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Abstract

Mixed valence cyanide bridged polynuclear complexes of formul4(ERFe" L) J**, where L is a pentadentate ligand, may
be considered as structural models for Prussian Blue. A judicious choice of the peripheral ligand allows us to tune their electronic
and magnetic properties. A correlation between the nature of the peripheral ligand and the energy of the intervalence band is
found. The acceptor power of the ligand shifts the intervalence band towards low energies and leads to an increase of the
magnitude of the ferromagnetic interaction. Thus, the charge-transfer excited state is responsible for the ferromagnetic nature of
the exchange coupling interaction in Prussian Blleecite this article: G. Rogez et al., C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Les complexes polynucléaires a valence mixte et & pont cyanure de formule génér{GaFe" L)¢]**, ot L est un ligand
pentadente, sont des modeéles structuraux du bleu de Prusse. Un choix judicieux du ligand périphérique permet de moduler leurs
propriétés magnétiques et électroniques. Une corrélation qualitative entre le potentiel rédox de I'entité mononuclé4ie¢ de Fe
la bande d'intervalence des complexes polynucléaires est mise en évidence. Le pouvoir accepteur du ligand périphérique permet
de déplacer I'énergie de la bande d'intervalence vers les basses énergies et d’augmenter 'amplitude de l'interaction ferroma-
gnétique au sein des complexes polynucléaires. Ainsi, I'état de transfert de charge est directement impliqué dans le mécanisme
responsable de la nature ferromagnétique de I'interaction d’échange au sein du bleu dé>Buussier cet article : G. Rogez
et al., C. R. Chimie 6 (2003).
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1. Introduction

One of the most active subjects in the area of mo-
lecular magnetism is the preparation and the study of
the properties of cyanide-bridged systems. During the
last ten years, chemists have succeeded by using met-
allocyanides as constructing units to prepare 3D, 2D,
1D and 0D systems that can behave as bulk or as
single-molecule magnets [1-4]} We have focused on
the preparation of mixed valence Fe'-Fe'' poly-
nuclear complexes that may possess the same elec-
tronic structure as Prussian blue. Prussian blue is a
cyanide-bridged 3D mixed valence mixed spin com-
pound that behaves as aferromagnet below T =5.5K
due to the ferromagnetic interaction between the high
spin Fe''" ions through the low spin (S = 0) Fe'* The
origin of the ferromagnetic interaction (instead of the
expected antiferromagnetic interaction) has been as-
cribed to the mixed valence nature of the compound,
that is to say the presence of F€'' to Fe'"' charge-
transfer excited state. We have reasoned that if the
charge-transfer excited state is responsible of such
ferromagnetic interaction, such interaction may be
tuned if one is able to tune the energy of the charge
transfer state |E| The only possibility to tune the en-
ergy of the charge transfer state, keeping the same
structure of Prussian blue, isto prepare molecul es that
mimic Prussian blue where it may be possible to con-
trol the ability of the Fe'"' ions to accept the Fe"
electron density. The first step consists in preparing
mononuclear Fe'"' complexes with different organic
ligands chosen to tune the electrochemical response
for the Fe'"'-to-Fe'' reduction potential. The second
step isthe synthesis of polynuclear Prussian blue com-
plexes using the mononuclear ones. We propose that
the optical transfer from Fe'' to Fe'"' within the poly-
nuclear complexeswill depend on the reduction poten-
tial of the Fe""" ion in given surroundings. In this paper,
we describe the preparation, the characterization and
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Fig. 1. Chemical formula of the pentadentate ligands H,L1 and
HL2.

the magnetic properties of two heptanuclear com-
plexes obtained from the reaction of K ,[Fe''(CN),] and
two mononuclear Fe'"' complexes chelated by a penta-

dentate ligand.

