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Ligand Influence on Connectivity and Processing: Magnetic Crystals Based
on Metalloceniums and Films of TCNE-Based Magnets
(TCNE = Tetracyanoethylene)

Dominique de Caro, Christophe Faulmann, and Lydie Valade*!*!
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Abstract: Molecular materials built from coordination
complexes exhibit properties that can be explained
through intermolecular electronic interactions driven by
the ligand moieties. The nature of the ligand in the pre-
cursor molecules governs the connectivity of the mag-
netic phases and the possibility of producing them by
using a gas-phase process. Metallocenium, metal bisdi-
thiolate materials, and solvated and solvent-free [M-
(tcne),] (tcne =tetracyanoethylene) magnets illustrate
such features.

Keywords: chemical vapor deposition - coordination
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Introduction

Molecular materials properties result from supramolecular
features for which intermolecular interactions play a key
role. When coordination complexes are used as building
blocks, these interactions are driven by the ligands through
electronic delocalization by using m—m interactions within
stacks of molecules or atom-to-atom short contacts between
stacks. This is a classical feature of molecular conductors
and superconductors containing coordination complexes.
Therefore, the ligand design should not only consider the
coordinating atoms, but also the peripheral ones and their
overall structural organization. Although magnetic proper-
ties of coordination complexes mainly arise from the nature
of the metal, long-range phenomena, as present in molecular
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magnets, are stabilized if cooperativity appears within the
material through the build up of spin networks. Therefore,
in order to reach an efficient connectivity, the ligands for co-
ordination complex building blocks should be adequately
chosen to favour ferromagnetic interactions.!?

In this paper, we illustrate the above features by describ-
ing two families of coordination complexes: 1) crystalline
adducts containing metalloceniums and metal-dithiolate
building blocks, and 2) polymeric [M(tcne),] phases.

The first section of the paper is dedicated to the first
family, in which both the metallocenium and the metal-di-
thiolate complex can act as spin carriers. Let us note that, in
addition to magnetic properties, the metal-dithiolate com-
plexes can lead to conductive species upon partial oxidation.
The discussion focuses on the variation of the magnetic
properties of [MCp*,][Ni(dithiolate),] upon changing the
metallocenium nature (MCp*, with M=Co, Fe, Mn), and
describe the consequences of the ligand nature on the struc-
tural and magnetic properties of the [MnCp*,][Ni(dithio-
late),] system when the dithiolate is either dmit (C;S5*: 1,3-
dithiol-2-thione-4,5-dithiolate) or dmid (C,0S,*: 1,3-di-
thiol-2-one-4,5-dithiolato).

The second section of the paper concerns the [M-
(tcne),]-solvent family of magnets. In this section we discuss
the ligand exchange mechanism involved in the formation of
these solvated phases and the ligand—solvent competition at
the vicinity of the metal centre, which, by reducing the spin-
network dimensionality, induces a significant variation of
the ordering temperatures (7,) of the isolated phases.

Solving the problem of ligand-solvent competition is at
the heart of the use of the solvent-free preparation tech-
nique described in the third part of the paper. Ligand-ex-
change-based reactions are classically applied for building
new complexes. A more confidential application for coordi-
nation chemists is the use of such reactions for film process-
ing through gas-phase transport by chemical vapour deposi-
tion (CVD), and in particular by the so-called OMCVD
which uses organometallic (OM) precursors.’l Moreover,
these gas-phase conditions offer the advantage of perform-
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ing chemical reactions in the absence of solvent, an impor-
tant feature for [M(tcne),] magnets, in which solvent mole-
cules have the deleterious effect on 7, mentioned above.
The precursor ligand role in OMCVD is described and its
influence on the nature and properties of the grown phases
is developed in the [M(tcne),] case. Solvent free [M(tcne),]
(M=YV, Cr, Mo, Nb) phases are described; they exhibit en-
hanced connectivity with respect to materials obtained from
solution methods.

Metal-Dithiolate Complexes and Metalloceniums

Dithiolate ligands have been largely used as building bricks
for preparing molecular materials exhibiting conductive,
magnetic or optical properties.*” In addition to potential
magnetic properties, they are expected to form conductive
networks in which electronic paths arise along molecular
stacks. When associated with other magnetic species, they
may create communication pathways between spin carriers.
Following the pioneering study by Broderick et al.,” who in-
vestigated the [FeCp*,][Ni(dmit),] compound, which exhib-
its ferromagnetic interactions down to 2.1 K, we have fo-
cused on the study of [MCp*,|[M'(dmit),] and [MCp*,]-
[M’(dmid),] (dmit®>~ =1,3-dithiol-2-thione-4,5-dithiolate;;
dmid®>~ =1,3-dithiol-2-one-4,5-dithiolato) adducts, in which
both the metallocenium unit and the dithiolate ligand were
varied.

