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Is It Possible To Get High 7. Magnets with Prussian Blue Analogues?

A Theoretical Prospect

Eliseo Ruiz,**! Antonio Rodriguez-Fortea,”! Santiago Alvarez,® and

Michel Verdaguer'™"!

Abstract: Theoretical methods based on density functional theory have been em-
ployed to search for Prussian blue analogues with Curie temperatures higher than
the ones reached today. Our study suggests several possible cyano-bridged com-
pounds as candidates to present stronger exchange coupling and higher ordering

temperatures than the well known Cr™V" derivatives.

The search for molecule-based compounds with long-
range magnetic order at room temperature is one of the cur-
rent goals of research in the field of molecular magnet-
ism.[12 Presently, two families of molecule-based materials
behave as room-temperature magnets. The first family can
be formulated as V[TCNE],.y CH,Cl, and was obtained by
Manriquez et al. when looking for vanadium-based charge-
transfer materials. The samples decompose below T and a
complete characterization of this system is still in progress.”!
The second family of materials that behave as room-temper-
ature magnets, V[Cr(CN)],-nH,O, was obtained in 1995 by
Ferlay et al.®! This amorphous Prussian blue analogue has a
Curie temperature of 315 K and a low magnetization at sat-
uration (0.15 pg). It is an air-sensitive compound that con-
tains V" and V™ cations. Other members of the Prussian
blue family with vanadium and chromium cations have since
been obtained by other authors[! and these have higher
Curie temperatures™® and saturation magnetizations in line
with their stoichiometry.”®! Two significant improvements of
the synthetic procedure have led to better organized sam-
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ples. Thus, a sol-gel approach and the use of potassium
countercations allowed Girolami and Holmes to get a crys-
talline analogue with which a 7. value of 376 K was
reached, the highest in the series.!”’ On the other hand, the
use of catalytic amounts of V'™ during the synthesis allowed
Garde etal. to obtain stoichiometric Cr'™V* compounds
presenting the expected magnetization at saturation.”)

Few theoretical studies have been devoted to the elec-
tronic structure and magnetic behavior of the Prussian blue
analogues that show magnetic order at room temperature,
probably because its exact crystal structure is unknown and
because the symmetry of the real compounds is low. The
first theoretical studies®™” were reported by the same au-
thors who prepared the compound, by using the extended-
Hiickel method for dinuclear models. They applied the
Kahn-Briat model™'? and attributed the exchange interac-
tion to the overlap between magnetic orbitals through the &
system. Siberchicot et al. employed the augmented spherical
waves (ASW) method to perform calculations and analyzed
the spin distribution in periodic structures of two well-char-
acterized Prussian blue analogues of formula CsM[Cr(CN)]
(M =Mn, Ni).l¥l Hartree-Fock calculations for idealized pe-
riodic models of KM[Cr(CN),] (M=V", Mn" and Ni") and
Cr[Cr(CN)4] were reported by Harrison et al. during studies
of the exchange coupling and the electronic structure of
these materials." Nishino et al. employed density functional
methods for a molecular model [(NC),-M-CN-M'-(CN),] to
study the exchange interactions, and their results compare
well with experimental data of six different Prussian blue
analogues (M =Cr"™, M'=V"™ '™, V", Mn", Ni"', and M=
V!, M’ =Mn").>1 Weihe and Giidel have performed a
study of the exchange coupling in Prussian blue analogues
using a valence bond configuration interaction (VBCI)
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model and some parameterization to obtain estimates of the
critical temperatures for such compounds.!"”

According to well-understood orbital rules,"*'® exchange
interactions between two transition-metal atoms with local-
ized electrons mediated by bridging ligands are antiferro-
magnetic (i.e., electrons in the two metal atoms prefer to
align their spins in an antiparallel way) if they involve elec-
trons in d orbitals of the same symmetry (e.g., t,, orbitals in
octahedrally coordinated metals), but ferromagnetic (i.e.,
parallel spins) between orbitals of different symmetry (e.g.,
t,, in one metal and e, in the other). Notice that the symme-
try notations used here are the ones for an idealized local
O,, point group on each metallic center, suitable for a three-
dimensional material, but do not represent a precise symme-
try label in a dinuclear complex or a two-dimensional com-
pound. Although exceptions to these simple rules exist and
have been analyzed by Tsukerblat in the framework of the
Anderson model, " most of the presently available Curie
temperatures for Prussian blue analogues (Table 1) agree
with those expectations. Thus, among the compounds with
high ordering temperatures one finds C-coordinated Cr™
and N-coordinated V", both metal ions having a t,,’ electron
configuration, a situation for which the strongest antiferro-
magnetic interaction and the highest 7 are to be expect-
ed.”1%171 Antiferromagnetic coupling in cubic Prussian blue
analogues AM'[M(CN),] (Figure 1, left), where A is an alka-
line metal cation and both M and M’ are d° ions, should
result in cancellation of the two local spins (S + §'=3/2-3/
2=0) below the magnetic ordering temperature and one
would be left with a diamagnetic behavior. However, in the
experimentally characterized A ,M'[M(CN)¢], compounds,
the stoichiometric ratio between the two metals is 1:x and a
net spin of |3(1—x)|/2 results, responsible for a net magneti-
zation below T¢. It follows that, for t2g3 ions, the closer the
M':M stoichiometry is to 1:1, the smaller the net magnetiza-
tion is, as actually found by Holmes and Girolami.[®!