2. Results and discussion

2.1. Mononuclear Fe'"

complexes
2.1.1. Preparation and characterization

Two mononuclear Fe''' complexes were prepared
by reacting FeCl; with the organic ligands H,L1
(bis—<(3salicylideneaminopropyl)-methylamine) and
HL2  (N,N-bis-(2-méthylpyridine)-N’-salicylidene-
1,2-diaminoéthane) in the presence of triethy-
lamine. Elemental analysis correspondsto the formula
Fe(L1)Cl for 1 and [Fe(L2)Cl](B(CgHs),) for 2, which
was obtained by adding an excess of NaB(CgHs), to
the mother solution (see experimental section).

The structure of complex 1 shows the pres-
ence of the deprotonated pentadentate ligand and of a
chloride atom occupying the sixth position

The pentadentate ligand adopts a conformation
around iron with one phenolate oxygen atom in trans
position to chloride. Because of this particular coordi-
nation of the ligand, each moleculeischiral, but within
the crystal the two enantiomers are present. The pres-
ence of the imine groups are confirmed since the
C15-N3 and C7-N1 distances are equal to 1.286 A

Fig. 2. View of the molecular structure of complex 1.
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Fig. 3. View of the molecular structure of the monocation of com-
plex 2.

against 1.49 A expected for asingle C-N bond. Com-
plex 2 has the expected structure with a chloride atom
in the sixth position. Tetraphenylborate anions are
present in the structure since the mononuclear complex
has a positive charge (Fig. 3.

The Mosshauer spectrum of complex 1 was mea
suredat T=300K. It presentsasignal with anisomeric
shift ¢ = 0.347 mm s and a quadruple splitting AQ =
1.435mms™,

2.1.2. Electrochemical properties

The electrochemical studies of complexes 1 and 2
were performed in the same conditions (see experi-
mental section). The cyclic voltammogram of 1 in
reduction mode shows an irreversible signal with two
waves (Fig. 4).

The origin of the two waves may be the presence of
an equilibrium between two species. Fe(L1)Cl and
Fe(L1)S", where Sis a solvent molecule. The neutral
species is expected to be reduced at a lower potential
than the charged one. In order to obtain awell revers-
ible signal with only one wave, a progressive addition
of water was carried out since it was noticed that the
shape of the waves depend on the presence of water
traces. The progressive addition water leads quickly
(1200 equiv) to one reversible wave that is shifted
towards positive potential upon water addition. A sta-
tionary state is reached when 3500 equiv of water is
added. During the water addition, we have a very fast
equilibrium between the two species Fe(L1)S" and
Fe(L1)H, 0", so that only an average wave is observed
at the sweeping rate of 100mV s, Wemay suggest the
following scheme for the equilibrium of the different

4600 water aquivalent

— - — - - 2300 water aquivalent
— — - 1200 water equivalent
----- 0 water equivalent

L 1 1 1 1 1 ] ]
-06 -05 -04 -03 -02 -01 0 0,1 0,2

Fig. 4. Cyclic voltammograms in reduction for 1 after progressive
addition of water (100 Wl = 1110 equiv, CH,CN, ¢ = 10 mol I,
(NEt,)ClO,: 0.1 mol I, T=20°C, 100 mV s7%).
species when water is added to the solution and before
reaching saturation

After addition of 4600 equiv of water, a single
reversible wave is obtained with E,, = -0.145V

B). This potential corresponds to the reduction of the

Fe(L1)(H,O)" 1' species. The potentials of the
Fe(L1)S" species cannot be determined precisely but
can be estimated to be around —0.25 and —-0.15 V. For
complex 2, the results are similar to that of 1. The
addition of 3300 equiv of water leadsto asignal witha
quasi-reversiblewave at E,,, = +0.053V for the species
Fe(L1)(H,0)*" 2 (Fig. 8.