L, <L,

dmit* dmid®

The magnetic properties of the [MCp*,|[Ni(dmit),] and
[MCp*,][Ni(dmid),] complexes studied are gathered in
Table 1.

Upon partial oxidation of the metal-dithiolate unit of the
1:1 adduct, these materials may exhibit coupled conductive/

Table 1. Magnetic properties of [MCp*,|[Ni(dmit),] and [MCp*,][Ni-
(dmid),] adducts.

Magnetic 0/T, Ref. CCDC
properties!®! K] no.!"!

FM interactions 05 [7
FM interactions 21 [6

CoCp*,][Ni(dmit),]
FeCp*,][Ni(dmit),]

[ ]
[ [ ]
[MnCp*,][Ni(dmit),] ferrimagnet 25 [8] 203647
[FeCp*,][Ni(dmid),]-THF FM interactions 10.5  [8]
[FeCp*,][Ni(dmid),]-MeCN  FM interactions 1.97 [9]
[MnCp*,][Ni(dmid),]-MeCN  FM interactions 2.8 [8] 203645
[MnCp*,][Ni(dmid),]-Me,CO FM interactions 8.58 [7] 291582
[MnCp*,],[Ni(dmid),],»PhCN AFM interactions —3.62 [7] 291583

[a] FM =ferromagnetic, AFM =antiferromagnetic. [b] CCDC numbers
contain the supplementary crystallographic data (excluding structure fac-
tors) for these compounds. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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magnetic properties. Before envisioning coupling of proper-
ties, the study of the 1:1 adduct was undertaken to better
understand the nature of the interactions (ferro- or antifer-
romagnetic) between the building units in these complexes.
It should be noted that dmit*" is not the sole ligand to
enable ferromagnetic properties, since, among others, mnt*~
(maleonitriledithiolate), tfd*~ (bis(trifluoromethyl)ethylene
dithiolate, also abbreviated as tdt*"), and tds*~ (bis(trifluoro-
methyl)ethylene diselenolate) ligands also appear in several
compounds exhibiting such properties.!'1!

s ICN .S._CF, -Se-_.CF,
S

s cN s CcF, -se” CF,
mnt* tdt* tds*

Metallocenium change: Following the idea proposed by Bro-
derick etal. (use of a high-spin cation)'”! to enhance the
magnetic properties of [MCp*,|[Ni(dithiolate),], we have
substituted [FeCp*,]* for [MnCp*,]*, and synthesized the
[MnCp*,][Ni(dmit),] adduct.®'® This compound exhibits
almost exactly the same cell parameters and the same struc-
tural arrangement as the [FeCp*,]-derived complex. The
overall structural arrangement consists of --DTD*A"A"D*
D+tA~A"- stacks composed of side-by-side [MnCp*,]* ions
alternating with face-to-face [M(dmit),]” ions, the latter
forming slipped diads (Figure 1).

Figure 1. Structure of [MnCp*,][Ni(dmit),] showing the --A"A"D*D*
A~A"- motif.

The magnetic properties of [FeCp*,][Ni(dmit),] and
[MnCp*,][Ni(dmit),] are also similar, since both exhibit fer-
romagnetic interactions at low temperatures.**! Neverthe-
less, the Mn compound exhibits a long-range magnetic order
below 2.5 K, which is not observed in the Fe-derived com-
pound.’! [MnCp*,][Ni(dmit),] behaves like a ferrimagnet.

The change from Fe to Mn in the [MCp*,]* counterion
has resulted in an improvement of the magnetic properties.
Although the structures have been solved at different tem-
peratures (RT for the Fe complex and 160 K for the Mn
complex), data reported in Table 2 show that substitution of
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Table 2. Selected shortest intermolecular distances [A] within [MCp*,]
[Ni(dmit),].

