+ it was found that cyanide carbon-coordinated
to chromium(III) acts as a 7 donor and acceptor to equal extents. We
therefore make the further assumption that they are the same, and we
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S=1(1),0(2) : E=0

+
I+ +H+ S=1(3).0(4): E=a,

+

4 s=0(5):E=U,,
M4 | 4+ S16): BV,

+

—+ S=2(7)1(8),1(9).0(10) : E=a*

IV ot S=1(11),0(12) : E=A*+ I,

FIGURE 4 Niustrations of the configurations in the VBCI mode! for the case when the
cyanide ® and x” orbitals interact with a half-filled orbital a on metal center A and a full
orbital b on metal center B (section 2.3). Configurations 1, II, Il and IV represent the
ground, a LMCT, a MMCT and a MLCT electron configuration, respectively. Possible
spin values and zero-order energies are given to the right of each configuration. The num-
bers in parentheses refer to basis function numbers used in Appendix C

have for the hybridisation matrix elements in eqgs(3)-(6):
Vo=V, =Vp=V, =V.

For compounds in which the metals A and B are in the same oxidation
state, upper limits of the MMCT energies Uy g and Up, 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
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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-

10eV (=40000-80000 cm“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 free-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
first allowed absorption band in the optical spectrum is due to an inter-
valence transition and thus is mainly of MMCT character. Prussian 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 II 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

ref[23], that the following relation holds: %U <A<U

Equations (10) and (12) which both contribute ferromagnetically to
the net J value both contain the factor Zn,+1/U. Inz+1 can be
expressed as follows[30]

Tig+1 =(np+1)I (13)
where I is an average one-center-two-electron exchange integral;

I=0C+ g B with B and C being the Racah repulsion parameters. / is

of the order 4000-5000 cm_l[SO]. In a recent analysis [31] of the mag-
netic properties of several oxo bridged dimers of trivalent transition
metal ions we used the ratio /U as an effective parameter and a value of
/U = 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 /U ratios of the order
0.1, which appear more reasonable [23].

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
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. 16

J= Q (14)
nang
* nw* 2
JiT =J5 = -—aw (15)
n4
where Q is defined as
V4
0=+ (16)

and W is defined as

2U + A U+A] I
W= |1+ T + 2 A T

From the prefactors of eqs(14) and (15) we see that if both terms

(17)

JI™ and JX™ = J&T contribute to the net J, then the former will
dominate. For A and B being both transition metals the prefactors of
16 16

> — and

egqs(14) and (15) can vary between the limits 16 > >
nang — 25

nA
The value of the dimension-less parameter W is strongly restricted
by the model and to some extent by our approximations. With

2> —2-— > %, respectively.

%U < A < U and 0.1 < /U < 0.25 we expect W to be close to unity,
ie.
W1 (18)

The parameters Q and YW will be adjusted to fit the experimental J
values.

4 CALCULATION OF J

By an example we now illustrate how eqs(14) and (15) are used to
obtain expressions for the relevant ground state J,. ;. values for the elec-

tron configurations represented by the compounds listed in Tables I and

I Let A and B be Cr>* and VO?*, respectively, corresponding to 4 from
Table II. The geometry of the dimeric Cr-CN-VO unit is shown in
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FIGURE 5 Definition of coordinate system for the chromium-cyanide-vanady} structural
unit (A), and illustration of the orbitals involved in the ferromagnetic (B) and antiferro-
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

(diyd;~diz)c,(7r2)01v (d2)vo. The 7,7, ligand orbitals interact
with the d_, metal orbitals, while the 7y, 7, ligand orbitals interact
with the d,, metal orbitals. The J ;. expression for this unit is com-

posed of two terms, namely an antiferromagnetic (positive) term J™
since the (d,)¢c, and (d,,)yp are both half-filled, and a ferromagnetic

(negative) term JI™  since the (dy)cr and (d,,)yp are half-filled and
empty, respectively. The d,;, metal orbitals do not interact, since they
have 8 symmetry with respect to the Cr-CN-V axis. Application of
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egs(14) and (15) results in the following expression for J, 4, relevant for
the Cr-CN-VO unit
16 2

16 2
Jcalc = Q- QW = ‘—'Q - —QW (19)
nernyvo ner 3 3

By using this procedure for the other electron configurations repre-
sented by the compounds in Tables I and II, we obtain all the relevant
J a1 values. They are collected in Table IV. The factor of 2 appearing in
most of the expressions in Table IV is due our assumption that the inter-
actions through the 7,7, and 7y, 7, orbitals of cyanide by assump-
tion contribute equally to the net J value.