With all the other paramagnetic pairs implied in ferrimag-
netically ordered systems, the Curie temperatures are lower
than with Cr'™-V™. An alternative way to obtain a net mag-
netization in a Prussian blue with AM'[M(CN);] stoichiome-
try consists of having ferromagnetic coupling between M
and M'. According to the orbital rules discussed above, the
electron configurations corresponding to the most efficient
ferromagnetic interaction (and highest ferromagnetic order-

Abstract in Spanish: Métodos teoricos basados en la Teoria
del Funcional de la Densidad se han empleado en la biisque-
da de compuestos de la familia de los Azules de Prusia con
temperaturas de Curie mds altas que en los sistemas conoci-
dos actualmente. Nuestro estudio sugiere que varios com-
puestos con puentes cianuro no sintetizados todavia son
buenos candidatos a presentar un acoplamiento de intercam-
bio mads fuerte y una temperatura de ordenamiento magnético
mads alta que los compuestos de CF'V ampliamente estudia-
dos.
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Table 1. Experimental T [K] values for some Prussian blue analogues.

MM’ Compound Configuration 7, Ref.
Critvil KV[Cr(CN)g-2H,0 oy, 376 1
vty Ko.05s V[Cr(CN)glo76(SO4)o.055 ety Tty 372 B
VlI[
Ko.50V[Cr(CN)go051.7H,O by 350 B
V[Cr(CN)gJos62.8 H,O by, 315 W
610.86 2 2g ~2g "t2g
VI[Cr(CN)glos(SO4)023-3.0H,0 by, T, 315 ®
cr'cr'  [Crs(CN),,]-10H,0 b, € 240
MoV (Et,N)ysMn, ,s[V(CN);]-2H,0 g €, 230 B1
Cr'"Cr" Cs,;Cr[Cr(CN)glgo4-4 H,OM by~ ey 190 B
VIMn"  CsMn[V(CN)] e~ €, 125 B
Cr''vl  (VO)[Cr(CN)g)»33.3H,0 gty 115 [721
Cr'"™n""  CsMn[Cr(CN)4] byt e, 90 &
(NMe,)Mn[Cr(CN),] by~ €y 59 B4
Mn'YMn  Mn[Mn(CN)]-1.14H,0 byt e, 49 1553
Co'"Co""  Co,[Co(CN)s],'8 H,O tle b, e 38 [»f”
Mn"Mn"  K,Mn[Mn(CN)] by~ e, 41 [»jﬂ
Mn™™Mn"  CsMn[Mn(CN)4]-0.5H,0 [ 41 [f*‘]
(NMe,)[Mn,(CN)] by~ e, 28 B4
Mn"Mn™  Mn;[Mn(CN)],-12H,0 g~ €y 37 B
Mn;[Mn(CN)],-12H,0-1.7CH;0H  t,,’e,’~t,* 29 [fﬂ
Mn"Mn  Mn[Mn(CN),] [IRS 31 B
MoV V[Mn(CN)g] gty 28 b
Mn™'Cr'™  Cr[Mn(CN)g] g —tog” 22 B
Fe'"Co"  Cos[Fe(CN)g], g~ € 14 16
Fe'"™Mn""  Mn,[Fe(CN)q, g~ €, 9 o
Fe"Fe'  Fe,[Fe(CN)¢];x H,O [ ol [
Fe'"™i"  Ni;[Fe(CN)], g~ e, 24 160l
Mn"™Ni"  Ni;[Mn(CN),],-12H,0 g~ €, 306
CsNi[Mn(CN),]-H,O -t e, 42 1l
Cr'"™Ni"  Ni;[Cr(CN)],-9H,0 g~ e,” 601 (63,64
CsNi[Cr(CN),]-2H,0 g~ €, 90 (4

[a] Although this compound is formulated as stoichiometric, a certain
amount of V"' is present that is responsible for its ferrimagnetic behavior.
[b] Or Cs¢Cry[Cr(CN)]s-40H,O. [c] The critical temperature in those cases
corresponds to a ferromagnetic state, at difference with other compounds
in which it corresponds to ferrimagnetic ordering.

o
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Figure 1. Ideal lattice corresponding to a Prussian-blue analogue (left)
and molecular model extracted from the periodic lattice (right). In the li-
gands, the black spheres correspond to carbon, white spheres to nitrogen
atoms.