[MnCp*,][Ni(dmit),] [FeCp*,][Ni(dmit),] difference
M-M 8.411(8) 8.412 0.001
Ni—Ni 5.574(8) 5.563 0.011
M-Ni 6.591(7), 7.330(8) 6.557,7.299 0.034, 0.031

Fe for Mn in [MCp*,]* does not induce important changes

in the intermolecular distances within these compounds.
Moreover, even if more short contacts are observed in the

Mn compound than in the Fe one (29 versus 18, Figure 2),

Figure 2. Short contacts (< sum of the van der Waals radii) in [FeCp*,]
[Ni(dmit),] (top) and [MnCp*,][Ni(dmit),] (bottom).

this should be related to the low-temperature structure de-
termination of the Mn compound with respect to the RT
structure determination of the Fe one. Therefore, since no
significant structural change is observed between [FeCp*,]
[Ni(dmit),] and [MnCp#*,][Ni(dmit),], the difference in the
physical properties of these compounds arises only from the
difference in the spin number of the metallocenium involved
as counterion. However, it can be pointed out that the [M-
(dmit),] complex fully plays its role of magnetic information
exchanger between sites.

Dithiolate change: Another way to change the physical
properties of [MCp*,][M’(ligand),] compounds is to change
the nature of the ligand. A “slight” modification of the
dmit*~ ligand can be made by changing the terminal S atom
for an O atom. Substitution of the terminal C=S group for a
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C=0 group in the dmit*~ ligand affords the dmid®~ ligand. It
has already been shown that such a change in the ligand
leads to complexes with different electrical properties.”!
This was partly explained by the electrochemical properties
of the [M(dmid),] complexes, which are different from those
of the [M(dmit),] complexes, and also by numerous differen-
ces in their structural arrangement.

By using (n-Bu,N)[Ni(dmid),] instead of (n-Bu,N)[Ni-
(dmit),] during the metathesis reaction with [MnCp*,][PF;]
in acetonitrile or acetone affords isostructural compounds of
general formula [MnCp*,][Ni(dmid),]-solvent. The magnetic
behaviour of [MnCp#*,][Ni(dmid),]-CH;CN is dominated by
ferromagnetic interactions.’! The structural arrangement of
[MnCp#,][Ni(dmid),]-CH;CN and [MnCp*,][Ni(dmid),]-
(CH,),CO," (Figure 3) is similar to that of [FeCp*,][Ni-

Figure 3. Structural arrangement of [MnCp*,][Ni(dmid),]. CHCN in the
ac plane (top) and in the bc plane (bottom).

(dmid),]-CH,CN,”’ but different from that of [MCp*,][Ni-
(dmit),] (M=Fe, Mn) (Figure 1). It is worth noting that, as
for [MCp*,][Ni(dmit),], the metallocenium change in
[MCp*,][Ni(dmid),]-solvent does not induce any change in
the structural properties of the complexes. The overall struc-
tural arrangement consists of --D*D*A"D*D*A - mixed
layers parallel to the ab plane and separated in the c direc-
tion by anionic sheets of [Ni(dmid),]” units, which are
almost perpendicular to the mixed layers (Figure 3). The

1653

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

L. Valade et al.

A EUROPEAN JOURNAL

planes of the Cp* cycles are almost parallel to the planes of
the [Ni(dmid),] units in the mixed layers.

On the other hand, substitution of the terminal C=S
group for the C=0O group leads to complexes with different
structural arrangements (Figure 3 versus Figure 1). As the
structures are different, in order to relate physical properties
to structural features it is only possible to compare the
nature of atoms involved in intermolecular interactions and
the number of such so-called contacts. Figure 4 shows the
contacts between the various units in [MnCp*,][Ni(dmit),]
and in [MnCp*,][Ni(dmid),]-CH;CN.

Figure 4. View of the short contacts within [MnCp*,][Ni(dmit),] (top)
and [MnCp*,][Ni(dmid),]-CH;CN (bottom).

There are 29 short contacts in [MnCp*,][Ni(dmit),]; 16
are from the [Ni(dmit),]” units, among which six involve the
terminal S atoms (Table 3). The latter are only directed to-
wards H atoms of [MnCp*,]* (five units, Figure 4 top), and
not towards other [Ni(dmit),]” units.

There are 16 short contacts in [MnCp*,][Ni-
(dmid),]-CH;CN. One [Ni(dmid),]” unit is connected to six
[MnCp*,]* ions through eight contacts; the other [Ni-
(dmid),]” unit is connected (four contacts) to two solvent
molecules through two contacts with the terminal C=0O
groups (Table 3), and to two [MnCp*,]* ions (two contacts).

