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Two pentanuclear complexes are obtained from the reaction of
hexacyanochromate(III) with one to two molar equivalents of
[Ni(H,0)s]** and bidentate organic ligands that chelate the
metal ion, leaving two coordination sites in cis positions. Even
though the crystal structure was not solved, the full characteriza-
tion supports the formation of pentanuclear discrete species.
[Cr(CN)s:[Ni(HIM2-py).]s - 7H,O, 1, has a ground spin state
S=6 owing to the ferromagnetic interaction between Cr'™
(S =3/2) and N" (S = 1). The presence of six organic radicals
that couple ferromagnetically with Ni" in [ Cr (CN)],[Ni(IM2-
pY)21s - 7TH,0, 2, leads to an S =9 ground state. A.c. susceptibil-
ity measurements below 2K indicate the occurrence of an antifer-
romagnetic order at 1.5 K in 2.  © 2001 Academic Press

Key Words: high spin molecules; cyanide; chromium; nickel;
ferromagnetism.

INTRODUCTION

One of the most challenging issues in the field of molecu-
lar magnetism (1) is the preparation of magnetic clusters
with designed topology and predictable properties. Organic
nitroxide-based radicals have been successfully used to de-
sign 2D (2), 1D (3), and 0D (4) systems where the radical
bridges the metal ions. Recently, pyridine-iminonitroxide
radicals were used not as a bridge but as an extra shell of
paramagnetic species in order to enhance the spin of the
ground state and to prepare a new type of high-spin molecu-
les (5,6). We report here the preparation, the characteriza-
tion, and the magnetic properties of two pentanuclear
complexes of general formula [ Cr(CN)e]2[Ni(L)>]3 - 7H-O,
where L may be the pyridine-iminonitroxide organic radical
(IM2-py) or its hydroxylamine derivative (HIM2-py)

! To whom the correspondence should be addressed.

Scheme 1). A preliminary report on [Cr(CN)g].[Ni(IM2-
py)2]s+ 7TH20 2 has already been published (5).

EXPERIMENTAL

The IM2-py organic radical and its hydroxylamine deriv-
ative have been synthesized by literature procedure (7).

The magnetic data in the temperature range 300-2 K
were obtained using a Quantum Design SQUID mag-
netometer. The low-temperature susceptibility measure-
ments were performed on a homemade SQUID operating in
ac (0.001-5000 Hz) and dc modes in the temperature region
4-0.08 K. The magnetization versus the applied magnetic
field measurements were carried out at T =2 K using
a homemade magnetometer that operates in the field range
0-14T.

The electronic spectra were registered in solution on
a Cary 5E Varian spectrophotometer in the wavelength
region 1100-400 nm.

Thermogravimetric and differentialthermal analysis were
carried out on a homebuilt apparatus under argon between
20 and 230°C at a heating rate of 2°C per minute.

Preparation of Compounds

[Cr(CN)6 ][ Ni(HIM2-py)»]3 - 6.5H,0, 1, was prepared
under Ar by dissolving [Ni(H,0)s](NO3), (1073 mol,
0.291 g) in 50 ml of water to which was added 20 ml of an
aqueous solution containing 2x 1073 mol (0.562 g) of
HIM2-py. The mixture was stirred for a few minutes and
then K3[Cr(CN)s]-2H,O0 (6.7 x 10~ *mol, 0.242 g in 20 ml
of water) was added dropwise. A precipitate immediately
appeared. It was filtered, thoroughly washed with water,
and dried under vacuum for 24 h. Elemental analysis: found,
C,49.5;H, 5.67; N, 20.88; Ni, 9.01; Cr, 5.18. Calculated for 1,
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C, 49.82; H, 5.74; N, 20.75; Ni, 8.69; Cr, 5.13.
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Compound 2 [Cr(CN)e]2[Ni(IM2-py)2]s- 7TH2O 4 was
prepared following the same procedure as that for 1. Ele-
mental analysis: found, C, 49.85; H, 5.32; N, 20.86; Ni, 8.57;
Cr, 5.02. Calculated for 2, C, 49.74; H, 5.46; N, 20.71; Ni,
8.68; Cr, 5.12.

The infrared spectra of 1 and 2 show the bands expected
for the organic ligands, in addition to two bands at 2130 and
2170 cm ™, attributed to the asymmetric vibrations of the
cyano unit. Furthermore, 1 has a band at 3217 cm ™~ ! due to
the vibration of the OH group of the hydroxylamine func-
tion that is absent in 2. No bands associated with the nitrate
anion are observed in the spectra of 1 and 2 (Fig. 1).