ing) are M(t,,") and M'(t,,’e,”). Experiment reveals (Table 1)
that this is a much less effective strategy, since the ordering
temperatures achieved in this way are below 90 K (Table 1).
To find Prussian blue analogues with the highest possible or-
dering temperature, it seems appropriate to search for the
strongest antiferromagnetic coupling constant J between
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two metallic sites M and M’ with different local spins, com-
bined with an optimized number of unpaired electrons. We
suggest that this goal can be sensibly achieved by means of
a) calculations of J values on model complexes, using the
nowadays standard computational techniques®?! that have
been successfully applied to a variety of di- and polynuclear
transition-metal complexes (see the Computational Details
section), b) using the molecular mean field model to evalu-
ate T¢ from |J|. To compute the nearest neighbor coupling
constant J, we use model dinuclear complexes [(NC)sM-CN-
M'(NC)s]"~ (Figure 1, right), coincident with the models pre-
viously used by Nishino et al.,>!! or their protonated ana-
logues [(HNC)sM-CN-M'(NCH);]"*. Previous studies on di-
nuclear models showed?! that the experimental behavior is
intermediate between those calculated for molecular models
with unprotonated and protonated bridging ligands. The dif-
ferent model molecules studied below have been chosen 1)
to check that the calculations reproduce the experimental
trends in the J values; 2) to gain new insights into the gener-
al behavior of this family of compounds and 3) to make pre-
dictions about new Prussian blue analogues that should
present higher magnetic ordering temperatures and yet un-
prepared. The following groups of compounds will be dis-
cussed: a) Compounds with t,,’ and t,,’ electron configura-
tions at the two metal atoms, antiferromagnetically coupled,
that could yield high-temperature M'[M(CN)], (x<1) mag-
nets; b) potential ferrimagnetic systems formed by metal
ions with electron configurations t,,” and t,," that favor anti-
ferromagnetic nearest-neighbor coupling, resulting in net
magnetization for compounds with the M'[M(CN)4] stoichi-
ometry; ¢) compounds with electron configurations that pro-
duce ferromagnetic coupling. The comparison of these three
sets of calculations should allow us to evaluate possible
strategies for the design of new high 7 Prussian blue mag-
nets.

From electronic structure calculations on a dinuclear
model we can obtain the coupling constant J, but not the
Curie temperature. Instead, we use the approximate mean-
field expression derived from Langevin, Weiss, and Néel
[Eq. (1)],%"* which provides a bridge between the experi-
mentally determined 7 and the computable exchange cou-
pling constant between nearest M and M’ neighbors, J.

_ \/mljl\/st(SM +DSw (Sw +1)
T = o 1)
B

Here Sy, and Sy, are the local spins on centers M and M/,
Zy and Z,; the number of nearest neighbors of each type of
metal atom and x corresponds to the stoichiometry of the
M'[M(CN)g4], compound. Although Equation (1) qualitative-
ly indicates the fact that systems with stronger exchange
coupling have higher ordering temperatures for a given stoi-
chiometry, the T values obtained from calculated coupling
constants in dinuclear models are significantly higher than
the experimental ones. This overestimation of the 7. value
is a well-known problem.” To obtain a rough estimate of
the T¢ values from our calculated exchange-coupling con-
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stants, we will scale the values by a constant factor that re-
produces the experimental ordering temperature of
V[Cr(CN)g]oss2-8 H,O, taking x=2/3, Zy,=6 and Z,;, =4.

Computational Details

The computational strategy adopted in previous theoretical studies on ex-
change-coupled dinuclear complexes has been applied here.*”’ The J
values are obtained by using Equation (2), where S; and S, are the total
spins of the paramagnetic centers and S, > S, has been assumed for heter-
odinuclear complexes.

Eys—Ers = — (28,5, + $,)/ (2)

Eys is the energy for the highest spin state and E;g that of the state
having the two metals with opposite spins (antiferromagnetic coupling).
This expression is obtained without performing a spin-projection of the
energy of the low-spin state. We adopt such an approach because the
non-spin-projected results are systematically in better agreement with ex-
perimental data, a fact that can be attributed to the inclusion of nondy-
namic correlation effects in commonly used exchange functionals, due to
the presence of the self-interaction error. If spin projection is applied to
such density functional calculations, then a cancellation or a double
counting of such effects results, as discussed recently by Polo et al.*" The
hybrid B3LYP method®** has been used in all calculations as imple-
mented in Gaussian98 (version A.11).**) Owing to the complexity of the
electronic structure of the studied compounds, we have employed the
Jaguar code (version 4.1) to generate an appropriate initial wavefunc-
tion, since it provides a better control of the local spin and multiplicities
of the atoms. To maintain the electronic structure during the SCF proce-
dure the quadratic convergence option must be employed. In all calcula-
tions, a triple-¢ basis set proposed by Ahlrichs et al.’”! was used for the
transition-metal atoms, which included two extra p polarization functions,
whereas the double-{ basis set proposed by the same authors was used
for all other atoms.®™ For the calculations containing the molybdenum
atoms we have employed Stoll-Preuss quasi-relativistic pseudopoten-
tials.”!

To verify the effect of the modeling of the three-dimensional structure
with a dinuclear molecule (Figure 1), we have calculated the J value for
different models and basis sets in the case of Cr''Ni" dinuclear com-
pounds (Table 2). All the calculated values correctly reproduce the ferro-

Table 2. Calculated J values!® using the B3LYP functional for different
molecular models of the Cr'""Ni" compound.