It isimportant to note here that the addition of water
allowed the formation of species where the sixth posi-
tion is occupied by the same ligand, i.e. water, which
present reversible waves at the sweeping rate that we

Fe''(L1)Cl==x Fe"(L1)S'=== Fe"(L1)H,0"

-0.37V ﬂ-o.43v -o.15v1|'-o.25v -0.106V 1| -0.184V
f

Fe'(L1)Cr—=== Fe'(L1)S —== Fe'(L1)H,0

Fig. 5. Scheme of the equilibrium between the different species of
complex 1 during the electrochemical process.
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Fig. 6. Cyclic voltammograms for 1' (—) and 2' (----) in reduction
(CHLCN, ¢ = 102 mol 1%, N(Et),ClO, 0.1 mol 7%, T = 20 °C,
100 mV s™).

used. It is thus possible to compare the effect of the
organic ligand on the reduction potentia of Fe'''. L2
gives a species that is more easily reducible than L1

This evolution of the reduction potential of Fe'' in
these complexes can be rationalized, following quali-
tatively the ideas developed by A.B.P. Lever[9]] First,
since the phenolate group is a strong n-donor ligand, it
should stabilize Fe'"'. We can thus justify that, in 1'
Fe'"" is more difficult to reduce than in 2', because the
metal is linked to two phenolate groups in the former
andto only oneinthelatter compound. Secondly, since
imine and pyridine groups (which we consider as
equivalent in this rough approach) are m-acceptor
ligands, the presence of two pyridine and one imine
groupsin 2'and only two iminesin 1'isinline, aswell,
for the stabilization of the reduced Fe'' statein 2'.

2.2. Heptanuclear Fe"' Fe'"'; complexes

2.2.1. Preparation and characterization

The reaction of K ,[Fe(CN),] with the mononuclear
complexes 1 and 2 leads to two heptanuclear com-
plexes of formula [Fe''(CNF€'(L1))Cl, 3 and
[Fe"'(CNFe"'(L2))g](B(CgHs),)s 4 respectively (see
experimental section). The crystal structure of 3 shows
the presence of discrete heptanuclear molecules with

comparable distances and angles for the Fe(CNFe)s
unit as for Prussian blue . No suitable

Fig. 7. View of the molecular structure of the heptanuclear dication
for complex 3.

single crystals for structural determination of complex
4 could be obtained, mainly because of the decompo-
sition of the complex during the crystallization process
that leads to the formation of the binuclear p-oxo
complex (L2)Fe'"OF€'"'(L2). However, elemental
analysis together with infrared and M dssbauer studies
are in line with the formation of the expected hepta-
nuclear complex.

2.2.2. Electronic properties

The UV-visible spectra of 3 and 4 and b)
are almost identical to those of the mononuclear com-
plexes. The only difference appears in the range be-
tween 10000 and 22000 cm™, where an additional
band seems to occur. [Fig. 8d shows the spectra corre-
sponding to the difference between those of the poly-
nuclear and mononuclear complexes. These bands
were assigned to the mixed valence nature of the com-
plexes as due to the charge transfer from the central
low-spin Fe'' to the peripheral high-spin Fe'"! ions
BJ [[71]} A tetranuclear complex [Co'"(CNFe'"(L1))]
(CoFe,, see experimental section) where Fe'' was re-
placed by the isoelectronic low spin Co'"' wasisolated:;
it has an identical electronic spectrum as that of com-
plex 1 and thus does not show the presence of an
additional band (Fig. 84). Thisisan indirect manner to
confirm that the additional bands observed in the poly-
nuclear complexes are indeed due to Fe' — Fe'"
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Fig. 8. (a) Electronic spectra of complexes 1, 3 and CoFe 5 in CH,Cl,. (b) Electronic spectra of complexes 2 and 4. (c) Interval ence spectrafor

3(—) in CH,Cl, and 4 (---) in CH4CN.

charge transfer. Unfortunately, the similar complex
with ligand L2 was not isolated.

The energy of the intervalence band is at lower
energy when the Fe'"' chelating ligand is L2. This is
due as expected to the more easily reducible ability of
this complex that shifts down the excited charge trans-
fer state.

