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Abstract: Following a bottom-up ap-
proach to nanomaterials, we present a
rational synthetic route from hexacya-
nometalates [M(CN)¢]*~ (M=Crll,
Co') cores to well-defined heptanuclear
complexes. By changing the nature of
the metallic cations and using a localised

tion and by powder magnetic suscepti-
bility measurements, [Cr™(CN-M'L,,),]**
(M'=Cul, Ni', Mn', L, =polydentate
ligand), showing spin ground states Sg =
9/2 [Cu"], with ferromagnetic interac-
tions Jer oy =+45cm™, S;=15/2 [Ni"]
and Jo=+173 cm™, S =27/2 [Mn"],

with an antiferromagnetic interaction
Jeevn=—9 cm™!, (interaction Hamilton-
ian A =—Jey [SeZSu(D)], i=1-6).
With M =Co™, d° §=0, the heptanu-
clear analogues [Co™(CN—M'L,)]**
(M'=Cu", Ni', Mn") were similarly
synthesised and studied. They present a

orbital model it is possible to control and
to tune the ground state spin value.
Thus, with M =Cr'", d3, §=3/2, three
heptanuclear species were built and
characterised by mass spectrometry in
solution, by single-crystal X-ray diffrac-

molecules -

Introduction

Magnets are widely used in a large number of applications and
one of the challenges of the next few years will be the use of
nanoparticles, or even molecules, as the smallest sized entities
for magnetic information storage.l'l Particles of various
materials in the 10— 100 nm range that exhibit slow relaxation
of magnetisation below a temperature defined as the blocking
temperature have been reported.?! Most of these nanomate-
rials are obtained from macroscopic samples by decreasing
their sizes through the so-called fop-down approach. To
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singlet ground state and allow us to
evaluate the weak antiferromagnetic
coupling constant between two next-
nearest neighbours M'—Co—M'.

high-spin

single-

achieve the same properties, molecular chemists have recently
grown polynuclear complexes from mononuclear precursors
in the frame of a bottom-up approach, and opened the field of
“single-molecule magnets”.>=] Only a few examples of these
polynuclear complexes featuring large spins and very peculiar
magnetisation properties have already been published, such
as Mny, (§=10),1°%1 Mn, (§=9/2)P1% and Fey(S =10).0112

At low temperature the magnetic moments of these
compounds, orientated in the direction of the field, keep
aligned when the field is switched off. This property is due to
an axial anisotropy due to a zero field splitting (ZFS) D (D
negative) of the ground state, which gives rise to an energy
barrier between the two energetically degenerate + mig states
(Figure 1). The energy of the barrier is equal to DS 2, S, being
the projection of the spin ground state on the easy axis.C!
Another striking property of these objects, when they present
some rhombic anisotropy E, is magnetic quantum tunnel-
ling.> 14 The magnetic properties of such complexes are now
well studied and well known, and the presence of steps in the
magnetic hysteresis loop, the quantum tunnelling and the
quantum phase interference effects are better understood.['”]
Nevertheless, a number of questions remain such as the
effective control of the blocking temperature and of the
parameters involved in the magnetic properties of a single-
molecule magnet.

Raising the blocking temperature is undoubtedly one of the
most important goals in this new field of single-molecule
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Figure 1. Schematic plot of a single-molecule magnet experiencing axial
zero field splitting.

magnets. A trivial calculation demonstrates for example that
if one wants to create an anisotropy barrier DS,? able to
compete with the thermal quantum at room temperature (let
us say 400 K), a possible choice is a spin § =20 and a ZFS
constant of the ground state D =1 K. This is one of the first
necessary conditions to overcome to be able to store useful
information on one molecule. This is not in fact a priori an out-
of-reach goal. Thus, compounds with a high-spin ground state
and large easy axis type of anisotropy are a new challenge in
molecular magnetism.['® 17! Another evident requirement is to
get a spin ground state well separated in energy from the first
excited states, separation that in the simplest cases is propor-
tional to the exchange interaction Ji,,, between two neigh-
bouring spin carriers, metallic cations or radicals. The intra-
molecular J coupling constants must therefore be as high as
possible. Finally, a last condition if one wants to observe the
magnetic properties of the isolated polynuclear clusters is to
get negligible intermolecular interactions J';;.

Our approach is based on a step-by-step synthetic strategy
to get polynuclear complexes based on hexacyanometalate
chemistry with a good control of the most important
parameters (S, D, J, zJ'). The work is divided into several
contributions. The first three are: 1) the synthesis and the
study of heptanuclear bimetallic complexes [MM'] where the
ground spin state is controlled by the electronic structure and
spin value of M and M’ (Part1, present paper); 2) the
synthesis and study of polynuclear heterobimetallic com-
plexes with variable stoichiometries, [MM'x| with (x=1, 2, 3,
5, 6; M’ =Ni!") where the structural anisotropy is controlled
(Part 2, see following paper in this journal)l'¥! and 3) the
synthesis and study of trinuclear complexes [MM’,] where
intra- and intermolecular interactions are analysed (Part 3).["]
The strategy is presently extended to other polycyanometa-
late precursors to obtain tailor-made high-spin molecules and
single-molecule magnets.

Most of the high-spin molecules described have been
obtained by “serendipitous assembly”?% such as the Mn;,,[’*!
mentioned above, the nickel and cobalt polynuclear cages by
Winpenny et al.,? 2! the {Fe,,}{Fe,,} compounds by Powell et
al.,?> 2l and the octacyanometalate clusters published by
Hashimoto et al.?* and Decurtins et al.?> 2l Murrie et al. are
now adopting a similar approach to produce Ni,, cages.?’] The
serendipitous assembly has produced attractive structures but,
as shown above, there exists a demand for a rational design of
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clearly identified target molecules. In this perspective, our
process is therefore different, based on a rational approach
tending towards effective control of the chemistry.

After presenting the synthetic strategy that has been used in
this study, we shall discuss the synthesis, the main character-
izations and the magnetic properties of three complexes
[CI(CN-M'L,)s]’* (M'=Cu", Ni', Mn", L, =polydentate
ligand), denoted as CrCug, CrNiz and CrMng, respectively.
Additional discussion will focus on the cobalt(i)-centred
analogues, with M’ = Cu', Ni'!, Mn"!, denoted as CoCu,, CoNig
and CoMn;.

Synthetic strategy: Hexacyanometalate chemistry has been
developed in the laboratory for the design and synthesis of
room-temperature molecule-based magnets.?3% These pre-
cursors have also been used in molecular chemistry for the
formation of high spin polynuclear complexes. Two commu-
nications dealt with the two heptanuclear complexes
[Cr{CN—Ni(tetren)}¢(ClO,),,? (with ligand tetraethylene-
pentamine, tetren) denoted as CrNig* in the following, and
[Cr{CN—Mn(trispicmeen)}4(ClO,),,?4 (with ligand N,N,N'-
(tris(2-pyridylmethyl)-N'-methylethane)-1,2-diamine,  tris-
picmeen) denoted as CrMng*, which were not fully charac-
terised: 1) for CrNig*, the full determination of the crystal
structure proved to be impossible (even at low temperature
and using a CCD detector) and we never succeeded in
reaching a magnetisation at saturation equal to the expected
15 Bohr magnetons; 2) for CrMng* the product was amor-
phous and we never reached the saturation value of the
magnetisation equal to the expected 27 Bohr magnetons. The
synthetic route described in the present paper, initiated by
Mallah in our groupP:3 and then followed by others, 33
leads to the formation of crystallographically well-defined
heptanuclear complexes.

The reaction of hexacyanometalate precursor [M(CN)]*~
(M =Cr", Co™), a Lewis base, with an excess of Lewis acid,
that is, a mononuclear complex formed by a paramagnetic
metal ion chelated by a multidentate terminal ligand L,
leaving one easily accessible free coordination position only,
allows the formation of the target heptanuclear species
[M(CN-M'L,)¢]** (M’ = Cu'l, Ni', Mn") (Figure 2) by forma-
tion of six M—CN—M'’ coordination bonds.

The choice of the cyanide as bridging ligand is directed by
two considerations: 1) as far as the synthesis and structure are
concerned, the cyanide ion presents a number of useful
singularities: it is well known to bridge two transition metal
atoms in an end-to-end fashion;P*3*! cyanide is a nonsym-
metrical bridge, allowing it to bind selectively two different
transition metals; the polycyanometalate precursors are
stable and often inert building blocks, especially the hexacya-
nochromate complex, [Cr(CN)s>~ used in the present
study;P) 2) as far as the magnetic properties are concerned
the cyanide, itself diamagnetic, allows strong exchange
coupling between the spin carriers,*”! and thanks to the quasi
linear configuration of the M—CN—M’ unit, it is possible to
foresee the nature and to tune the value of the orbital
interactions through the cyanide by choosing the metallic
centres M and M’ involved, and therefore the spin ground
state of the molecules. In the heptanuclear complexes
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Figure 2. Synthetic strategy scheme.