Model
[(NC)sCr-CN-Ni(NC),]°
[(HNC)sCr-CN-Ni(NCH);]**+ +27.9 (+19.7)
[(NC)sCr-CN-Ni(NHj;)s]~ +12.9 (+8.6)

[a] Ahlrich’s basis set used. [b] The values in parenthesis were calculated
with the basis set used in the work of Nishino et al.l'¥

J [em™']®
+22.4 (+162)

magnetic character of the interaction found experimentally for the ex-
tended Cr"'Ni" compounds (Table 1, last two entries) and molecular sys-
tems.*** In what follows, we will employ the [(HNC)sM-CN-
M'(NCH);]** model for all the metal pairs analyzed, in which the protons
attached to the cyano groups simulate the missing metal atoms of the ex-
tended structure and decrease the overall negative charge. For the most
interesting cases, we will also report the calculations with the [(NC)sM-
CN-M'(NC);]°~ model to calibrate the effect that the choice of the dinu-
clear model has on the calculated J value. The following bond lengths
were used for the calculations: M—C 2.07, Mo—C 2.17, M'—N 2.10, Mo—N
220, C-N 1.13, C-H 1.0, and N—H 1.0 A.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2137
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Results and Discussion

The results of our calculations on the molecular models with
several combinations of transition metals are collected in
Table 3. We have focused mostly on early transition metals

Table 3. Exchange-coupling constants J for the molecular models
[(HNC)sM-CN-M'(NCH);]"*, and some examples with the [(NC)sM-CN-
M’'(NC);]"" model (J' values), calculated with the B3LYP functional.

M, M’ Configuration J [em™] J [em™]
Mn!V! 'ty 503 283
MoV 'ty 422 -358
Cr"Mo bt 37 —194
vty e~y —-360 -270
cryn 't ~241 ~150
Mo™"Cr! e, €, —186

Mn"'Cr" e, €, -122

Vo oo, —101

VI”V"I tzgz_tzgz 799

iy -t 86

cr''er" e, €' -70

Mo™"'Cr'™ gty —63

CrI"VI” t2g3_t2g2 756

MOIHVH] t2g3_t2g2 752

Mn'VCr™ ety -33

MnIIIVIII t2g4_t2g2 731

crer oy —ts,” 29

ViMp! e 23

Cr'"Mn" -t e, 18

VNG bty +24

CrNi" i -bye, +28

TillCrt 'ty +37

Mn'YNi" the—ty' €, +121

Ti'Mv! L'ty +161

because they have unpaired electrons in the t,, orbitals that
are appropriate for the interaction with the m system of the
cyanide bridging ligands. Although 7. values estimated
from the calculated coupling constants of dinuclear models
are overestimated, as pointed out previously by Nishino et
al,’>1 we compare the calculated J values with those ob-
tained from experimental T values by using Equation (1) to
check if the computational results allow us to establish sig-
nificant qualitative trends for the experimental behavior
(Figure 2). It can be seen that a good correlation exists be-
tween the experimentally derived and the theoretical cou-
pling constant, even if the correlation is not linear. In any
event, it becomes clear that a calculated antiferromagnetic
coupling stronger than that obtained for the Cr'™V™ model
(J=—241 cm™) should imply a T value above room tem-
perature for the corresponding extended solid, other things
being equal (i.e., local spins and number of nearest neigh-
bors). The main observations that can be made from the re-
sults of our calculations (Table 3) together with the analysis
of the experimental data (Table 1) are summarized as fol-
lows:
1) Four metal pairs present stronger antiferromagnetic cou-
pling than the Cr™-V" couple. These are: Mn™-V"
MoV Cr'"™-Mo" and V™V, For such systems, we
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Figure 2. Relationship between calculated exchange coupling constants
for dinuclear model complexes (Table 3) and coupling constants for ex-
tended solids estimated from the experimental 7. values (Table 1)
through Equation (1).

have also performed the calculations with the unpro-
toned model to verify this assumption.

2) The electron configuration of M and M’ affects the
nature and magnitude of the coupling in predictable
ways, with t,,”—t,," pairs giving strong antiferromagnetic
interactions (with the exception of the Ti"™' compounds,
see below), t,,"—t,,"e, or ‘LZg’"—tzg"eg2 pairs weaker antifer-
romagnetic interactions and t,,"t,,"e,” pairs yielding fer-
romagnetic coupling.

3) The metal ions in the M’ site that give strongest antifer-
romagnetic coupling are V", Cr", and Mo™.

4) Mo™ at the M site systematically gives stronger antifer-
romagnetic coupling than the Cr'™ analogues.

5) The magnitude of the coupling for analogous pairs of
electron configurations is strongly affected by the oxida-
tion state of the metal atoms. In particular, for the t2g3—
t,, pairs, a significantly stronger antiferromagnetic cou-
pling appears for M™ and M"" pairs.

6) Models with Ti"™" in the M site are in all cases predicted
to be ferromagnetic, even when coupled with a t,,’ metal
ion at the M’ site.

7) The results for the models with Mn" in the M’ site repro-
duce correctly the trend of the experimental data, giving
a slightly stronger antiferromagnetic coupling for the V"

compounds than for the Cr'" one.