RESULTS AND DISCUSSION
Characterization and Discussion of the Structure

The reaction of hexacyanochromate(Ill)  with
[Ni(H,O)s]** and HIM2-py led to the formation of a neu-
tral compound as evidenced from the elemental analysis and
from the lack of vibration bands associated with the nitrate
anion in the infrared spectrum. The infrared spectrum pres-
ents in the region 2000-2200 two bands at 2170 and
2130 cm ! that can be attributed the asymmetric vibrations
of bridging and nonbridging cyanides. Compound 1 is insol-
uble in common solvents, which may suggest the formation
of an extended structure. However, compound 2 obtained
by using the organic radical has the same infrared character-
istics and is soluble in common solvents (CH;OH, CH,Cl,,
CHCI; ...) and is insoluble in water and ether.

PR

L e e e e e e S B B B i e e e e e s B LB e
4000 3500 3000 2500 2000 1500 1000 500

-1
wavenumber / cm

FIG. 1. Infrared spectra in KBr pellet: 1 (a), 2 (b).
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FIG. 2. Electronic spectra: [Ni(IM2-py),(H,0),1** (—), 2 (---).

In order to check the nature of the species present in
solution when compound 2 is dissolved in methanol (for
instance) and particularly to check whether the dissolution
is due to the breaking of coordination bonds or just to the
solvation of a molecular species already present in the solid
state, we registered the UV-visible spectra of a methanolic
solution containing a 1 to 2 M equivalent of [Ni(H,0)s]
(NO3), and IM2-py and that of compound 2 in the
same solvent (Fig. 2). The spectrum of the [Ni(IM2-
py)2(H20),]*" species presented a large absorption band
centered at 957 nm (¢ = 48 mol ™' [ cm ') assigned to the
3Ty « 3A,, electronic transition, while the band absorp-
tion assigned to the same transition in 2 is shifted by 85 nm
(1018 cm ™ !) toward high energy (A = 872 nm, ¢ = 48 mol ~*
lecm ™). If the dissolution of 2 is due to the breaking of an
extended structure, the species present in solution must have
the same coordination sphere as [Ni(IM2-py),(H,0),]*>"
and hence no blue shift could be observed. The only ex-
planation of the observed shift is the presence in the coord-
ination sphere of Ni" of ligands that induce a ligand field
larger than that of water (or methanol). These can only be
the nitrogen atoms of hexacyanochromate(III) since it has
been proven that the cyanide’s nitrogen atom induces
a ligand field slightly stronger than that of water molecules
(8). So the dissolution of compound 2 is probably due to the
solvation of a molecular discrete species that already exists
in the solid state. If, at this stage, we assume that the two
compounds have the same molecular structure (absent of
extended coordination bonds), the nonsolubility of 1 may be
due to the presence of a hydrogen bonds network that links
the molecules together. This is not unreasonable because of
the presence of OH groups on the bidentate HIM2-py
ligand that are absent in IM2-py. An additional proof to
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support this hypothesis is given when examining the mag-
netic properties (see below).

A possible structural model for the discrete species present
in compounds 1 and 2 is given in Scheme 2. It consists of
a pentanuclear neutral complex where three Ni(L), species
bridge two Cr(CN)e molecules. This structural model con-
tains all the characteristics expected for compounds 1 and 2:
(i) the availability of two coordination sites in the Ni(L),
species in cis position, (ii) the presence of bridging and non-
bridging cyanide groups, (iii) the Ni/Cr ratio equal to 3, which
leads to neutral compounds, and more importantly (iv) the
bulkiness of the bidentate ligands that preclude the formation
of an extended system as presented in Scheme 3 where we
show two Cr,Ni, squares sharing one chromium vertex. The
steric hindrance appears to be due to the methyl groups of the
ligands. An extended 1D system based on Cr,M, squares
sharing chromium vertices is possible with less bulky ligands
like bispicen as we have reported for [Cr(CN)e]s[Mn(bi-
spicen)], -6H,O -0.5C,HsOH (9) (bispicen is a tetradentate
ligand that leaves two coordination sites in cis position on
manganese).

steric hindrance steric hindrance

SCHEME 3.
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FIG. 3. Thermogravimetric analysis for 1.
Thermogravimetric analysis (TGA) of compound

1 (Fig. 3) is consistent with the loss of seven water molecules
between 20 and 140°C, which corresponds to the endother-
mic transformation observed in the differentialthermo
analysis (DTA) plot (Fig. 4). Above 150°C, the exo-
thermic transformation in the DTA plot indicates
the formation of new bonds probably as the result of
a rearrangement within the compound due to decom-
position. The corresponding mass loss in the TGA
plot cannot be due to that of water molecules. Indeed,
the infrared spectrum of a sample heated at 140°C is
identical to that of a nonheated sample, while the spectra
of two samples heated at 170 and 210°C show a com-
plete change in the bands corresponding to the
organic ligand and to cyanides. This is in line with the
decomposition that occurs when the temperature exceeds
150°C.
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FIG. 4. Differentialthermal analysis for 1.
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FIG.5. Thermal variation of the susceptibility times the temperature in
the form of yyT versus T plot for 1.