[Cr(CN—M'L,)¢]°*, whatever the nature of the interaction is
(ferromagnetic or antiferromagnetic), high-spin values are
foreseen and observed. In this radial symmetry, a short range
ferromagnetic coupling between M and M’ leads to a total
spin ground state that is the sum of the spins: S;= Sy + 6 Sy, -
A short-range antiferromagnetic coupling leads to a total spin
ground state that is the difference between the spins: Sy=|
Sm— 68y |- To foresee the |J| value, the orbital models by
Hoffmann et al.(orthogonalised magnetic orbitals)*! or Kahn
et al. (non-orthogonalised magnetic orbitals)!'®# are avail-
able. Both predict that orthogonal orbitals give rise to
ferromagnetism (F) and that overlap can give rise to
antiferromagnetism (AF). Such considerations determine
the choice of the metallic ions.

The formation of highly charged cationic complexes is
another key point of our synthetic strategy. The selection of a
trivalent core (M=Cr'", d3, §=3/2; Co", d° S$S=0) and
divalent peripheral metallic cations (M") together with neutral
ligands (L) avoids the precipitation of neutral products in
aqueous solution and favours a slow growth of crystals.
Furthermore, charged complexes allow the separation of the
molecular ions in the solid state by various counter anions and
a possible control of the intermolecular interactions. Another
advantage of this strategy is the possible variations in several
synthetic parameters such as the nature of the metallic
cations, the polydentate ligands, the counter anions and the
stoichiometry.

The peripheral transition metal ions that have been selected
in the present study are copper(i) (d°), nickel() (d®) and
manganese(t1) (d°), chosen for their divalent charge state and
their spin value, S=1/2, 1 and 5/2, respectively. A specific
study also has been performed on a cobalt(il) precursor,
leading to unexpected fascinating results that will be pre-
sented in a forthcoming publication.[*]

The selection of the terminal multidentate ligand L, is
determined by the ability of the ligand to leave only one free
position accessible to the cyanide Lewis base. It must form
stable and redox inactive ML, mononuclear complexes in
solution and present a steric configuration compatible with
the formation of the heptanuclear species. We developed the
synthesis of many polydentate amines, but two commercially
available polyamine molecules proved to be the most useful
and are utilised in the present study. Concerning the copper (1)
compound, tris(2-amino)ethylamine (tren) has been used as a
tetradentate ligand since it gives stable copper(il) complexes
with a trigonal-bipyramidal geometry. Regarding the nickel(i1)
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and manganese(l) complexes, frequently encountered in an
octahedral environment, the tetraethylenepentamine (tetren)
ligand has been used, despite the fact that the ligand is known
to adopt multiple conformations (up to eight).[*] The tetren
ligand has never been adopted for manganese complexes, the
chemistry of which is usually based on pentaazacyclopenta-
decanel® %1 or polypyridine ligands.’>3* 471 In all cases the
ligand plays the role of a blocking unit leaving one accessible
position, as required by the synthetic strategy.

Despite their hazardous reactivity, perchlorate salts have
been used because we were unable to get similar compounds
with equivalent properties and good quality crystals with
other counter anions, including tetrafluoroborate anions.

Results and Discussion

Synthesis: All the heptanuclear complexes [M(CN—M'L,)s]>*
M =Cr'l, Co'™, M’ = Cull, Ni'l, Mn", L = tren or tetren) have
been synthesised by the following method: the mononuclear
species [M'L(H,0)]** is generated in situ by addition of the
perchlorate salt of the desired metallic cation into an aqueous
solution of the corresponding L, ligand, before adding the
stoichiometric amount of the hexacyanochromate(lr) or
hexacyanocobaltate(111) precursors.

The polynuclear complex [M(CN—Cu(tren))s]** (CrCug)
was obtained by a dropwise addition of a potassium hexacya-
nochromate(i1r) solution to the mononuclear copper(l) com-
plex generated in situ from the ligand tris(2-aminoethyl)-
amine (tren) and a Cu" perchlorate salt. Partial evaporation
of the solvent leads to hexagonal blue crystals. As discussed
below, the X-ray diffraction structure reveals not only the
presence of the expected heptanuclear compound but
also of a “parasitic” co-crystallised trinuclear complex
[tren{Cu(tren)};]**. We checked the high stability of the
trinuclear copper (1), already observed as a parasitic species in
the literature.[*s! Indeed, the trinuclear copper(ii) species can
be synthesised separately by another route and isolated as
crystals. Many attempts to obtain good quality single crystals
of the isolated CrCu, complex (using all sorts of tetradentate
ligands, counter anions, solvents and exchange-cation resins)
failed, especially because of the appearance under the new
synthetic conditions of p-cyano homodinuclear copper(ir)
complexes, other unwanted by-products of high thermody-
namic stability which have been discussed previously.[*
Nevertheless, the pure isolated CrCu, was obtained as a
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powder or as very thin platelets similar to the ones obtained
for the cobalt-centred analogue CoCug, and the character-
izations of the product are in good agreement with the
expected structure.

The polynuclear complexes [M{CN—Ni(tetren)}¢]** (CrNig)
and [M{CN—Mn(tetren)}s]** (CrMng) were obtained similarly
using tetren as a blocking ligand and perchlorate salts. The
purity of the ligand and the nature of the counter anions are of
major importance. With respect to the CrNig complex, for
example, when using the commercially available tetren, which
contains several isomers, the quality of the crystals is not good
enough to allow a full determination of the crystallographic
structure. Under such conditions, preliminary results indicate
the formation of the CrNig* product with disorder on the
terminal polyamine ligand.’Y By using the tetren hydro-
chloride salt, commercially available at a suitable purity level,
the final product is not the target heptanuclear product
but a chloride salt of a trinuclear CrNi, complex,
[Cr(CN),{CN—Ni(tetren)},]CL*! To selectively obtain the
pure CrNig, it is necessary to avoid the presence of chloride
ions. For this purpose, tetren hydrochloride salt has been used
for the synthesis in situ of the mononuclear complex and the
chloride was exchanged with perchlorate by addition of silver
perchlorate salt and filtration of AgCl precipitate before
adding the hexacyanochromate solution. The recrystallisation
in the presence of sodium perchlorate salt gives octahedral
red crystals of the target CrNig product.

A similar procedure has been used for the chromium -
manganese heptanuclear complex CrMng. The reaction was
performed under an argon atmosphere to avoid the formation
of parasitic p-oxo dinuclear manganese(iif) complexes.’"! The
final CrMng product obtained as large brown crystals is
slightly sensitive to oxygen. Due to the nature of the
pentadentate ligand (tetren), this CrMn, heptanuclear com-
plex is different from the amorphous one based on the
manganese trispicmeen precursor,? and from that recently
described by Murray and co-workers.[34

To evaluate exchange interactions between external met-
allic cations, similar polynuclear complexes with diamagnetic
cobalt(i1) cores have been obtained by using hexacyanoco-
baltate (1) as precursor. Following a similar synthetic strategy,
CoCug, CoNig and CoMng heptanuclear complexes have been
synthesised and fully characterised.

The CoCu, synthesis leads to two different types of crystals
in the same reaction medium: a minor fraction of crystals is
isostructural with the CrCug (B form) analogue with the
trinuclear copper(i) side product and the other fraction is
made of pure CoCu, without trinuclear copper(in) species (A
form). The CoMn, complex, which grows as light yellow
crystals, is isostructural with the chromium CrMn, analogue.
With respect to the nickel species, two different results have
been obtained: 1) Addition of the hexacyanocobaltate pre-
cursor to a nickel perchlorate salt as starting material in the
presence of pure tetren gave a hexanuclear complex CoNis
will be described in detail in Part 2.'81 2) Starting with tetren
and a mixture of chloride and perchlorate nickel salts, led to
the formation of CoNig, which has been isolated as crystals of
defective quality, the characterizations of which are in agree-
ment with the expected structure.

Chem. Eur. J. 2003, 9, No. 8
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The synthetic strategy used in the present study allows us
not only to synthesise well known heptanuclear clusters, but
also to define the experimental and the recrystallisation
conditions of the chemical reaction that might thus be
extended to other polycyanometalate precursors.

Infrared spectroscopy: The heptanuclear complexes CrCug,
CrNig, CrMng, CoCug, CoNig and CoMng have been charac-
terised by their infrared spectra. In all cases, the intense
distinctive broad band of the perchlorate anion (around
1090 cm™') clearly indicates the presence of charged cationic
complexes. In the frequency range of the stretching of the
cyanide, 22002000 cm™!, a unique CN asymmetric stretching
band is observed: for the hexacyanochromate(iir) derivatives,
CrCuy, exhibits a weak band at 2180, CrNig at 2149 and CrMn,
at 2146 cm™!; for the hexacyanocobaltate(iil) derivatives,
CoCug presents a band at 2188, CoNig at 2152 and CoMn, at
2129 em~! (2137 cm~! sh). For comparison, the corresponding
values for the cyanide of the trispotassium hexacyanochro-
mate(111) and hexacyanocobaltate(iir) complexes are 2131 and
2130 cm™!, respectively.P’!] Considering that the CN bridging
group usually absorbs at a higher frequency than the terminal
group, it appears that the stretching vy bands for all the
heptanuclear complexes are characteristic of bridging cyano
groups. To analyse these results, the simplest discussion might
be based on the electronegativity of the metallic ions involved
in the polynuclear structures, according to El-Sayer and
Sheline.P!l In such a hypothesis (the lower the electronega-
tivity, the lower the frequency), since the value of the
electronegativity of the metals increases in the order Mn <
Ni < Cu, the CN stretching frequency of the CrMny complex
has to be the lowest in the series CrMng < CrNigz < CrCug and
CoMn, < CoNig < CoCug as observed experimentally.