Let us now discuss in more detail some of these results.
Among metal pairs for which the strongest antiferromagnet-
ic coupling is predicted we find Mn™-V", VI_VY and
Mo™-V", In the related experimentally characterized Prus-
sian blue analogues, the stoichiometry is M,V';, for which a
ferrimagnetic behavior is expected and the ordering temper-
ature should then be above room temperature. To obtain a
rough idea of the meaning of the calculated exchange cou-
pling constants in terms of the experimentally determinable
T values, we have calculated from Equation (1) the order-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ~ www.chemeurj.org ~ Chem. Eur. J. 2005, 11, 2135-2144


www.chemeurj.org

High T Magnets

ing temperatures for the most strongly coupled dinuclear
models, with a scaling factor such that the value estimated
for V[Cr(CN)¢]oss2.8H,O coincides with the experimental
one (Table 1). We thus obtain 7 values above room temper-
ature for several M™M'™ couples (Table 4). It is noteworthy

Table 4. Curie temperatures for Prussian blue analogues with the stoichi-
ometry M;"[M™(CN)q],, estimated from the calculated coupling constants
J for the molecular models [(HNC)sM-CN-M'(NCH);]"*.

M, M’ Configuration Tc [K]
Mnyi tZgA_tZgS 480
Moy tzg3—t2g3 552
comat
M Ily 11 tzg%_tzg; o
iy gty 315
MOmCrIl Gyt egl 308
Mrlll 1 ClrI tzg;tzgg egl 147
Cr'''Cr byt €, 116
Cr'"Mn" tZ;—tzg3 egz 36

that in these cases the expected magnetic ordering tempera-
ture is not only above room temperature, but higher than in
the previously known Prussian blue magnets and probably
higher than the decomposition temperature. Although the
Mo™V" Prussian blue may seem unlikely because the Mo™
cation appears usually with coordination number higher
than six, Beauvais et al. have recently synthesized a dinu-
clear [Mo,(CN);;]’~ complex with octahedral coordination
of the metal atoms and a J value of —226 cm~,*! thus sug-
gesting that the type of compound proposed here should be
obtainable. The systems containing Mo™ ions show larger
exchange coupling constants than the equivalent compounds
with first transition series elements due to the more diffuse
character of the 4d orbitals in comparison with the 3d ones,
as verified in a recent computational study."*’!

Among the interactions between t,,” and t,," configura-
tions a few cases deserve a more detailed discussion. The
fact that the t,;—t,,° (Cr'"-V"™ and Mo"-V") and t,,*-t,,’
pairs (V"-V") present antiferromagnetic coupling of quite
different strengths (|J|~50 and 360 cm™!, respectively)
might be attributed to the strong asymmetry of the CN
bridge, but in the light of the strong influence that the oxi-
dation state has on the coupling constants for other configu-
rations, it is more likely that it is the choice of metals and
oxidation states that produces such a remarkable difference
(see point 5 above). Also the apparent disagreement be-
tween the low experimental T in the Mn™-Cr™ couple and
the high negative J value calculated for the related Mn™-V"
pair with the same configuration (t,,*~t,,’) should be attrib-
uted to the different choices of oxidation states in the two
cases. An interesting possibility is provided by a t,,’-t,,*
couple, for which a strong antiferromagnetic coupling is ex-
pected, similar to that found for the t,,~t,,> pairs, but that is
unlikely for first row transition metals in the M’ site since
the N donor atoms favor the high spin t,,’e,' configuration
rather than the low spin t,,* one. However, the t,,'~t,," situa-

Chem. Eur. J. 2005, 11,2135-2144 www.chemeurj.org
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tion should be possible by using a second- or third-row tran-
sition metal at the M’ site, and our calculations on the Cr'—
Mo" compound confirm this idea.

It is not easy to find a simple general explanation for the
large range covered by the experimental (Table 1) and cal-
culated (Table 3) coupling constants. One of the usual ways
of rationalizing the exchange coupling between two un-
paired electrons makes use of the relationships between J
and the overlap integral between the two localized (or
“magnetic”) orbitals bearing such electrons, devised by
Kahn and Briat"! and by Noodlemann.[*! A unified view of
these models has been presented recently by Mouesca.[*!
Focusing on the Noodlemann approach that involves
broken-symmetry solutions, the aforementioned relationship
is given by Equation (3) where k' is a ferromagnetic contri-
bution (associated only with t,—e, interactions), U is the on-
site interelectron repulsion that results from transferring an
electron from one metal to another and S, is the overlap in-
tegral between a pair of magnetic orbitals a (centered at M)
and b (centered at M').

J =2k -US,,;? (3)

For such a simple system, we and other authors®*! have
shown that the overlap between the magnetic orbitals can
be approximately calculated from the spin population of the
transition metal atoms. Thus, for a symmetric homodinu-
clear complex with one unpaired electron at each metal
atom the simple expression (4) results, where a and b are
the localized molecular orbitals, whereas pr and pgg are the
spin population at the metal atoms in the triplet and
broken-symmetry states, respectively.*")

Sw’ = (alb)* ~ pi—prs (4)

In the appendix we propose that, assuming that the ex-
change coupling constant can be expanded as a sum of
squares of overlap integrals S,, between the non-orthogonal
pairs of localized orbitals, the relationship between J and
the overlap integral ([Eq. (3)]) can be approximately found
to be proportional to a function of the calculated spin densi-
ties at the metal atoms, A ([Eq. (5)]). Here pys; and pyg, are
the spin populations at the metal atoms M and M’ in the
high-spin state, whereas p;5; and p;g, are the corresponding
populations in the low-spin state.