2.2.3. Magnetic properties

The y,, T values at room temperature for 3 and 4
correspond to the expected values for isolated S= 5/2
Fe''' ions (26.2 cm® mol ™ K). Upon cooling from room
temperature, y,, T remains amost constant down to
T=70K for complexes 3 and 4. For 4, y\, T startsto
increase slowly below 70 K and then abruptly and

reaches a value of 71.8 cm®* mol™ K at T = 3K. For
compound 3, yy T starts to increase only below
T=35K and reaches a much lower vaue

32.2 cm® mol™ K) than for compound 4 at T = 3 K
(Fig-9)

Thisbehaviour isdueto the presence of aferromag-
netic exchange coupling interaction between the high-
spin S=5/2 Fe'"" through the diamagnetic Fe'' ions, as
in Prussian blue. The fact that y,, T increases more
abruptly between 70 and 20 K in 4 inset)
suggests that the magnitude of the exchange interac-
tion is larger in this latter compound than in 3. The
Curie-Weiss constant 0, obtained by fitting the 1/y =
f(T) data (not shown here), was found to be equal to
0.48 and 1.27 K for 3 and 4 respectively, as expected
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Fig. 9. Thermal dependence of the y,, T product for 3 (—) and 4
(----). The inset shows the faster increase of y,, T for complex 4.

for alarger ferromagnetic interaction, for compound 4.
The magnetic studies at low temperature (below 2 K)
show the occurrence of an antiferromagnetic order for
3at T =0.2 K due to intermolecul ar interactions.
Thisisprobably why the y,, Tvalueat T=2K doesnot
reach the expected value for S= 15. No low tempera-
ture measurements were carried out for complex 4. In
order to preclude the occurrence of intermolecular
interactions, new bulky peripheral ligands are being
developed.

The origin of the ferromagnetic interaction was as-
signed in these compounds to the presence of the
charge-transfer excited state. Anindirect proof isgiven
from the study of the magnetic behaviour of the tetra-
nuclear complex CoFe; mentioned above, where the
interaction between the peripheral Fe'"' ions was not
found to be ferromagnetic . Since no addi-
tional band is observed in the electronic spectrum of
the CoFe; tetranuclear complex, the charge-transfer
excited state Co'VFe'' is at amuch higher energy than
for the Fe''Fe'"' s complexes and thus cannot contribute
to stabilize the ferromagnetic state.

3. Conclusion

We have shown that organic ligands that usualy
play an ‘innocent’ role in polynuclear magnetic com-
plexes may be used to tune their magnetic properties.
The Prussian blue complexes may not be the best
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Fig. 10. Thermal dependence of the y,, T product for CoFe;.

examples, because of the rather weak magnitude of the
exchange coupling interaction. However, the same
ideas may be applied for other systemsand particularly
for complexes that possess magnetic properties sensi-
tiveto light.

4. Experimental section

4.1. Synthesis

4.1.1. Complex 1 [FelL1Cl]

7.76 g (22 mmol) of H,L lare dissolved in 30 ml of
absolute ethanol. A 50-ml ethanol solution containing
5.42 g (20 mmoal) of [Fe(H,0)¢|Cl; is added to the
previously prepared onewhilestirring. Then 7.0 ml (44
mmol) of triethylamine are added dropwise. The mix-
tureis heated at 60° C for 20 minutes. Upon cooling, a
microcrystalline powder is obtained. It isfiltered, thor-
oughly washed with ethanol and dried under vacuum.
Recrystallisation from an acetonitrile solution gives
crystals suitable for structural studies. Elemental
analysis: % exp. (calc.) : C: 56.79 (56.96), H : 5.68
(5.65), N: 9.41 (9.49), Cl : 8.01 (8.06), Fe : 12.60
(12.51).