The change from C=S to C=O results in the disappear-
ance of 13 contacts between [MnCp*,]* and [Ni(dmit),]”, in
favour of interactions with the solvent (see next section).
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Table 3. Contacts from the terminal X atom of the [Ni(S,C,CX),] units
in [MnCp*,][Ni(dmit),] and [MnCp*,][Ni(dmid),]-solvent.l?!

[MnCp*,][Ni(dmit),] [MnCp*,][Ni(dmid),]-CH,CN

Atom1 Atom?2 Distance [A] Atom1 Atom2 Distance [A]
S5 H23B' 2842 o1 H30C° 2481

S5 H16A* 2942 o1° H30C"  2.481

SS H12C? 2.883

S10 H16C* 2.927

S10 H23A 2.925

S10 HI2A*  2.982

[a] Symmetry operation to be applied 1: 14+x, 1+y, 14+2z;2: 1+4x, 14y,
233 1—x, 1=y, 1—z; 4: 1—x, —y, —z; 5: =14+x, y, z; 6: 1—x, 1—y, —z; T
2—x,1-y, —z.

The low polarity of the C=S group might explain its inclina-
tion to interact easily with slightly positively charged atoms
(such as H of Cp* groups) rather than with H atoms of ace-
tonitrile (which are much more positively charged due to
the large dipolar moment of the cyano group).

Nevertheless, this loss of contacts does not forbid ferri-
magnetic interactions within [MnCp*,][Ni(dmid),]-CH;CN."!
However, long-range features are not observed, as this
phase is not a ferrimagnet, unlike [MnCp*,][Ni(dmit),] .1

Influence of the solvent: The number of contacts is not the
only key point for this kind of compound to behave like a
ferrimagnet. Indeed, the [MnCp*,][Ni(dmid),]-acetone,’
synthesized by performing the metathesis reaction between
(n-Bu,N)[Ni(dmid),] and [MnCp*,][PF,] in acetone instead
of acetonitrile, exhibits 54 short contacts between its units
(Figure 5, top), which is much more than the 29 observed in
the [MnCp*,][Ni(dmit),] ferrimagnet.®!

In [MnCp*,][Ni(dmid),]-acetone, the terminal O atoms of
the dmid*~ ligand are involved in 14 short contacts
(Table 4). One [Ni(dmid),]” unit is connected to four
[MnCp*,]* ions (2x3 contacts from its terminal O atoms)
and the other [Ni(dmid),]” unit is connected to two solvent
molecules, to two [MnCp*,]* ions and to two [Ni(dmid),]”
ions (Figure 5, bottom). Despite of these numerous interac-
tions, [MnCp*,][Ni(dmid),]-acetone is not a ferrimagnet and
only exhibits ferromagnetic interactions.

Actually, changing the terminal C=S group for a C=0
group, that is going from the dmit*~ ligand to the dmid®"
ligand, in the metallocenium-containing compounds induces
the inclusion of solvent molecules in the crystal structure.
Indeed, most of [M(dmid),] complexes associated with met-
alloceniums are solvated. This is also observed in [FeCp*,]
[Ni(dmid),]-THE."! For only one series of compounds, that
is, [FeCp*,][M(dmid),], (M=Ni, Pd, Pt), once briefly re-
ported,™ is there no solvent molecule incorporated into the
solid-state structure. However, to our knowledge, no data
for these complexes are available in the Cambridge Struc-
tural Data Centre and they have never been fully reported
in related papers. As stated above, this tendency to include
solvent within the structure might be due to the larger polar-
ity of the terminal C=0O bond compared to that of the C=S
bond: this larger polarity will favour interactions with the
low electron density of polar solvents, such as acetonitrile,

Chem. Eur. J. 2007, 13, 1650-1663
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Figure 5. Contacts between units in [MnCp*,][Ni(dmid),]-(CH;),CO (top)
and from the O atoms of the Ni(dmid), units (bottom).

Table 4. Contacts from the terminal O atom of the [Ni(dmid),] units in
[MnCp*,][Ni(dmid),]-acetone.