JoxA= [(Pim_l)im)l/z + (Pﬁsz‘ﬂisz)l/z]z (5)

When the coupling constants calculated here are plotted
as a function of the corresponding A values, a fair correla-
tion appears (Figure 3). Deviations from the general trend
may be attributed to the differences in electron configura-
tion, oxidation state and transition series of the metal ions
present, which should be reflected in differences in the &’
and U parameters in Equation (3). This observation is con-
firmed by analyzing the family of complexes with the same
electron configurations (t,,-t,,’), represented by black
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-200

J(cm™)
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) o o
-400 oMo e
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Figure 3. Calculated exchange coupling constants (Table 3) represented
as a function A of the Mulliken spin populations of the metal atoms in
the high- and low-spin states ([Eq. (5)]) of dinuclear complexes with t,,"—
t,," electron configurations. The squares correspond to those complexes
with t,,~t,,” configuration and the line is a least-squares fitting for those
points only.

squares in Figure 3, for which a
nice linear correlation is found.

A result that should be of in-
terest for the design of new mag-
netic Prussian blue analogues is
the strong dependence of the ex-
change coupling constant on the
oxidation state of the two metal
atoms. If we focus only on the
t,,"—t,," couples, for which no fer-
romagnetic t,—€, contributions
exist, we can see in Figure 3 that
all complexes with strong antifer-
romagnetic coupling (—503<J<
—122 cm™) correspond to metal
pairs in oxidation states III-II, ir-
respective of the number of t,,
unpaired electrons. In contrast, if
we consider those pairs in which
the two first row metal atoms have the same oxidation state
(with the exception of Ti compounds, to be discussed
belOW): VHI—VIH, VH—VH, CrIII—VIII, MnIH—VHI, and CrIII—CrIII,
we observe weaker calculated J values (between —29 and
—99 cm™', Table 3).

The strong dependence of J on the oxidation state of the
metals can be rationalized by analyzing the composition of
the Kohn-Sham orbitals of the broken-symmetry solution,
taking into account the relationship between the overlap in-
tegral and J ([Eq. (3)]). We will first show how the localiza-
tion of the magnetic orbitals changes with the oxidation
state of the two metal sites, and then interpret the effect on
the exchange coupling according to overlap criteria. We
start by assuming that the metal t,, orbitals appear in the
energy scale somewhere in-between the m and st* orbitals of
the bridging cyanide, consistent with the fact that the un-
paired electrons are metal-centered (Scheme 1). Depending

a)

patl

Scheme 2.
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on the metal oxidation state, the d electrons experience dif-
ferent attraction by the net charge of the atomic core and
the energy of the d orbitals decreases with increasing oxida-
tion state. Since one of the key factors that determines the
magnitude of the interaction between two orbitals is their
being similar in energy, we should expect metals in high oxi-
dation states to interact preferentially with the s orbital of
cyanide and those in low oxidation states to interact mostly
with m*, as depicted in Scheme 2a and b, respectively. The

53 ’

Scheme 1.

tzg o

C-N M" C=N

present results indicate that the effect of the metal oxidation
state on the d orbital energy is more important than that of
the nuclear charge, which is less effective due to screening
by the core electrons. If we consider systems with the same
combination of oxidation states the exchange coupling is in
most cases stronger for a metal with smaller atomic number,
although then also the electron configuration changes and it
is not straightforward to ascribe such effect to one of these
two factors. This orbital energy scheme is in agreement with
the well-established dependence of atomic orbital energies
on the atomic number*”! and charge.[*!

In a cyano-bridged heterodinuclear compound the t,, or-
bitals of the two metal atoms interact with the s system of
the bridge, giving highly localized magnetic orbitals with
contribution at the bridging atoms, as illustrated in
Scheme 3. To have a large overlap between these, hence
strong antiferromagnetic coupling, we must have the largest
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Scheme 3.

possible contribution at the bridge in both magnetic orbitals.
This is most efficiently done if one metal interacts mostly
with the =, the other with the m* orbital, that is, if the oxida-
tion states of the two metal atoms are different. Our results
suggest that fine tuning of the metal orbital energies results
in the best choice for a trivalent and a divalent metal atom.
However, if the orbital picture presented here is correct, we
should expect the two combinations M™-M™ and M"™-M"™
to give similarly strong coupling. Since in all our calculations
the high-oxidation-state metal was at the C; site and the low
oxidation state one at the Nj site, we tested such a predic-
tion by calculating the V"-Cr™ complex, for which we also
find a larger coupling constant (—204 cm™, to be compared
with —241 cm™ for the Cr™-V" pair) than for metal combi-
nations with the same oxidation state. The fact that only two
of the three t,, orbitals of each metal atom interact with the
bridge may explain the minute differences in exchange-cou-
pling constants found between, for example, the t2g3—t2g3 and
th—t, pairs in compounds with the same combination of
oxidation states (see above).