Orbital considerations might also be used for the interpre-
tation of the infrared spectra. Although the description of the
bonding is more complex, the concept of the o basicity and &
acidity also remains useful for interpreting the influence of
metal-ligand m bonding on the CN stretching band in
polycyanometalate complexes. An electron-poor metal centre
that has d orbitals lowered in energy induces a shorter CN
bond and a higher CN stretching frequency. An electron-rich
centre generates a highly populated CN m-antibonding
orbital, so that the CN bond is weakened. As a result, the
CN bond lengthens slightly and the CN stretching frequency
decreases.

Considering copper(il) metallic ions, for instance, the
absence of back donation between Cu' and the st* orbital
might explain the high vy value observed for the CrCug
complexes at 2180 cm~' and we can therefore expect a
quasi-linear Cr—CN—Cu bond. On the other hand, the
electronic configuration of the Mn!" complexes and the
predicted electron delocalisation might explain the CN
stretching frequencies observed for the CrMng complexes at
2146 cm~'. The distortion of the cyano bridge, induced by the
populated CN m-antibonding orbital and directly correlated to
the stretching frequency, is discussed further through the
crystallographic X-ray structure and the magnetostructural
correlation.
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Crystallographic structures: The heptanuclear compounds
CrCuq, CrNig, CrMng, CoCuq and CoMng have been charac-
terised by single-crystal X-ray diffraction. The crystallo-
graphic data and the details of the refinements have been
deposited at the Cambridge Crystallographic Data Centre
and are reported in a condensed form in Table 1. The key
distances and angles are reported in Table 2. In all cases, the
heptanuclear entity [M(CN—M'L)¢]** is well defined, without
disorder on the polyamine ligand and with a unique con-
formation for the tetren ligand. The crystal system (trigonal)
and the space group (R3) obtained for all the compounds
demonstrate the high symmetry of the molecular and crystal
structures.

The cell parameters for crystals of the CrCug complex (B
form) are very peculiar, especially the ¢ value (a=b=
15.169(5) and ¢=77305(17) A, V=15398(12) A?). In addi-
tion to the expected heptanuclear complex CrCuy, a trinuclear
entity, [tren{Cu(tren)};]®* (Cu,) is present in the unit cell, with
a CrCug/Cu, ratio of 1:2 (Figure 3). This trinuclear complex is
formed with by [Cu(tren)]** mononuclear fragments linked
together by a residual tren ligand (Figure 4).

Along the b axis, layers of [Cr{CN—Cu(tren)}¢]’* entities
are separated by the [tren{Cu(tren)};]°" species with an
average distance of 27.6 A between two layers. The electro-
neutrality is ensured by the presence of 21 perchlorate anions
to compensate the nine positive charges of the
[Cr{CN—Cu(tren)}s]°* complex and the six charges of each
of the two trinuclear compounds. The [Cr{CN—Cu(tren)}s]**
entity is formed by the hexacyanochromate core, with the
chromium center in an octahedral environment and six
copper(tl) ions fixed on the six available nitrogen atoms. The

copper atoms are in a trigonal-bipyramid geometry, in which
the tren ligand plays the role of blocking ligand. The cyano
bridge appears quasi-linear with Cr-C-N and C-N-Cu angles
of 176.4(9) and 176.5(9)°, respectively. A more complete
structural description will be carried out as a comparative
discussion between the whole complexes.

When the experimental conditions were changed slightly,
the CrCu4 complex was obtained as thin platelets, the quality
of which was not sufficient to allow the determination of the
X-ray structure. Nevertheless, this compound can be consid-
ered as the heptanuclear complex without co-crystallised
trimers (A form). The nature of the product is further
substantiated by the two X-ray crystallographic structures of
the CoCu4 complex, solved with and without the parasitic
trimers (B and A forms, respectively).

The structure of CoCuy (B form) is isostructural with that
obtained for the CrCu, complex. The crystallographic struc-
ture of CoCug (A form) indicates that only the heptanuclear
entity [Co{CN—Cu(tren)}¢]’* is present in the unit cell, with
the nine expected perchlorate ions, water and acetonitrile
molecules. As in CrCug (B) the copper atom is in a trigonal-
bipyramid geometry, the cobalt atom is in an octahedral
environment and the cyano bridge is close to linearity with
Co-C-N and C-N-Cu angles of 178.7(18)° and 175.7(12)°,
respectively.

Despite the number of similarities between CrNig and
CrMng, both complexes being prepared using the tetren
ligand and perchlorate salts, the two crystals are not isostruc-
tural.

The unit cell parameters for CrNi4 (Figure 5) are a=b=
15.274(4) and ¢ = 41.549(7) A in a trigonal system. They differ

Table 1. Crystallographic data of the heptanuclear complexes: CrCug, CrNigz, CrMn4, CoCu4 and CoMny.

CrCugq CrNig CrMng CoCugy CoMny Cuy
[Cr{CNCu(tren)}], [Cr{CNNi(tetren)}s], [Cr{CNMn(tetren)}s],, [Cr{CNCu(tren)}], [Co{CNMn(tetren)}q],, [tren{Cu(tren)};]-
[tren {Cu(tren)};],, (ClO,)y(H,0), [Mn(tetren)(H,0)], (ClO,)y (CH4CN), [Mn(tetren)(H,0)],- (ClOy)s

(C10,)s; (Cl104), (H,0); (ClO4),

chemical formula CrCu,,CyoH,s,- CrNigCs,H; 50 Cr,Mn,C o Hipg- CoCu¢CssHp- Co,Mn,,C;,4Hz6- C,,HoNCus-
Ng;Cly O, N34ClyOsg N ClOgy N3ClyOs9 N Cl,Ogg ClgOyy

Fw 5106.44 2635.29 6059.56 2504.90 6073.28 1372.29

crystal system trigonal trigonal trigonal trigonal 23 monoclinic

a[A] 15.169(5) 15.274(7) 23.288(18) 15.051(7) 23.267(7) 16.259(3)

b [A] 15.169(5) 15.274(7) 23.288(11) 15.051(7) 23.267(9) 17.291(2)

c[A] 77.305(17) 41.549(7) 40.644(23) 41.076(24) 40.478(17) 19.996(3)

a[’] 90 90 90 90 90 90

AN 90 90 90 120 90 104.92 (1)

v [°] 120 120 120 90 120 90

V [A3 15398(12) 8395(4) 19094(23) 8047(8) 19094(23) 5432(1)

VA 3 3 6 3 6 4

space group R3 R3 R3 R3 R3 P2//a

crystal shape hexagonal plates octahedral parallelepiped parallelepiped parallelepiped parallelepiped

crystal color blue red orange-brown blue pale yellow blue

data collected 6759 4985 8067 3506 8015 10382

unique data collected 6010 4489 7466 3081 7417 9546

data used for 3071 2642 2262 1477 2248 4225

refinement ((F,)* > 30(F,)*)

Rl 0.0786 0.0881 0.141 0.1007 0.129 0.0473

R 0.0928 0.0951 0.154 0.1192 0.144 0.0565

variables 416 178 229 182 229 659

APin [ A7 —0.90 -1.73 —0.78 —1.04 —1.34 —0.49

APmax [6 A7) 1.20 3.69 1.45 0.73 1.14 0.76

[a] R=Z||F,| = [Fe| /2] Fo |. [b] Ry =[ZW(|F, | = [ Fe| ) IZWF]™.
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Table 2. Selected bond lengths [A] and angles [°] in the complexes CrCug, CrNig, CrMng, CoCug and CoMng.