4.1.2. Complex 2 [FeL2CI](B(CgHs).)
0.687 g (1.98 mmol) of HL2 are dissolved in 15 ml
of methanol. A 20-ml methanolic solution containing
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0.536 g (1.98 mmol) of [Fe(H,0)s]Cl; is added to the
previously prepared one while stirring. Then 0.275 ml
(2.98 mmol) of triethylamine in 10 ml of methanal is
added dropwise. The mixture is stirred for 30 min at
room temperature and 258 g (7.56 mmol) of
NaB(CgHs), in 10 ml of methanol are added. The
solution isleft to cool in an ice bath until amicrocrys-
talline powder separates. The powder is filtered
washed with methanol dried under vacuum and recrys-
tallized from an acetonitrile solution. Crystals suitable
for structural studies are thus obtained. Elemental
analysis: % exp. (calc.): C, 71.35 (71.50); H, 5.52
(5.47); N, 7.29 (7.42); Cl, 4.70 (4.63); B, 1.46 (1.46);
Fe, 7.28 (7.41).

4.1.3. Complex 3 [Fe"(CNFe'"'(L1))¢] Cl,-6 H,O

1.33 g (3 mmol) of 1 are dissolved in 50 ml of
methanol. A 40 ml 4:1 methanol/water solution con-
taining 0.211 g (0.5 mmol) of K, [Fe(CN)g]-3 H,O is
added dropwise while stirring. The microcrystalline
powder obtained isfiltered, washed with methanol and
water and then dried under vacuum. Elemental analy-
sis: % exp. (calc.): C, 55.89 (55.92); H, 5.79 (5.76); N,
11.93(11.86); Cl, 2.50 (2.50); Fe, 13.65 (13.79). Crys-
tals suitable for structural studies are obtained by slow
diffusion of the two solutionsin an H tube during two
months.

4.1.4. Complex 4 [F€"'(CNFe"'(L2))¢] (B(CHs)4)s

0.8 g of complex 1 are dissolved in 50 ml of aceto-
nitrile. An agueous solution containing 0.074 g (0.176
mmol) of K,[Fe(CN)e]-3H,0 isadded dropwise while
stirring. The mixture is stirred for 10 min at room
temperature and then 0.240 g (0.704 mmol) of
NaB(CgHs), dissolved in 10 ml of acetonitrile are
added. A deep blue microcrystalline powder is ob-
tained upon cooling the solution. It isfiltered, washed
with cold acetonitrile and dried under vacuum. El-
emental analysis. % exp (calc.) C, 74.77 (75.18); H,
5.45 (5.57); N: 8.33 (8.12), B, 1.90 (1.70); Fe, 8.01
(7.57). No crystals suitable for structural studies were
obtained for this compound.

4.1.5. Complex CoFe,[ Co'"'(CNFe€'"'(L1)),] 6H,0
1.33 g (3 mmol) of complex 1 are dissolved in 50 ml
of methanol. A 40 ml of 4:1 methanol/water solution
containing 0.166 g (0.5 mmol) of K;[Co(CN)g] is
added dropwise. A precipitateis obtained, it isfiltered

and thoroughly washed with cold methanol and water
and dried under vacuum. Elemental analysis: % exp
(calc.) C, 53.65 (53.62); H, 559 (5.68); N, 13.26
(13.60); Fe, 8.01 (7.57); Co: 3.69 (3.82).

4.2. Electrochemical studies

A three-electrode cell was used for the electro-
chemical studies; working electrode: a 3 mm diameter
disc of vitreous carbon which is polished before each
scan; counter electrode: a gold wire; reference elec-
trode: Saturated Calomel Electrode (E°sce —
E°ne = 0.246 V). All experiments were carried out
under argon atmosphere at 20 °C, freshly distilled
acetonitrile as solvent and (NEt,)ClO, (0.1 mol ™) as
supporting electrolyte were used. Sweeping rate: 100
mV s? ¢c=102mol I,

4.3. Magnetic studies

The magnetic studies were performed on powder
samples between 2 and 300 K within an applied field of
1000 Oe using a Quantum Design SQUID magnetom-
eter. For all samples, no saturation effect was detected
at the working field and in the temperature range of the
experiments.
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