An intriguing result of our calculations is the ferromag-
netic interaction predicted for compounds with Ti"™" at the
M site, in apparent disagreement with the usual expectation
of antiferromagnetic coupling between t,, electrons. Such a
result, however, can be easily understood if we take into ac-
count the real symmetry of the dinuclear [(NC)s-Ti-CN-M'-
(NC);s] models used in our calculations, C,, in which the
symmetry axis z is coincident with the Ti-CN-M’ skeleton.
In that point group, the xy orbital belongs to the B, symme-
try representation, whereas the xz and yz orbitals are degen-
erate, of £ symmetry. In our model dinuclear compounds,
the Ti orbital bearing the unpaired electron (b,, or xy) hap-
pens to be of 0 symmetry relative to the Ti—C bond (Sche-
me 4a) and is therefore forbidden by symmetry to interact
with the d orbitals of M’ through the bridge & orbitals (e).
Therefore, according to the orbital models of magnetic ex-

Scheme 4.
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change interactions, electrons in non-interacting orbitals can
only yield ferromagnetic coupling. Similar considerations
allow us to explain why the antiferromagnetic coupling for,
for example, the V"'V'" pair with t,,’~t,,’ configuration (i.e.,
e’—e’b, in the C,, point group) is stronger than for the t,,—
ty, (e’by)—(e’by) Cr'™'V" pair, since two ferromagnetic con-
tributions (e-b, and b,—e) are at work in the latter but only
one (e-b,) in the former case.

Coming back to the Ti'™ systems, it is not obvious, though,
why the electron configuration with the d-type t,, (b,) orbi-
tal of Ti'™™ bearing the unpaired electron is the most stable
one (our calculations indicate that it is 22.1 kJmol~' more
stable than the one with the unpaired electron in a 7 (e) or-
bital of the type shown in Scheme 4b). The analysis of the
Kohn-Sham orbitals for the two configurations in the Ti"'-
V! compound suggests that strong localization of the & orbi-
tal at the Ti site (Scheme 4a) results in negligible repulsion
with the t,, electrons localized at the V (M’) atom. In con-
trast, for the electron configuration in which the Ti unpaired
electron resides in a m-type orbital, due to significant deloc-
alization through the V atom (Scheme 4b), a much stronger
interelectronic repulsion results. Such a behavior thus de-
pends on the subtle interplay of one- and two-electron inter-
actions, and experimental verification of the ferromagnetic
behavior of Ti compounds such as those calculated here
would be highly desirable to gain new insights into the unex-
pected subtleties of their exchange interactions.

From our orbital analysis it is clear that ferromagnetism
in the model dinuclear Ti'"™-Cr™ and Ti"-V™ compounds
arises as a result of their one-dimensional nature, since in
2D or 3D cyano-bridged networks the orbital depicted in
Scheme 4a would interact with M’ atoms in the other two di-
rections of space resulting in a non-negligible antiferromag-
netic contribution to the exchange coupling. Does that mean
that we cannot convert our prediction of strong ferromag-
netism in these Ti™ compounds into a ferromagnetic extend-
ed structure of the Prussian blues family? On the contrary,
the knowledge we have gained can be applied to designing a
potentially ferromagnetic solid. To have ferromagnetism as
in our dinuclear models we need to preserve the one-dimen-
sional nature around the Ti atom, using as a building block
a trans-dicyano complex (1) to form a network with a sub-
stitution-labile complex of M'. The choice of the Ti building
block is not straightforward, since the room left for the

il Ti %
s i
e e
C=EN—M—N=C CEN—M~—N=C—
N/,L N ,L
7 7
c c
N=C C=N #
G i G
N ,c/T' N C/Ti
1 | N | N*
C=EN—M™=—N=C C=EN—M=—N=c—
A 3
~" N NN
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equatorial ligands of Ti is not large, but related buildings
can be found as “super-Prussian blues”.* The effect of
spin-orbit coupling in Ti"™" would add to the complexity of
their magnetic behavior, but the expected novel properties
of such a material are worthy of some synthetic effort.

Conclusion

The goal of this work was to search for new compounds of
the Prussian blue family that could be expected to present
magnetic ordering at room temperature and to establish the
factors that control the exchange coupling in such systems.
To that end we have carried out a theoretical study of the
exchange-coupling constants in a variety of dinuclear molec-
ular models formed by the basic building blocks of the Prus-
sian blues. Since there is a direct relationship between the
ordering temperature and the exchange coupling constant,
the calculated J values should provide reasonable qualitative
hints on the expected ordering temperatures of the new
compounds.

We distinguish three subclasses of Prussian blue ana-
logues: a) Compounds with significant ferromagnetic cou-
pling between the two metals. b) Compounds with strong
antiferromagnetic coupling between two metals bearing the
same local spin, that become ferrimagnetic when the M: M’
stoichiometry is different from 1:1. ¢) Compounds with
strong antiferromagnetic coupling between two metals with
different spins, leading to ferrimagnetism.