Symmetry operation Distance
[A]

Atom 1 Atom 2 on atom 1 on atom 2

o1 S8 X, %2 1-x,1-y,1-2 3.174
(6]} S8 1-x,1-y, —z x,y, —14+z 3.174
02 H23B 2—x,1-y, 1=z 14+x,y,z2 2.634
02 H23B X, 92 1-x,1-y,1-2 2.634
02 H12B 2—x,1-y, 1=z 14x,y,z2 2.624
02 H12B X, )2 1-x,1-y,1-2 2.624
02 H26C 2—x,1-y,1-z  124x,12-y, z 2.699
02 H26C X, 92 1.5-x, 124y, 1-z 2.699
o1 C32 X, )2 —14+x,y,z2 3.186
o1 C32 1-x,1-y, -z 2—x,1-y, —z 3.186
o1 HI13A X, 92 —124x,1.5-y, z 2.693
o1 HI13A 1-x,1-y, —z 1.5-x, —12+4y, —z  2.693
H13A o1 X, )2 124x,1.5-y, z 2.693
C32 01 X, 92 14+x, 92 3.186

by disadvantaging interactions with methyl groups of the
Cp* units. In a similar vein, since acetone is less polar than
acetonitrile, the six H atoms are slightly less “positive” than
the three H atoms of acetonitrile. Therefore the C=0
groups of the ligands can interact either with the H atoms of
acetone, or with those of the Cp* units. From these observa-
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tions, one might expect that ligands containing electronega-
tive atoms at their periphery should afford compounds that
include solvent molecules when combined with metalloceni-
um. This is supported by other examples, such as com-
pounds including complexes of the mnt*~ ligand (mnt*” =
maleonitriledithiolate), in which the terminal C=N groups
have a polarity in between those of C=O and C=S groups.
Indeed, some mnt*~ complexes with metallocenium are sol-
vated (a-[FeCp*,],[M(mnt),],2CH;CN, M=Co, Fe),*!
whereas others are not ([FeCp*,][M(mnt),], M=Ni, Pt,
Co0).'*211 Numerous structures and magnetic behaviours are
found for these compounds, indicating that the outer atoms
of the ligand have no preference to interact either with the
solvent or with the cations.

It should be pointed out that none of the complexes de-
rived from the tdt*” or the tds* ligands are solvated:
[FeCp*][M(tdt),] (M=Ni, Pt)' [MnCp*,][M(tds),] (M=
Ni, Pd, Pt)!¥ and [FeCp*,][M(tds),] (M =Ni, Pt)!'* exhibit a
“cation—anion—cation-anion” motif in their structural ar-
rangement. Their magnetic properties are dominated by fer-
romagnetic interactions. The tdt*~ and tds*~ ligands contain
terminal CF; groups, the polarity of which is very large, and
one might expect solvent to interact with these groups. Ac-
tually, the analysis of their crystal structure shows that they
strongly interact with the methyl groups of Cp*, creating a
quite compact structure. Steric considerations might hinder
the CF; groups from interacting with the solvent.

At this point, one might expect that, whatever the solvent
(acetone, acetonitrile or THF), all [MCp*][M'-
(dmid),]-solvent complexes exhibit the structural arrange-
ment shown in Figure 3, whereas all [MCp*,][M’(dmit),]
complexes show stacks containing a -~A" A D*DtA A -
motif (Figure 1). Recently, synthesis in benzonitrile afforded
the[MnCp*,],[Ni(dmid),],»C¢HsCN complex,?” the structural
arrangement of which has never been observed before
(Figure 6).

The overall structural arrangement of this compound con-
sists in stacks of [Ni(dmid),]” dimers (totally eclipsed) sepa-
rated by pairs of [MnCp*,]* ions, forming a -~-D*D*
A" A D*D*A A chain (Figure 6). The solvent lies
almost perpendicular to the [Ni(dmid),]” units. This kind of

X%
et

Figure 6. Structural arrangement in [MnCp*,],[Ni(dmid),],-CsHsCN.
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arrangement can be viewed as intermediate between that of
[MnCp*,][Ni(dmit),] (Figure 1) and that of [MnCp*,][Ni-
(dmid),]-CH;CN (Figure 3). In this case, and opposite to the
previous compounds with acetonitrile or acetone, the termi-
nal C=0 group of the dmid*~ ligand does not interact with
any other atoms. This compound exhibits antiferromagnetic
interactions, due to strong antiferromagnetic coupling within
the dimerized [Ni(dmid),] units.