CrCug CrNig CrMn CoCu, CoMngll
interatomic distances [A] Mnl Mn2 Mnl Mn2
C-N bridge 1.14(1) 1.154(9) 112 112 1.178(17) 115 111
Cr (or Co)—cyanide 1.996(8) 2.077(6) 2.06 2.05 1.861(14) 1.91 1.87
M —cyanide 1.97(1) 2.113(6) 221 224 1.928(13) 2.16 231
M-N11 2.10(2) 2.130(6) 226 226 2.019(12) 226 224
M-N12 2.045(9) 2.081(7) 2.30 2.30 2.036(13) 228 235
M-N13 2.019(9) 2.133(6) 232 2.34 2.107(13) 231 229
M-N14 2.09(1) 2.117(6) 227 233 2.066(14) 226 237
M-N15 - 2.084(6) 2.30 2.34 - 2.30 2.30
bond angles [°]

Cr (or Co)-C1-N1 cyanide 176.4(9) 174.6(6) 1738 1757 178.7(12) 176.0 1793
C1-N1-M cyanide 176.5(9) 164.6(6) 161.7 153.6 175.7(12) 166.6 145.7
N11-M-cyanide 98.3(5) 91.2(3) 88.6 91.4 177.7(6) 90.8 92.5
N12-M-cyanide 94.8(4) 91.3(3) 1519 160.6 93.8(5) 150.7 161.6
N13-M-cyanide 177.6(4) 89.8(3) 88.4 88.4 96.8(6) 86.5 87.7
N14-M-cyanide 93.8(4) 169.2(3) 93.3 94.3 95.1(6) 91.2 93.8
N15-M-cyanide - 90.3(3) 105.2 100.2 - 110.3 101.0
N11-M-N12 118.1(5) 81.4(3) 76.7 78.1 84.2(6) 76.5 76.0
N11-M-N13 84.0(4) 162.7(3) 114.9 107.9 85.2(6) 116.8 108.9
N11-M-N14 115.9(6) 97.6(3) 169.5 173.1 85.1(6) 168.3 172.9
N11-M-N15 - 96.7(3) 94.4 97.8 - 92.5 98.0
N12-M-N13 84.7(4) 81.3(3) 76.7 79.6 118.7(7) 76.3 82.7
N12-M-N14 123.1(5) 96.3(3) 105.6 97.3 123.9(7) 106.5 93.8
N12-M-N15 - 177.5(3) 99.8 97.3 - 96.7 94.8
N13-M-N14 84.5(4) 83.7(3) 755 76.1 114.9(7) 74.9 74.5
N13-M-N15 - 100.6(3) 148.2 152.7 - 146.5 151.1
N14-M-N15 - 82.4(3) 75.1 77.4 - 76.0 71.7

[a] Due the poor quality of the X-ray structure, only approximate values are given.

Figure 3. X-ray crystal structure of the [Cr{CN—Cu(tren)}s]’" entity in
CrCugq.

from the ones already published.?!l Two heavy atoms only are
present in the asymmetric unit: the chromium atom located at
the origin of the unit cell on an inversion centre and the nickel
atom in a general position. The nickel ion is in an octahedral
symmetry, surrounded by six nitrogen atoms, including those
of the pentaamine ligand. A distorted cyano bridge links the
two metallic atoms (Cr-C-N and C-N-Ni angles are 174.6(6)
and 164.6(6)°, respectively). The operation around the —3

Chem. Eur. J. 2003, 9, No. 8
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Figure 4. X-ray crystal structure of the [tren{Cu(tren)};]** entity in Cus.

axis generates the heptanuclear complex. Three
[Cr{CN—Ni(tetren)}s]°* entities are present in the unit cell,
related to each other by inversion symmetry and rotation
around a three-fold screw axis along the ¢ axis. As expected
for the charge balance, eighteen perchlorate anions are found
in the unit cell.

The CrMn, crystallographic structure is more complex and
sufficient data were not available to perform the refinement
with anisotropic thermal parameters. The structure displays
the presence of two crystallographically independent hepta-
nuclear [Cr{CN—Mn(tetren)}¢]’* entities and of a mononu-
clear complex [Mn(tetren)(H,O)]**. The asymmetric unit
contains five heavy atoms, four of which generate the two
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Figure 5. X-ray crystal structure of the [Cr{CN—Ni(tetren)}s]** entity in
CrNig.

heptanuclear entities by a —3 axis and an inversion centre as
in the CrNig complex; the last transition metal is associated
with the presence of the crystallographically disordered
mononuclear complex [Mn(tetren)(H,O)]**. The overall
configuration of the two [Cr{CN—Mn(tetren)}]** units is the
same but they differ from each other by the distortion of the
cyano bridge between Cr and Mn: in one unit the Mn-N-C
angle is about 155.2°, whereas it is 161.7° in the other
(Figure 6). The volume of the unit cell, filled with six
heptanuclear compounds, six mononuclear complexes, and
sixty-six perchlorate ions reaches the remarkable value of
19094 A3, Beside the interest of the CrMng compound itself,
the present structure displays the first example of a “Mn!-
(tetren)” entity identified by X-ray crystallography (Figure 7).

Figure 6. X-ray crystal structure of one of the two [Cr{CN—Mn(tetren)},]**
entities in CrMng.

1684
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Figure 7. X-ray crystal structure of the mononuclear [Mn(tetren)(H,O)]**
ion in CrMnj.

It clearly demonstrates the stability of this N-bonded man-
ganese complex.

The selected metric data of the five molecular entities
CrCuq, CrNig, CrMng, CoCug and CoMng are compiled in
Table 2 for a comparative structural study. The C—N bond
lengths are similar in the five structures: 1.14(1) (CrCuy),
1.154(9) (CrNig), 1.14(2) and 1.11(2) (CrMng), 1.178(17)
(CoCug), 1.15(2) and 1.11(2) A (CoMng). The Cr—C bond
length is notably short at 1.996(8) A in the case of the CrCu,
complex, whereas it remains in the range 2.06(£+0.02) in the
two other compounds (2.077(6), CrNis; 2.08(2) and
2.051(19) A, CrMny), as expected for hexacaynochromate
species. In the hexacyanocobaltate(111) complexes the Co—C
distances are shorter, 1.861(14) (CoCu4), 1.91(2) and
1.866(18) A (CoMny), in agreement with similar cobaltocya-
nide cores.”® The main differences observed deal with the
distortion of the M—CN—M'’ bridge and especially the C-N-M’
angle varying from 176.5(9)° for CrCu, to 155.2(16) for one of
the CrMnq entities.

This difference might be explained by the electronic
configuration of the external cation, M’, and principally the
b /e, orbitals more or less involved in back donation with the
empty CN m-antibonding orbital as discussed previously.
According to the electronic configurations of the external ions
M’ (t,, and e, symmetry), different situations may occur: with
M = Cu" (dz? orbital, e, local symmetry) and to a lesser extent
with Ni" (also with e, electrons), there is no back donation.
However, with the Mn" complexes, an effective back donation
is expected. These considerations are in agreement with the
importance of the distortion: minimal for CrCu4 and at the
maximum for the CrMng complex, the CrNig species being in
between. This is consistent with the binding model because an
increase in the electronic density on the metal atom is
delocalised over the CN ligand thereby weakening the CN
bond by populating the cyano nt* orbital. Another illustration
of the effect is the decrease in stretching frequency observed
in the infrared spectra when electronegativity decreases.

Mass spectrometry: To characterise the polynuclear com-
plexes and to evaluate their thermodynamic stability in
solution, mass spectrometry has been performed for all the
heptanuclear species. Electrospray desorption—ionisation
was used to characterise these highly charged com-
plexes. The best-resolved spectrum was obtained for CrCus,
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with  a major peak at m/z 1080 assigned to
{[Cr(CN—CuL)](ClO,),}*", denoted as {[CrCu](ClO,),}**
(Figure 8).

[CrCu,,7C10,1**
100 1080.5
relative
abundance
50 [CrCu,,3CI0,1**
671.1
([Cutren,CIO,T* |
307.7 i
!
| 2
[CrCu,,ClO > | [C'C"g.’f?cllo‘*] "1 [CrCu, 4CIO,]*
ol 4671 vl b b e 144&_11
200 600 1000 1400

mfz —————»

Figure 8. Mass spectrum of CrCus.

With the high energetic parameters induced by a high
difference potential (180 V) between the capillary exit and the
skimmer, other peaks appear on the spectrum at m/z=
493, 293 and 236 assigned to {[CrCug(ClO,)s}**,
{[CrCug](Cl10,);}** and {[CrCug](ClO,),}’*, respectively. The
peaks of the trinuclear copper (i) complex are observed at m/z
1271 and 584 corresponding to {[tren(Cutren);](ClO,)s}* and
{[tren(Cutren);](ClO,),}**. The spectrum also displays peaks
of the hexa {[CrCus](Cl0O,)s}**, penta {[CrCu,](ClO,),}**, and
tetra {{[CrCus](ClO,)}** nuclear species as doubly charged
cations (at m/z 877, 671 and 467). The distribution of the
corresponding peaks is a distorted Gaussian curve with a
maximum for the tetranuclear complex. This distribution is a
clear indication that these species are fragmentation products
induced by the mass technique.

Similar results obtained for the CrNiz and CrMn, com-
plexes are collected in Table 3. Most of the observed peaks
correspond to doubly charged cations: the peaks correspond-

Table 3. Observed peaks and corresponding species detected by mass
spectrometry for CrCuq, CrNig, CrMng, CoCug, CoNiz and CoMny.