As for the subclass of ferromagnetically coupled Prussian
blues, a high T is expected for the Mn'VNi" pair due to the
interaction between unpaired t,, and e, electrons. Besides,
Ti'™ at the C-bonded site has been found to be well suited to
forming ferromagnetic systems, provided it forms only two
trans-cyano bridges, with a particularly strong ferromagnetic
coupling (J=+ 161 cm™') predicted for a Ti"™V" pair. This
behavior is counterintuitive, according to the prevailing or-
bital rules, and represents a novel phenomenon.

The second and third subclasses have in common the anti-
ferromagnetic interaction between nearest-neighbors. The
factors that favor strong antiferromagnetic interactions are:
1) Second- or third-row transition metals give stronger cou-
pling than first row ones. 2) The appropriate electron config-
urations for the two metals are the t,,"-t,," ones. 3) Antifer-
romagnetic coupling is strongly favored by having the C-
bonded metal atom in the +3 oxidation state and the N-
bonded metal in the +2 oxidation state or vice versa. 4)
The strength of the exchange coupling between t,,” and t,,"
metals through a cyanide bridge is seen to be roughly corre-
lated to a simple expression of the atomic spin populations
calculated at the metal atoms. According to these results,
among the subclass of ferrimagnetic compounds with the ox-
idation states MM, improved ordering temperatures over
the existing Cr'™V" system (T.=315K, our calculated J=
—241 cm™) are to be expected for the following pairs of
metal ions: Mo™V" (estimated Tc~552 K), Cr'™™Mo" (T~
355 K), Mn"™'V" (T ~480 K), and V"V (T~:344 K).

2142

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Appendix

Relationship between exchange-coupling constant and over-
lap: We focus here on dinuclear systems bearing three un-
paired electrons in t,, orbitals of transition metal atoms, for
which we can disregard the overlap between the 0 orbitals
perpendicular to the bridging cyanide. Thus, we consider the
two localized molecular orbitals of m symmetry a and a’,
mostly localized at one metal center (i.e., d,, and d,,), and
the corresponding orbitals b and b’ localized at the second
metal atom. Such molecular orbitals for a nonsymmetric di-
nuclear complex are built up from atomic orbitals at the two
metal centers (y1, X2, X1» X»)> and linear combinations of the
two degenerate ni-type orbitals of the bridging ligand, ¢, ¢},
¢, and @) [see (Al)-(A4)].

a= oy +Pa+ 1191 (A1)
d = ay+ Bty + 119 (A2)
b =B + ay + 7292 (A3)
b =By + sy + 129 (A4)

Furthermore, the following non-diagonal overlap integrals
are strictly orthogonal, since they correspond to orbitals that
are rotated by 90° relative to each other around the M-C-N-
M’ axis [see (AS)].

(alb') = (a|b) = 0 (A3)

The overlap integral between the molecular orbitals can
then be written as expression (A6).

(alb) = (d'|b') =0u By + afs + 71721 @2)+

(a0 + B1B2) O li2) + vilBi (alen) + ax (il 1+

valon (il@2) + Baln2le2)]
(A6)

Assuming significant localization of the orbitals at the
metal centers (i.e., @, @, > f4, 55, V1, ¥»), We can neglect in a
first approximation the terms with coefficients such as f5,53,,
y1v2 and Byy;, as well as the integrals involving cross-terms
with the ligands’ orbitals, such as (y;|¢,). Furthermore, the
direct overlap between the metal atomic orbitals can be ne-
glected, (x;|x,) =0, given the long distance between the two
metal atoms. As a result, the only significant overlap inte-
grals between the magnetic orbitals can be approximated as
expression (A7).

(alb) = (d'|b') = a\py + arfp, (A7)

On the other hand, the spin density at the metal atoms in
the high- and low-spin solutions can be expressed following
a Mulliken population analysis scheme. For the metal center
M in the high-spin solution we have expression (AS8).
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Pust = 2a; + 27 + (aufr + axfy) (o) + (s + o) (K3 10)

+yran ((alen) + Qalen) + vaB1(Qales) + hles)
(A8)

Expression (A8) that can be simplified by adopting the
same approximations employed for the overlap integrals, re-
sulting in expression (A9).

Pus1 ~ 20‘% + Zﬂ% (A9)

Proceeding in a similar way, it is possible to obtain the
equivalent expressions (A10)-(A12) for the other spin popu-
lations at the metals.

PLst ~ 20521 (A10)
Onsz =~ 203 + 205 (A11)
OLsy =~ 20523 (A12)

Finally, the square of the overlap integrals between the lo-
calized molecular orbitals can be expressed from Equa-
tion (A7) as Equation (A13).

(ab)? + (') ~ Za%ﬁf + ZOtZﬁg +4a,f1af, (A13)

By combining Equations (A9)—(A13), the sum of the
overlap integrals can be expressed (Al4) as a function of
the atomic spin density at the metal atoms in the high and
low spin solutions.

(ab)? + (') ~ 8((91%131 *pim)l/z + (pilszfpisz)l/z)z (A14)

This expression was used to get Equation (5) and
Figure 3.
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