Magnetic Studies: Compound 1

The susceptibility vs. temperature measurements per-
formed within an applied magnetic field of 10000e shows
that ymT increases on cooling, indicating the occurrence of
a ferromagnetic interaction (Fig. 5). The ferromagnetic
interaction is expected for a Cr'™-CN-Ni" linkage and is
due to the orthogonality of the magnetic orbitals (10). The
ymT value at room temperature (7.96 cm® mol ~! K) is well
above the value corresponding to isolated two Cr™ and
three Ni'" ions (7.51cm®mol~! K) when assuming
gni = 2.25 and gc;, = 1.99. At low temperature (3 K), ymT is
found equal to 28.7 cm® mol~ ! K. This is a much higher
value than one may expect for a S = 6 ground state resulting
from the ferromagnetic interaction within the assumed pen-
tanuclear structure. In such a case, the expected ymT value
at low temperature should be equal to 23 cm® mol ™! K (as-
suming gcr = 1.99 and gni = 2.25). Two possible explana-
tions may be imagined: (i) compound 1 does not contain
discrete species but an extended coordination network, and
(ii) pentanuclear discrete species are present but they are
interacting at low temperature in a ferromagnetic manner.
The second explanation is reasonable if we assume, as
suggested above, the presence of an H-bonds network link-
ing the discrete species together, making the compound
insoluble and favoring intermolecular interactions. Murray
and co-workers have actually reported an example of a pen-
tanuclear Fe'Ni§ cyanide-bridged complex that orders fer-
romagnetically due to intermolecular ferromagnetic
interactions at low temperature (11).

In order to check our assumption on the presence of
a hydrogen bonds network responsible of the magnetic
behavior at low temperature, we carried out a dehydration
of compound 1. The dehydration was done by heating
a 30-mg sample under vacuum for 24 h at 140°C. The
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FIG.6. Thermal variation of the susceptibility times the temperature in
the form of ;T versus T plot for a dehydrated sample of 1: (O) experi-
mental, (—) best fit.

dehydrated sample was loaded in the container that is used
for the magnetization measurements in a glove box. The
wT = f(T) plot of the dehydrated sample (Fig. 6) is identi-
cal to that of 1 in the temperature range, 300-30 K. Below
T = 30K, the yuT value for the dehydrated sample does
not increase as quickly as that of 1. A maximum of ymT
(21.5 cm® mol ! K) is observed at T = 9 K. This yuT value
corresponds well to what is expected for an S = 6 ground
state, showing that the intermolecular interactions have
been suppressed at least to a certain extent. The decrease of
amT below 9 K may be safely attributed to zero field split-
ting within the S = 6 ground state. The yuT = f(T) data
were fitted assuming the coupling scheme (Scheme 4) corre-
sponding to the structural model proposed above. The spin
Hamiltonian in zero field is

H = — Jerni(Snit - Sert + Swit *Serz + Sniz * Sert
+ Sniz*Scr2 + Sniz*Ser1 + Sniz - Scr2),

where Jooni 1s the exchange coupling interaction between
Cr™and Ni", and Sx; and Sc; are the local spin operators for
Ni" and Cr™ respectively. The Ni-Ni and Cr-Cr interac-
tions have been neglected. Zero field splitting was introduc-
ed only within the ground S = 6 state. The gs 5.5 expression

Jori
3/ 2\1/3/ 2

1
SCHEME 4.
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FIG. 7. Variation of the magnetization versus the applied magnetic
field in the form M/NB = f(H) plot at T = 3K for 1.

were calculated for each spin state as a function of the
local g-factors, gni and gcr (1) S is the total spin value
for each state, and S’ and S” are the intermediate spin
values obtained from the summation vector couplings
Sni1 + Sniz + Sniz and Scr1 + Scra, respectively). The sus-
ceptibility expression was taken as the average of the paral-
lel and the perpendicular components and was used to fit
the experimental data. Because of the presence of four para-
meters Jerni, ni> gor, and Dgs, the fit was done several times
by each time fixing one parameter value. The best fit, shown
in Fig. 6, corresponds to the following values: Jemni =
13.5ecm™ !, gor = 1.99, gni = 2.08, and Dgs = 0.007 cm ™~ 1.
The agreement factor was found to be equal to 6.7 x 10~ °.