Observed peaks: m/z Observed peaks: m/z Attribution
(M=Co or Cr)
CrCu, 1080 CoCu, 1084 {[MCu,](ClO,), )2+
493 495 {[MCu,](ClO,)s}*+
293 294 {[MCu,](CIO,),}5+
236 236 {[MCu,](CIO,),)7+
877 881 {[MCuy](ClO,) )2+
671 674 {[MCu,](ClO,),>*,
467 471 {[MCu,](CIO,) P+
CrNig 1194 CoNig 1199 {[MNi(](CIO,),}>*
972 975 {[MNi;](C1O,), >+
1596 1601 {[MNi,](CIO,),}*
747 751 {[MNi,](CIO,),}?*
1151 1155 {[MNi,](CIO,),}*
CrMn, 1185 CoMn, 1188 {[MMn](CIO,),**
967 971 {[MMny](CIO,)sP>*
742 746 {(MMn,](CIO,),}>*
1138 1145 {[MMn,](CIO,),}*

Chem. Eur. J. 2003, 9, No. 8
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ing to the monocations {[CrM](ClO,)s]}" are not visible
because they are outside the observation range. We interpret
the absence of peaks belonging to the higher charged states
([CtM,,] 3% with m=2-6) by the high stability of the
heptanuclear entity strongly associated with the counter
anions. This special stability was checked by using high
energy parameters. No significant changes in the mass spectra
occurred, demonstrating that the ejection of the perchlorate
anion from the “external coordination sphere” of the complex
is difficult. In all cases, the distorted Gaussian distribution of
the doubly charged ion peaks is observed. Despite the relative
complexity of the spectrum and by analogy with the spectra of
other complexes, the results indicate the presence and the
stability of the heptanuclear complexes in methanol/acetoni-
trile solution.

Concerning the CrMng and CoMn, complexes, a priori
more sensitive products, the relative stability of the com-
pounds in solution is quite remarkable in an anaerobic
medium. However the stability decreases rapidly in aerobic
solution.

Magnetic studies: Magnetisation measurements have been
performed on all the heptanuclear complexes with a SQUID
magnetometer in the temperature range of 7=2-300 K in an
applied field H=200 Oe and at T=2 K in an applied field
range H=0-5x10*Oe. We discuss in the following the
results of the chromium(i) derivatives (CrCuq, CrNig and
CrMng) and then those obtained for the cobalt(im)-centred
compounds (CoCu, CoNiz and CoMnyg).

The analysis of the magnetisation of the chromium(ii)
derivatives is relatively simple because: i) in a CrMy entity
there is one central paramagnetic centre surrounded by six
identical other centres, leading to a unique J value between
chromium and its first neighbours; ii) the peripheral para-
magnetic centres are far from each other (more than 10 A
through the chromium centre) and in a first approximation,
the exchange coupling constant J,, (next nearest neighbours)
can be neglected; iii) the intermolecular interaction zJ' (z =
number of magnetic neighbouring units) is expected to be
weak, due to the insulating role of the counter-anions; iv) the
octahedral symmetry of the hexanuclear units precludes the
presence of a significant D factor in the ground state and can
be ignored; v) in this way a simple analytical expression of the
molar susceptibility y, becomes available through the sol-
utions of the isotropic Heisenberg Hamiltonian (i ranges from
1 to 6; [Eq. (1)].°4

H =—JeanSee 218y (1)

The energy spin state diagrams E(S)/J =f(S) for the three
entities [Cr(CN—-M)¢]** (M =Cu, Ni, Mn) are shown in
Table S1 in the Supporting Information. They display the
remarkable energy/spin structure for two ferromagnetic high
spin complexes (where the highest spin is at the ground state)
and the ferrimagnetic one (where the highest spin lies at the
highest energy). The diagram, first used to the best of our
knowledge in reference [55] also demonstrates the original
nature of such high-spin complexes, with the coexistence of
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discrete quantum levels and a quasi continuum of energy
levels, in between quantum and classical physics.

The thermal variation of the magnetisation allows us to
determine the nature and magnitude of the exchange intra-
molecular interaction, the exchange coupling constant J and
the Lande factor g. The best-fit values are given in Table 4. To
take into account the decrease of y,, at low temperature, we
included either a weak intermolecular interaction zJ' (using a
mean field approach: (Ya)eor = (¢m)ea [7/T — 0]) or zero field
splitting D of the ground state. The new Hamiltonian is then
given by Equation (2) with D the uniaxial anisotropy and E
the rhombic one.

J . . N . & .
yf:i(sz— $2,— S%,,r)+D(SZz—?)+E(SXz— Sp) )

The high symmetry of the heptanuclear complexes implies
that D and E are very small. For the fits, in the first
approximation, E is chosen equal to zero and D is the only
anisotropic parameter involved. The agreement factor
R for the fits is defined as R=Z[(¢m)obs(f) — Crnm)earcai) ]/
OO

The magnetisation as a function of the magnetic field at low
temperature (7=2 K) allows a direct determination of the
ground spin state when the saturation value gS is reached at
high field (H=35 x 10* Oe in the present case) and can be
compared to the theoretical Brillouin function.

Magnetic properties of CrCu,: Two different samples of CrCu,
are available: CrCug-A, without parasitic trimer and CrCug-B,
with two trinuclear Cu; entities. We deal first with the CrCus-
A derivative. The yx,T value increases continuously from
room temperature to 2 K (Figure 9). This is consistent with a
ferromagnetic interaction between the Cr'"" and the Cu® ions,
in agreement with the orthogonality of the Cr' (#,,)* and the
Cu" (ay,) singly occupied orbitals, as predicted by Kahn’s
model and discussed later. The value of y,7 at 300K is
5.4 cm*mol 'K (significantly higher than what is expected for
the magnetically isolated spins: 4.125 cm®*mol~' K with g =2).
At temperatures below 15K, y,T reaches a plateau and
becomes 12.3 cm*mol~' K, which is the exact expected value
for §=9/2 (12.375 cm*mol 'K, g=2). The y,,T experimental
data were fitted to the analytical expression using the spin
Hamiltonian given in Equation (1) and including a mean field
correction zJ' for intermolecular interaction (z being the
number of neighbours). The intramolecular interaction be-
tween the next nearest neighbours Cu!! cations is neglected
and the ground state zero field splitting D is expected to be
zero. With an agreement factor R=1.1 x 1073, the best-fit
values give an exchange coupling value J=+455cm™}, a

0 50 100 150 200 250 400

TIK ————
Figure 9. Thermal dependence of the yT for CrCus.

Lande factor, g=1.99, an intermolecular interaction zJ' =
1.5 x 102 cm~! and D ~ 0 cm~%. The J value is high compared
to exchange coupling in other heterodimetallic p-cyano
species.

The magnetisation as a function of the applied magnetic
field, at 2 K, is reported in Figure 10. The data shows a value
close to saturation at 9 p and gives a further demonstration of

30+
25 CrMng
204 o°
Q
°
154 o assaanaa........ a  CrNig

M/NygB °
101 ° CrCug

0 1x10% 2x10% 3x10* 4x104 5x10*  6x10*

H/Oe —»

Figure 10. Field dependence of the magnetisation at 2 K for CrCug, CrNig
and CrMng; the dotted lines correspond to the Brillouin functions for S =9/
2,8=15/2 and §=27/2.

the ground spin state, S = 9/2. The good agreement of the data
with the computed Brillouin function for a spin § = 9/2 shows
that the ground state is the only one populated at 7=2 K. The
energy of the first excited state computed by using the
Hamiltonian given in Equation (1) is AE/K =J x (3/2k) ~ 98
corresponds to this observation.

Table 4. Best-fitted values for parameters J, g, D, and, zJ' for all the complexes.

IR: vey [em™] 6, M-C-N [°] Jexp. [em™!] g zJ' [em™!] D [em™] R
CrCugy 2180 176.45 45.5 1.99 —0.001 —0.009 1x10
CrNig 2149 164.6 17.3 1.96 —0.020 —0.029 5x 10
CrMng 2146 161.8 & 153.6 -9.0 1.98 —0.035 —0.042 9x10°
CoCug, 2181 178.5 —0.82 2.10 - - 1x10°
CoNig 1952 - —045 2.00 0.005 - 1.6 x 1073
CoMny 2146 166.6 & 154.7 —0.15 1.98 0.002 - 24 %1073

1686 ——
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The results obtained for the sample CrCu, (B-form), in the
presence of trinuclear Cu; complex are in agreement with the
previous data. To get the magnetic susceptibility of the
heptanuclear complex [Cr(CN—Cu)y]’* in the CrCu4-B sam-
ple, we withdrew the experimental paramagnetic contribution
of the trinuclear complex, [tren{Cu(tren)};]** (corresponding
to the Curie law for three isolated spin 1/2 copper(11)) from the
experimental susceptibility of CrCus-B. The resultant y,,7T
curve is similar to the one obtained for the CrCuy-A sample
and the fit leads to similar J, g and zJ' values. For the
magnetisation as a function of the applied magnetic of the
sample CrCug-B, the data were obtained by withdrawing from
the experimental magnetisation of CrCu, the magnetisation of
six independent S=1/2 (six Cu" ions from the two parasitic
trinuclear complexes), computed by the corresponding Bril-
louin function. The resulting magnetisation curve is similar to
the one obtained for CrCug-A and corresponds to S =9/2.