TABLE IV Theoretical expressions for J,. in terms of the parameters Q and W
defined in eqs(16) and (17), respectively

(A»B) Jcak
Mn?*,Cr),(Mn?*, V2),(Mn?* Mn*) 16
255Q
24
(Ni 7CT3+) _2:% ow
crt.orhwerh 16
2—Q
9
.
V
crvor 16, 24
3 3
.
(e 236,

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

The expressions for J 4, in Table IV are fitted to the J,,;, values in
Table I, with @ 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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FIGURE 6 Correlation of J g, and J,,values. Filled and open squares correspond to the
data from Table I and II, respectively

represents a reasonable average, since if 1 and 3 are analysed separately
and independently with the relevant expressions from Table IV and the
Joxp values from Table I, Q values of 4 and 9 cm™}, respectively, are
obtained. The value of 14 also has the expected magnitude, see eqs(17)
and (18). The calculated J, ;. values using the obtained parameter val-
ues are given in the fourth column of Table I, and graphicaily repre-
sented in Figure 6.

Repeating the fitting procedure to the J,,,, values of the PB analogs in
Table Il yields the parameter values (Q, W) = (8.2 cm™!,1.03), in
good agreement with the parameter values from the previous paragraph
and our expectation (eqn(18)). The J,,. values obtained using these
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parameters are given in the fifth column of Table II, 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 % or the " orbitals of
cyanide, then the expression for YW 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 [23] would be expected. The value of W = 1 resuits from
the action of all the terms in eqn(17). This validated our assumption that
both 7t and =" orbitals of cyanide participate with comparable magnitude
in the interaction. Recently, this was also assumed valid in a first princi-
ple calculation of J in cyano-bridged species[33]. There it was con-
cluded that the interaction through the G orbitals of cyanide was
significantly smaller compared to the interaction through the % and T
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 Figure 6. 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 first consider the situation when both 72,7, and 7y, 7, interact
with half-filled orbitals on both metal centers. Both interaction path-
ways ( (7z,7;) and (7y,7,)) are antiferromagnetic and by combina-
tion of egqs (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 temperature T, is given as

_ Quyy [ 32

T. = 2k |nang

Vna(na + 2)np(ng +2) (20)

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
ny 22 and ng 2 2. The critical temperature eqn(20) is plotted in Figure 7
for different combinations of n4 and ng.

3801 nB=2 41200
360-
= 340 ™3 1'80%
320 ™2 56 |9
R 160 =
3001 g 1R
2804 10,11,12 1140
260 ——
2 3, 4 5

FIGURE 7 Calculated critical temperatures for PB analogs in which two antiferromag-
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 ferromagnetically, the critical temperature is given as

T _ vy
T 2% nga

Vna(na +2)n3(n3+2)] (21)

where we for simplicity set YW = 1. Here we have the requirement that
ny 2 2. The critical temperature eqn(21) is plotted in Figure 8 as a func-
tion of n, and np.
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FIGURE 8 Calculated critical temperatures for PB analogs in which two ferromagnetic
exchange pathways contribute to the net J vaiue, eqn(21). Examples from Table I are
indicated

Finally, when one set of the ligand orbitals, say &, and ., contrib-
utes negatively to the net J, and the other set, i.e. 7, and Ty contnbutes
positively to net J, then the critical temperature is given as

T, = WY [ A6 208) /s + Drin(ns +2)] (22)

2k NANE

where we again set W = 1. This combination requires n4 2 2. The crit-
ical temperature eqn(22) is plotted in Figure 9 as a function of n, and
npg.

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 antiferromagnetically to the net J
(Figure 7 and egn(20)). For these materials, exemplified by 5,6 and 9-
12 from Table I, the critical temperature is expected to lie in the range

240-360 K and 140240 K fory=1and y = 323., respectively.

If there exist two ferromagnetic exchange pathways (7 and 8 from
Table I) between the two interacting metal centers (Figure 8 and
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FIGURE 9 Calculated critical temperatures for PB analogs in which one antiferromag-
netic and one ferromagnetic pathway contribute to the net J value, eqn(22). Compound 4
from Table 11 is indicated as an example

eqn(21)) then the critical temperature is expected to lie in the range 50-
190 K and 25-100K fory=1and y = g 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 are obtained for n, and
ng both as low as possible. In the latter case high T,s are obtained for
small n4 and large ng values.

The calculated T,’s corresponding to the n, and ng values represented
by 4-12 are given in the sixth column of Table II, 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, 11 and 12, the agree-
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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 eleained 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 Mn**. This implies that the trans-
fer integrals show the following trend: Vi2+ > Viojes > Vignes and
Vet > Vs > Viynar. MLCT energies increase with the oxidation
state of the metal, i.e., Ajs,as > AfG,s+ > AY24, while the opposite
holds for LMCT transitions. Using such refinements of our model we
can understand the observed trend in T, for 10, 11 and 12, in agreement
with ref.[5].

The compounds 13-21 collected in Table III cannot be treated quanti-
tatively with our formalism, since orbital non-degeneracy and a simple
Q.A[B(CN)4]y stoichiometry is a necessary requirement for eqn(1)
and (2). We can, however, discuss the critical temperatures of the com-
pounds of Table III semiquantitatively based on the number of unpaired
electrons.