The Je:ni value corresponds well to the expected exchange
coupling parameter between Cr'™ and Ni" bridged by a cy-
anide group. A value of 15¢cm™! was found for the hep-
tanuclear complex Cr™Nié (10). The high quality of the
fitting is a good argument for the validity of the coupling
scheme we assumed and thus to our hypothesis of the
pentanuclear species structure. It is important to note here
that our structural model is the same as the structure of the
pentanuclear complex reported by Murray and co-workers
(11) and that of the very similar compound reported recently
by Rey and co-workers (6).

Magnetization field measurements performed at T = 3 K
(Fig. 7) is consistent with a spin ground state S = 6 since at
H =7T, the saturation value is equal to 12 bohr
magnetons.

Magnetic Studies: Compound 2

The magnetic behavior of compound 2 is similar to that
of 1 (Fig. 8), ymT increases on cooling and reaches a
maximum value of 422cm®*mol ™! K at T=7K and
then decreases. The ymT value at room temperature

MARVILLIERS ET AL.
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FIG.8. Thermal variation of the susceptibility times the temperature in
the form of yyT versus T plot for 2: (O) experimental, (—) best fit.

(11.18 cm®*mol ! K) is well above the expected value
for noninteracting six S =% radicals, three S = INi" and
two S =3 Cr' ions (9 cm® mol ™! K assuming all g values
equal 2). If the exchange coupling interaction between Cr™
and Ni" is the same as for 1 and if we assume that at room
temperature the Ni" and the two chelating organic radicals
are not interacting, the ymT value should be equal to 7.96
(this is the ymT value for 1 at room temperature)
+6x0.375 = 10.21 cm® mol - ! K. The fact that at room
temperature ym71 is greater than this value indicates the
presence of a rather large ferromagnetic interaction between
Ni" and the iminonitroxide radical. Rey and co-workers
have already demonstrated that this is actually the case
because of the orthogonality between the n-type magnetic
orbital of the radical and the o-type (dx> - > or d.=) magnetic
orbitals of Ni"" in Ni(hfac),(IM2-py). The Jxiraa €xchange
coupling parameter was found equal to 128 cm~! (12).
The coupling scheme (Scheme 5) for compound 2 does not
make it possible to establish a theoretical expression for the
susceptibility as for 1. The only way to fit the experimental
data is to diagonalize the 27648 x 27648 energy matrix. The
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FIG. 9. Variation of the magnetization versus the applied magnetic
field in the form M/Np = f(H) plot at T =2 K for 2.

susceptibility has been calculated using the fluctuation of
the magnetization M, which is calculated from the energy
eigenvalues and spin eigenfunctions. The eigensystem solu-
tion has been achieved by diagonalizing the energy matrix.
The energy matrix is formed of blocks built from the spin
function basis in the My subspaces, where Ms is the z com-
ponent of the spin quantum number S. In our case, the size
of the bigger block-matrix that must be diagonalized, which
corresponds to the Mg =0 subspace, is 4390 x 4390. The
calculation of ymT was performed for different values of the
couple (Jerni, Iniraa) close the expected values for these para-
meters. The best agreement was found for Jeon = 9 cm ™1
and Jxiraa = 105 cm~ 1. It was possible to introduce an inter-
molecular interaction parameter 6 in order to describe the
decrease of yuT below 7 K; a value of — 0.45 K was found
expressing an intermolecular antiferromagnetic interaction
(Fig. 8).

The susceptibility data are thus consistent with the stabil-
ization of a § = 9 spin ground state within the pentanuclear
species. Magnetization as a function of the applied field
performed at T = 2 K up to 14 T (Fig. 9) shows a saturation
value of 18 bohr magnetons, confirming the S =9 ground
state for 2.

In order to check the possibility of the presence of an
antiferromagnetic intermolecular interactions at low tem-
perature, ac susceptibility studies were performed down to
100 mK at two different frequencies (1 and 37 Hz) of
the oscillating field in zero applied dc magnetic field. A max-
imum of the real susceptibility is observed at T = 1.5K,
but the temperature of the maximum is not frequency
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FIG. 10. Thermal variation of the real susceptibility in the form of y'y
versus T plot for 2 with zero applied dc field and an oscillating ac field of
37 Hz.

dependent (Fig. 10). This suggests the onset of an anti-
ferromagnetic order at T =15K as a result of the
intermolecular antiferromagnetic interaction between
the clusters. It was unfortunately impossible to suppress
the intermolecular interactions in 2 as was done for
compound 1.
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