Magnetic properties of CrNis: Similar experiments and
analyses have been performed for the CrNig complex. The
results are given in Table 4. For this compound, the treatment
of the data is easier than for CrCu6 since 1) there is no
cocrystallised species in the compound and 2)there is a
unique [Cr{CN—Ni(tetren)}¢]’* entity in the unit cell.

The y,T versus temperature curve (Figure 11) indicates
that y,,T increases continuously as the temperature decreases
until 6 K, characteristic of ferromagnetic behaviour, as
foreseen by the orbital model. Below this temperature, the
thermal dependence of y,T mildly declines, an effect that

35
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Figure 11. Thermal dependence of the 7 product for CrNis.

might be due to weak intermolecular interactions or zero-field
splitting. The x,7 value obtained at high temperature is
8.93 cm’mol~'K, which is higher than the evaluation for six
isolated paramagnetic nickel ions and an additive chromium
atom (7.875 cm®*mol'K). At low temperature (6 K), the
agreement between the experimental yx,7 data
(30.7 cm®*mol~'K) and the theoretical value for S=15/2
(31.875 cm®*mol~'K) is acceptable, considering the assumed
intermolecular interactions. The y,,7 experimental data were
fitted to the theoretical expression coming from the Hamil-
tonian given in Equation (1) and lead to a coupling exchange
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value J=+173 cm™!, with g=1.98, a sign of a quite strong
ferromagnetic interaction between paramagnetic centres
527 A apart and bearing two and three spins.

Addition of anisotropy D or intermolecular interaction
terms in the fit do not allow significant improvement of the
quality of the fit and lead to small values of D (—0.03 cm™') or
zJ' (5.8 x 10~ cm™!). The very low values simply confirm the
high symmetry of the complex (weak anisotropy) and that the
highly charged species are well isolated from each other, as
anticipated from the synthetic strategy. The relatively high J
value, in comparison with other “Cr—Ni” compounds such as
trinuclear CrNi, complexes in which J=+10 cm~!, might be
explained by the weak distortion of the cyano bridge.
Magnetostructural correlation in CrNi species is discussed in
Part 3 of this series of papers.['!)

The magnetisation as a function of the applied magnetic
field, at 2 K is reported in Figure 10. It corresponds to the
unique [Cr{CN—Ni(tetren)}s]’* entity and displays a value
close to saturation at 14.95 pg (14.85 with g=1.98), confirma-
tion of the ground spin state, S =15/2. The agreement of the
data with the computed Brillouin function for a spin S =15/2
shows that, at T=2 K, only the ground state is populated, in
agreement with the energy of the first excited state computed
using the Hamiltonian given in Equation (1): AE/K=J x (3/
2k) ~37.

Magnetic properties of CrMng: With respect to the CrMng
compound, the analysis takes into account the presence of two
manganese(ll) mononuclear complexes and two different
[Cr{CN—Mn(tetren)}¢]’* entities per unit cell. The two species
[Cr{CN—Mn(tetren)}¢]’* differ by the distortion of the cyano
bridge and may present two different J values. To get the
thermal variation of yx,7 shown in Figure 12, which
corresponds to only one heptanuclear complex
[Cr{CN—Mn(tetren)}¢]’*, we divided by two and subtracted
the paramagnetic contribution of [Mn"(tetren)(H,O)]** (Cu-
rie law for S = 5/2) from the experimental susceptibility of the
compound CrMng. The y,T value at room temperature is
slightly smaller than the one computed for six insulated § =5/2
[Mn!] ions and one isolated S = 3/2 [Cr!!] ion (26.23 instead of
28.125 ~225/8 cm®*mol~!). It decreases with temperature
down to y,,7=25.07 at T=148 K and then increases steadily
up to a maximum value of y,,7=90.4 at T=2 K. The presence
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Figure 12. Thermal dependence of the y\7 product for CrMn.
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of the minimum is well documented® and is a characteristic
signature of an antiferromagnetic coupling between spins of
different values: here, in a [Cr(CN—Mn(tetren))s]°* unit, it
means that the chromium (i) is antiferromagnetically coupled
to the six manganese(il) ions, leading to a ground spin state
S§=27/2. The x,,T value at the lowest available temperature is
weaker than the expected value for spin §=27/2 with g=2
(xuT=97875 cm®*mol~!'K) but below 4 K y,7T reaches a
plateau and then decreases, which might be the sign of an
intermolecular interaction. To fit the susceptibility data, we
first used the simplified Hamiltonian given in Equation (1)
and got average values for Jand g: /J=-9 cm~! and g=1.98.
The J value confirms the antiferromagnetic interaction
between chromium and manganese. A second fit taking into
account the presence of two different [Cr{CN—Mn-
(tetren)}]** species gave: J;=—72cm™!, J,=—-10.8 cm™!
and a mean g = 1.98. The two J values can be associated with
the two different angles in the two [Cr(CN—Mn)¢]** CrMn,
with 6 =161.7° and 6 =153.6°: the larger J value corresponds
to the larger angle (smaller deviation from linearity) and to a
better overlap between the f,, orbitals of chromium and
manganese.

The magnetisation as a function of the applied magnetic
field at 2 K is reported in Figure 10. It corresponds to one
[Cr{CN—Mn(tetren)}¢]°* entity (dividing by two the exper-
imental value and then subtracting the Brillouin contribution
of the mononuclear [Mn'(tetren)(H,O)]** ion. At high field,
it displays a value a little smaller than the saturation at 27 pj,
(26.73 with g =1.98) in agreement with the large ground spin
state, S =27/2. The agreement of the exprimental data with
the computed Brillouin function for a spin $=27/2 and g=
1.98 (from the fit of the susceptibility data) shows that, at 7=
2 K, the ground state is fully populated and that the first
excited spin states do not contribute to the magnetic proper-
ties. Indeed, the energy of the first excited state computed by
using the Hamiltonian given in Equation (1) is: AE/K =|J | x
(3/2k) ~19.5.

Magnetostructural correlation: It is possible at this point to
come back to the orbital mechanism leading to the nature,
ferro- or antiferromagnetic, of the interaction between the
chromium and its nearest neighbours, copper(1n), nickel(i) and
manganese (i), which can be foreseen by our simple orbital
model. The exchange interactions are short range. The
interpretation can be made at the simplest level, looking at
the pairs Cr''! - Cu"l, Cr''-Ni' and Cr'! - Mn! and considering
an ideal linear configuration of the Cr-CN-M bridge, the
direction of which can be chosen as the z axis. In this
framework, on the chromium side, the singly occupied
molecular orbitals centred on the metal and partially delo-
calised on the cyanide ligand active in the exchange (“mag-
netic orbitals”) are xz and yz, of local t,, symmetry, or «
symmetry related to the z axis. The xy orbital, the axes of
which are in a plane perpendicular to the z axis, plays a lesser
role for this particular Cr—M pair. On the M side, the z?
orbital belongs to ¢ symmetry related to the z axis and is
therefore orthogonal to the chromium xz and yz orbitals. This
is the origin of the ferromagnetism in CrCus and CrNig. In
CrNig, the second magnetic orbital, x> — y?, will also play a less
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important role. The mechanism of the ferromagnetic inter-
action between Cr'! and Cu® and Ni! is the same as in the
three-dimensional Prussian blue analogues.”® The impor-
tance of the J value is related to the strong spin density
overlap on the cyano bridge and particularly on the nitrogen
atom: the Cr-CN-Cu(Ni) bridge is close to linearity: Cr-C-N
angle =176.4° and C-N-Cu(Ni) angle is 176.5° (164.6°). Thus,
a strong spin density in m-symmetry orbitals (coming from
Cr'™) and a strong spin density in o orbitals (coming from Cu"
or Nil!) are present on the nitrogen atom. The overlap density
(product of these orbitals) is important around the nitrogen
center and determines the value of the exchange integral k
and therefore J =2 k. We shall see in detail later, in Part 3 of
this series,'] that the bridging angles play an important role in
fixing the magnitude of the ferromagnetic interaction in p-
cyanochromium —nickel complexes. As for CrMng, there are
o-symmetry orbitals on the manganese side like in the nickel
case, and also T symmetry t,, xz and yz orbitals. The first give a
ferromagnetic contribution and the latter overlap with those
of chromium, and give rise to an antiferromagnetic contribu-
tion that counterbalances and overcomes the ferromagnetic
contribution and ensures the antiferromagnetic coupling
between chromium and manganese. It is possible to compare
the overall interaction energies J nyny (7, =number of
unpaired electrons on M, ny, =number of unpaired electrons
on M’) corresponding to all the myny orbital pathways:
Jnene,=J-3-1=135em™'~196 K (no=three unpaired
electrons, nc,=one unpaired electron); Jneny=J-3-2=
104 cm™' ~ 132 K (n¢, = three unpaired electrons, ny=two
unpaired electrons), Jnehy,=|J|-3-5=135cm™'~196 K
(nc,=three unpaired electrons, ny,="five unpaired elec-
trons). The overall energy is so far not similar in the three
compounds.

Hexacyanocobaltate(i1)) derivatives: To evidence and better
understand the nature of the interaction between external
metal ions (“second neighbours” or “next-nearest neigh-
bours” interaction) at a distance through the centre larger
than 10 A, we studied three heptanuclear complexes formed
with a diamagnetic Co™ ion centre: CoCu,, CoNig and
CoMng. The main results are reported in Table 4.