The ferromagnetic ordering temperatures of compounds 13 and 14
can be directly compared. The number of possible exchange pathways is
determined by the electron occupancy of the metal jons. Both ions con-
tain low spin Fe>* with an electron configuration 5. The Ni?* and
Cu?* ions have the electron configuration tS¢? and t§¢',, respectively.
We thus have a half-filled orbital of Fe>* interacting with a full orbital
on Ni%* or Cu?*. This gives a negative contribution (eqn(12)) to the
exchange splitting. No positive contributions are possible. Hence, the
ferromagnetic ordering is explained. If the n4, ng dependence eqn(21)
and Figure 8 was applicable we would expect T.(13)>T(14). This is in
agreement with the experimental facts, but the experimental T,'s are
very similar.

In a similar way, the critical temperatures of compounds 15 and 16
can be compared. By considering the #, electron configurations of the
metal ions we conclude that there 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) (n4=1,ng=3) to be higher than T.(16) (n4=1,n5=5).
This again is in agreement with the experimental facts.

Based on simple stoichiometry arguments one should expect T, (17)>
T(9) since y(17)>y(9). However, the oppositc was found, and the
authors of ref{4] showed that part of the Cr?* ions in 17 have the
low-spin ground state. The low-spin Cr?* ions have one doubly occu-
pied 1, orbital which adds a ferromagnetic contribution to the net J
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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 Cr*as well as V2*
or V3*, These metal ions have two (V>*) or three (Cr*, V2*) unpaired
electrons in their ground states. Hence, there are two possible antiferro-
magnetic interaction pathways. According to our model, this combina-
tion of n, and np 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 Prussian
Blue analogs we calculate critical temperatures for both ferro- and fer-
rimagnetic order. The highest ordering temperatures in Prussian 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 Prussian Blue analogs containing
3d metals.
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A a AND b BOTH HALF-FILLED

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

1 3 5 9 11
1 0 -Vi Va -V Vg
3 Vg Ap 0 0 0
5 Va 0 Ay 0 0 (23)
9 -V 0 0 Ay 0
11 Vs 0 0 0 Ay
The singlet matrix has the following form
2 4 6 7 8 10 12
2 0 -V —Vu 0 0 Vi Vi
4 -V Ap 0 V2V, 0 0 0
6 -Via 0 Ay 0 V2Vg 0 0
7 0 V2V4 0 Uap 0 V2V 0
8 0 0 V2vg 0 Usa 0 V2Vv;
10 Vi 0 0  V2V3 0 A% 0
12 1% 0 0 0 V2V 0 A%
(24)

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

2 2
E(1) - E(0) = Vsz[ + ]
() () AVB AzBUAB A2AUBA

2 2
+ V*th? [ + }
A "B I ARps  AY2Uas

e
UABABA:‘ UBAAAA*B

—nmm%[
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B a HALF-FILLED AND b EMPTY

This appendix contains the CI matrices for the particular system illus-
trated in Figure 2, section 2.2. The triplet matrix has the following form

1 4 5 7 9 11
1 o v -/t v o -w
1| i as 0 o fiv. o
5 - %Vb 0 Ap 0 \/%Va 0
7 A 0 0 Ap+T; 0 0
9 0 iV, iV, 0 Uspg W
11 -V 0 0 0 Vi Ay
(26)
The singlet matrix has the following form
2 6 8 10 12
2 0 v v 0 v
6 Vi Asg 0 0 0
8 Ve 0 A+ 1, V2V, 0 (27)
10 0 0 V2V, Usp+IL. -V
12 1% 0 0 -V AY

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

1 1
EM) - E0) =~ { a4 [A2BUAE - (Ap+T2)*(Uas + 12)]

1 1
+ Vu2vt2 [ _ ]
@ "t |A%2Usp  AY2(Uap+ Do)

2 B 2 ] (28)}
A:‘ABUAB AZ(AB + )} (Uas +I2)

ARl [
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C 2 HALF-FILLED AND b FULL

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

1 3 5 8 9 11

1 0 V. 0 —\/gv,; \/gv,; -3

3 V. Ay Vi 0

5 0 Vi Usa \/' vy f v:oo0

8 | —/iw o i oy 0

o | Vv o Jrr o o A% 0

n | /i o o 0 0 A+Ds
(29)

The singlet matrix has the following form

2 4 6 10
2 o Vo 0 —five -/
4 —V,, Ax -V 0 0
6 Vi Upsa+Do 0 V2V (30)
10 —\/— AT 0 AL 0
2 | -/ o VA 0 AL+

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

1 1
E(1)- E(0)=- 1%4 2{ -
( ) ( ) { a‘/b AzAUBA A?A(UBA"'IZ)]

1 1
+ VY [ - ]
b |AR2Uss (A% +1.)2(Upa +To)
2 2
—VaB VY - _ 31
Pra "0 [AAA*BUBA Aa(dy +1)(Upa +I2)]( }
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