For the CoCug4 compound, the thermal dependence of y,, T
is characteristic of a paramagnetic species. y,,7 is constant
with an experimental value of 2.33 cm®*mol~'K in agreement
with six isolated copper (i) metallic ions (2.36 for six separated
spin 1/2 and g =2.1). At low temperature, below 40 K, the y,,T
curve decreases indicating either intra- and/or intermolecular
antiferromagnetic interactions between the spin carriers. The
value reached at 2 K is 1.14 cm®*mol~' K and extends to zero at
lower temperature.

Concerning the CoNigz and the CoMng complexes, similar
magnetic behaviour is observed with a constant y,,7 value at
5.83 and 23.6 cm*mol~'K, respectively, expected for para-
magnetic species but smaller than the calculated values for six
isolated Mn"" (y,,T=6 cm*mol~'K) or for six isolated Mn"
ions (7= 26.5 cm*mol~'K). At low temperature, x,,T drops
below 10 K, which indicates clearly intermolecular antiferro-
magnetic interaction between the spin carriers.
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The values of the computed exchange coupling, —0.82,
—0.45 and —0.15cm™' for CoCu4, CoNiz and CoMny,
respectively, indicate that the next-nearest neighbours ex-
change interaction (through the NC-Co'!-CN bridge) is weak
(compared to the nearest neighbours one) and that this
parameter might be omitted in the magnetic studies of high-
spin chromium-centred complexes, as done previously.

Low-temperature experiments: Preliminary experiments per-
formed at low temperature (from 30 mK to 2 K) on the
present CrNigz high-spin complex indicate that no hysteresis
loop and no frequency dependence of the AC susceptibility,
characteristic of single-molecule magnet behaviour, are
observed. This is due to the fact that the zero field splitting
factor D is nearly zero, leading to a very small energy barrier
between the two Mj spin states. Despite the high-spin value of
the complex (S=15/2), a relatively high J value (J=
173 cm™') and no intermolecular interactions, the complex
does not behave as a single-molecule magnet, indicating
clearly the importance of the anisotropic factor for the
observation of the expected physical properties.

Similar experiments have been performed on CrNig*, a
compound obtained from the tetren ligand of technical
quality. A hysteresis loop at 300 mK is observed that is
described elsewherel” and the nature of which is still
controversial. The mixture of the polyamine ligands present
in the sample may induce a disorder that might be associated
with a slight structural anisotropy of the final complex,
generating anisotropy. Concerning the CrMn, complex, once
again the studies at very low temperature indicate clearly that
there is no single-molecule magnet behaviour. Nevertheless,
these results allow a better understanding of the parameters
required to obtain single-molecule magnet behaviour: the
ground state spin value as well as the structural and electronic
anisotropy.

Conclusion

A rational synthetic strategy for highly charged polynuclear
species, based on Cr'™ and Co™ polycyanides, surrounded by
Cu", Ni' and Mn", which might be extended to other metallic
polycyanometalate precursors, has been described herein.
High-spin molecules such as CrCu, (S =9/2), CrNi4 (S =15/2)
and CrMng (§=27/2) and the corresponding cobalt(i1)-
centred species were thus synthesised and fully characterised.
Despite the fact that CrCuq, CrNig and CrMng complexes are
very isotropic and that no single-molecule magnet behaviour
has been observed, these high-spin molecules might be of
great interest. First of all, they open up a large family of
polycyanometalate complexes of various nuclearities. New
building blocks have been employed, especially the
[Mn(tetren)]** fragment, which has been used successfully
and mentioned here for the first time. The polynuclear
complexes described herein allow us to define and to better
understand the chemical parameters involved in the field of
single-molecule magnets and to design new chemical objects
of potential interest. The study of isotropic high-spin mole-
cules might be also interesting for physicists because it
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provides new magnetic tools for the study of higher order
parameters implied in the spin Hamiltonian. Finally, the
possible control of the ground state spin value has been
demonstrated, a necessity in the domain of nanomagnets.
Another important parameter is the structural anisotropy that
is analysed and controlled in Part 20'8] of this series of papers.

Experimental Section

Warning! Although we have experienced no difficulties with the complexes
described herein as perchlorate salts, these are potentially explosive and
should be handled in small amounts and with great caution. We used them
since no similar products or no crystals suitable for single crystal X-ray
diffraction were obtained with other counterions. K3[Cr(CN)¢] was
synthesised according to references [58,59]. All other reagents were
purchased as reagent grade chemicals and used without further purifica-
tion. All solvents were of analytical grade quality. Air-sensitive products
were synthesised using Schlenk techniques under an argon atmosphere,
then transferred in a glove-box (a few ppm of dioxygen in aqueous
atmosphere) and crystallised by slow evaporation of the solvent.
[Cr{CN—Cu(tren)}](C10,)y (CrCus-A): A solution of tris(2-amino)ethyl-
amine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1, 10 mL) was added to a
solution of copper perchlorate (2.29 g, 6 mmol) in water —acetonitrile (1:1,
20 mL). The mixture was stirred for 5 min before hexacyanochromate (i)
potassium salt (0.260 g, 0.8 mmol) dissolved in a minimum of water was
added. The solution was left standing for 24 h and the fine blue hexagonal
crystals formed were collected and washed with ethanol (a green
precipitate was then eliminated by suction). Yield 32%. IR (KBr): 7=
2180 cm~!(v,(CN)); elemental analysis caled (%) for C,H,ClyCrCu.
N;03: C 21.36, H 4.61, N 17.79, Cr 2.20, Cu 15.21, CI 13.51; calcd for
C4,H,03ClyCrCugN3,034(CH;CN),(H,0): C 21.42, H 4.92, N 17.37, Cr 2.02,
Cu 14.78, Cl 12.64; found: C 21.08, H 4.77, N 17.66, Cr 1.96, Cu 14.42, Cl
12.68.

[Cr{CN—Cu(tren)}][tren{Cu(tren)};],(Cl04),; (CrCus-B): A solution of
tris(2-amino)ethylamine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1,
10 mL) was added to a solution of copper perchlorate (2.29 g, 6 mmol) in
water —acetonitrile (1:1, 30 mL). The mixture was stirred for 20 min before
hexacyanochromate (i) potassium salt (0.325 g, 1 mmol) dissolved in a
minimum of water was added. The solution was left standing for a few days
and the blue hexagonal crystals formed were collected and washed with
ethanol. Yield 78 %. IR (KBr): 7 =2180 cm™! (v,(CN)); elemental analysis
caled (%) for CyoH,s5,CrCu,,Ng,Cl,Og,: C21.17, H 4.94, N 1701, Cr 1.02, Cu
14.93, C1 14.58; found: C 21.28, H 5.03, N 16.87, Cr 1.07, Cu 14.84, Cl 14.63.

[Co{CN—Cu(tren)};](C10,)y (CoCus-A) and [Co{CN—Cu(tren)}]-
[(tren){Cu(tren)};],(C10,),; (CoCu¢B): A solution of tris(2-amino)ethyl-
amine (0.95 g, 6.5 mmol) in water—acetonitrile (1:1, 10 mL) was added to a
solution of copper perchlorate (2.29 g, 6 mmol) in water —acetonitrile (1:1,
20 mL). The mixture was stirred for 20 min before hexacyanocobaltate (i1
potassium salt (0.2 g, 0.6 mmol) dissolved in a minimum of water was
added. The solution was left standing for a few days, which led to two
fractions of different crystals: fragile blue hexagonal plates (CoCu4-A;
51 % yield) and deep blue hexagonal crystals (CoCug-B; 15 % yield) which
are the expected heptanuclear complexes without (A) and with (B) a
cocrystallised trinuclear copper(i) complex.
A-[Co{CN—Cu(tren)}c](C10,),: IR (KBr): #=2188 cm~! (CN asymmetric
stretch); elemental analysis caled (%) for [Cy,H;gCoCuN3,ClyiOy]: C
21.30, H 4.60, N 17.74, Co 2.49, Cu 16.10, Cl 13.47; caled (%) for
CoH,5CoCugN3,ClyOs4 (CH;CN),(H,0)4: C 21.59, H4.96, N 17.52, Co 2.30,
Cu 14.90, Cl 12.47; found: C 20.95, H 5.10, N 16.95, Co 1.93, Cu 13.85, Cl
12.85.

B-[Co{CN—Cu(tren)}][ (tren){Cu(tren)};],(C10,),;: IR (KBr): 7=
2188 cm™! (v,(CN)); elemental analysis calcd (%) for CyH,5,CoCu;,Ng,.
Cl,,Og,: C 21.14, H 4.97, N 16.98, Co 1.15, Cu 14.91, Cl, 14.56; found: C
20.95, H 5.11, N 17.15, Co 1.05, Cu 14.68, CI 14.66.

[tren{Cu(tren)};](ClO,)s: A solution of tris(2-amino)ethylamine (1.17 g,
8 mmol, 4/3 equiv) in water-acetonitrile (1:1, 10 mL) was added to a
solution of copper(i) perchlorate (2.29 g, 6 mmol) in water—acetonitrile
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(1:1,30 mL). The mixture was stirred for 20 min and then left standing for a
few days. The blue crystals were collected and washed with ethanol. Yield
95%. Elemental analysis caled (%) for C,H;,CusN(Cl,0,: C 21.01, H
5.29,N 16.33, Cu 13.89, Cl1 15.50; calcd for C,,H7,Cu3N;,ClsO,, (CH;CN): C
22.10, H 5.35, N 16.85, Cu 13.49, Cl1 15.05; found: C 22.35, H 5.70, N 17.96,
Cu 14.00, Cl 14.52.

[Cr{CN—Ni(tetren)}s(Cl10,),(H,0), (CrNig): Potassium hydroxide (850 mg,
5.6 mmol) in aqueous solution followed by nickel(i1) perchlorate (755 mg,
2 mmol) dissolved in a minimum of water were added to a solution of
tetren-5HCI (tetracthylene pentamine pentahydrochloride) (1.12 g,
3.01 mmol) dissolved in water (20 mL). The mixture was stirred for
10 min before solid silver perchlorate (3.12 g, 3.01 mmol) was added to
eliminate the chloride ions. The solution was left stirring for 1 h in the dark,
then the precipitate was filtered off and acetonitrile (20 mL) was added to
the resulting filtrate. Hexacyanochromate(in), potassium salt (0.150 g,
0.46 mmol) dissolved in a minimum of water was added and the solution
left standing for a few days in the presence of a large excess of sodium
perchlorate salt (2 g). The red-purple octahedral crystals formed were
collected and washed with water. 82% Yield; IR (KBr): #=2149 cm™!
(v(CN)); UV/Vis (H,O/CH;CN): A (6) =791 (65), 537 (33), 337 nm
(202) (L mol~'em™!); elemental analysis caled (%) for CsyH;3CrNigNsq.
ClyOs34(H,0),: C24.03, H 5.60, N 18.68, Cr 1.93,Ni 13.05, C1 11.82; found: C
23.72, H 5.39, N 18.68, Cr 1.85, Ni 13.28, C1 11.97.

[Co{CN—Ni(tetren)}s] (ClO,), (CoNig): Potassium hydroxide (1.7 g,
30 mmol) in aqueous solution followed by nickel(i) perchlorate (2 g,
6 mmol) dissolved in a minimum of water were added to a solution of
tetren-5HCI (tetracthylene pentamine pentahydrochloride) (2.23 g,
6 mmol) dissolved in water—acetonitrile (20 mL). The mixture was stirred
for 10 min and then potassium hexacyanocobaltate(tr) (0.331 g, 1 mmol)
dissolved in a minimum of water was added and the solution left standing
for a few days. The red-purple octahedral crystals formed were collected
and washed with water. 52% Yield; IR (KBr): #=2152 cm™! (v,(CN));
elemental analysis calcd (%) for Cs,H;33CrNigN3ClOs4: C 24.97, H 5.32, N
19.41, Co 2.27, Ni 13.56, Cl 12.28; found: C 25.45, H 5.49, N 19.26, Co 2.18,
Ni 13.24, C1 12.18.

[Cr{CN—Mn(tetren)}¢], [Mn(tetren)(H,0)1, (C10,),, (CrMng): The experi-
ment was performed in Schlenk tubes under an argon atmosphere (or in a
glove box). Sodium hydroxide (0.3 g, 7.5 x 10~ mol, 5 equiv) in aqueous
solution followed by manganese(i]) perchlorate (543 mg, 0.15 mmol,
1 equiv) in deoxygenated water (SmL) were added to a solution of
tetren-SHCI (tetraethylene pentamine pentahydrochloride) (557 mg,
0.15 mmol) in water (10 mL). The mixture was stirred for 10 min before
solid silver perchlorate (1.46 g, 7.5 mmol, 5 equiv) was added to precipitate
the chloride ions. The solution was left stirring for one hour in the dark,
then the precipitate was filtered off using a cannula, and acetonitrile
(10 mL) was added to the resulting filtrate. Potassium hexacyanochroma-
te(rm) (0.084 g, 0.217 mmol, 1/6 equiv) dissolved in a minimum of water was
added and the resulting pale yellow solution was left standing in a
dioxygen-free glove box. The orange-brown parallelepiped crystals formed
were collected and washed with water. IR (KBr): #=2146 cm™! (v,,(CN));
UV/Vis (H,O/CH;CN): Ay (6) =367 nm (369 Lmol~! cm™'); elemental
analysis calcd (%) for [Cs,H;33CrMngN36][Cly;O4,][MnCgH,sNsO]: C 24.58,
H 5.42,N 18.95, Cr 1.72, Mn 12.69, C112.87; found: C 24.58, H 5.56, N 18.87,
Cr 2.04, Mn 12.19, C1 13.44.

[Co{CN—Mn(tetren)}s], [Mn(tetren)(H,0)], (Cl04),, (CoMn): The ex-
periment was performed following the procedure described for CrMng
using potassium hexacyanocobaltate(i) (0.084 g, 0.217 mmol, 1/6 equiv)
instead of hexacyanochromate(ir). The pale yellow solution was left
standing in a glove box. The light yellow parallelepiped crystals formed
were collected and washed with water. IR (KBr): 7 =2146 cm~' (v,,(CN));
elemental analysis calcd (%) for [CsH;33CoMngNs4][Cly;O44][MnCgH,s.
N;O]: C 24.52, H 5.41, N 1891, Co 1.94, Mn 12.66, Cl 12.84; found: C
24.37, H 5.50, N 18.76, Co 1.86, Mn 12.58, C1 13.01.

Physical characterisation: IR spectra were recorded between 4000 and
250 cm~! on a Bio-Rad FTS 165 FT-IR spectrometer on KBr pellets. DC
magnetic susceptibility measurements were carried out on a Quantum
Design MPMS SQUID susceptometer equipped with a 5T magnet and
operating in the temperature range 1.8 to 400 K. The powdered samples
(10-50 mg) were placed in a diamagnetic sample holder and the measure-
ments realised in a 200 Oe applied field using the extraction technique.
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Before analysis, the experimental susceptibility was corrected from
diamagnetism using Pascal constants!'%! and from temperature independent
paramagnetism (TIP) of the transition metals.®) Electrospray ionization
mass spectrometry experiments were performed on an ESQUIRE ion trap
(Bruker-Franzen Analytic GmbH, Bremen, Germany).l®! The non-linear
ion trap worked in the mass-selective instability mode without using DC
voltage (that is, U =0 condition) at the ring electrode. The instrument has a
fundamental RF frequency of 781 kHz and is used in the standard mode: a
mass-to-charge ratio up to 2000 Th with a selective resonance ejection at
the non-linear resonance at 2/3 (¢,=0.78). The ion trap operated at an
uncorrected partial He buffer gas pressure of 3.4 x 107> Torr (4.5 x
103 Pa). A differentially pumped interface transferred the ions from the
electrospray source (Analytica of Brandford, Inc., Brandford, CT) to the
mass spectrometer. Some applied parameters were unchanged for all
experiments, as the RF frequency amplitude of the hexapole (700 V), and
the voltage applied to the electron multiplier (— 1500 V). In the positive ion
mode, the DC voltage applied to the ion guide (hexapole) was 2V, the
dynode voltage of the electron multiplier was —5 kV, the delay before
scanning was 10 ms and the exit lens voltage was — 100 V. The complexes
were analysed after dilution at approximately 10~* moll~! in dry acetoni-
trile or methanol/acetonitrile (5:1, v/v) and were infused into the ESI
source using a Cole-Parmer Instrument Company (74900 series) syringe
pump at a flow rate of 2 pL min~". The capillary entry voltage was about
—3500 V. The N, drying gas temperature was 150°C with a flow rate of
200 Lh~.

Crystallographic studies: Suitable crystals for X-ray crystallography were
obtained directly from the reaction medium or by re-crystallisation from
water —acetonitrile solutions. For all the structures described herein,
accurate cell dimensions and orientation matrices were obtained by least-
squared refinements of 25 accurately centred reflections on a Nonius
CAD¢4 diffractometer using graphite-monochromatic Moy, radiation. No
significant variations were observed in the intensities of two checked
reflections during data collections. Absorption corrections were applied by
using the -scan method. Refinement was performed by using the PC
version of Crystals.®’l Scattering factors and corrections for anomalous
dispersion were taken from Cromer.l®] The structures were solved with
SHELX 86! followed by Fourier maps technique and refined by full-
matrix least-squares with anisotropic thermal parameters for all non-
hydrogen atoms, when sufficient data were available.

CCDC-184835 (CrCu,), CCDC-184838 (CrNigz), CCDC-184837 (CrMny),
CCDC-184840 (CoCuy), CCDC-184839 (CoMng) and CCDC-184836 (Cus)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccde.can.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Center, 12 Union
Road, Cambridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@
ccde.cam.ac.uk).
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