Concluding remarks on metal-dithiolate/metallocenium sys-
tems: The following conclusions can be drawn from the
study of [MCp*,][M’(dithiolate),] complexes.

e When a [MnCp*,]* ion (§=1) is substituted for a
[FeCp*,]* ion (S='/), the change in metallocenium in-
duces a spin density increase which, in turn, modifies the
spin connectivity. [MnCp*,][Ni(dmit),] is a ferrimagnet,
while [FeCp*,][Ni(dmit),] is not.

e The substitution of the terminal sulfur atom in dmit*~ for
an oxygen atom affords dmid®~. This change modifies the
structure of the compounds, but is not systematically ac-
companied with the reduction of the number of intermo-
lecular interactions. The latter are related to the differ-
ence in polarity of the terminal C=0O and C=S groups.

e Solvent molecules are part of the structure of dmid®~ sys-
tems. They modify the structural arrangement and the
spin network by preventing long-range interactions.

Solvated [M(tcne),] Magnets

The first examples of such magnets were grown in solution,
and solvent molecules always appear as part of their chemi-
cal structure.

Ligand exchange in the preparation of solvated [M-
(tcne),]-solvent systems: Solvated [M(tcne),]-solvent black
magnetic phases have been extensively studied by J.S.
Miller et al. (M: V, Mn, Fe, Co, Ni; tcne: tetracyanoethylene
(NC),C=C(CN),).”™ They are prepared from the reaction of
an organometallic precursor ([V(C¢Hg),] or [V(CO)s]) or
MI, (M: Mn, Fe, Co, Ni) in the form of the CH;CN solvate,
and tcne. In the solid state [Mn(tcne),]-y CH,Cl, and [Fe-
(tcne), |-y CH,CI, diffract and are isostructural, whereas [Co-
(tene),]-y CH,Cl, and [Ni(tcne),]-y CH,Cl, poorly diffract
and do not appear to be isomorphous to the manganese and
iron analogues.?! However, these patterns have yet to be in-
dexed. The IR spectrum of the above [M(tcne),]-y CH,Cl,
compounds exhibit two or three vy absorptions, the width
of which may depend on the precursor and experimental
conditions. However, their positions (in the 2100-2240 cm ™
range) are consistent with those corresponding to a coordi-
nated [tcne]” radical ion (Table 5). The synthesis of [Cr-
(tcne),Jrysolvent compounds was reported by using
[Cr(naphtalene),], [Cr(NCCH;),]** or [Cr(NCCH;),]** as
starting complexes and tcne in either acetonitrile, dichloro-
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Table 5. Spectroscopic and magnetic characteristics of transition-metal/
tcne systems.

Compound ven [em™] T.[K] Ref.
[V(tene),]-y CH,CL 2189(s), 2153(s) ~400  [23]
[V(tene),]-0.5 CH,CLM™ 2188(s), 2099(s) ~400  [23]
[Cr(tcne),]-y CsHsCH; 2213(m), 2110(s) € 2s]
[Mn(tcne),]-y CH,Cl, 2224(m), 2181(s), 2171(s) 107 [24]
[Fe(tene),]-y CH,Cl, 2221(m), 2177(s), 2174(s) 121 [24]
[Co(tene),]-y CH,Cl, 2230 (m), 2187(s), 2167(s) 4 [24]
[Ni(tcne),]-y CH,CI, 2237(m), 2194(s) 4 [24]
[Nb(tcne), ,]-0.4CH;CH;  2198(s), 2092(s) @ 26]

[a] From [V(CO)4]. [b] From [V(C¢Hg),]. [c] The phase is not magnetic.
[d] H.=200 Oe at 2 K; signal too weak at 5 K.

methane, or toluene.” Whatever the starting complex, the
Cr materials show strongly antiferromagnetic interactions
between spin centres, but magnetic ordering was not ob-
served. We have performed the preparation of the Nb/tcne
derivative in toluene by using tcne and two different Nb
starting complexes: [Nb(iPr,-dad);] (iPr,-dad: 1,4-di-
isopropyl-1,4-diazabuta-1,3-diene) and [Nb(n’-mes),] (mes:

%NHI\\J%

.....

[Nb(n®-mes),] [Nb(/Pr-dad),]

mesitylene).”! A low amount of black precipitate is ob-
tained from [Nb(iPr,-dad);] in refluxing toluene. Its IR spec-
trum evidences a strong band at 2199 cm ™' assigned to coor-
dinated [tcne]™ and the characteristic vibration modes of
the diazabutadiene ligands, indicating an incomplete substi-
tution of the iPr,-dad ligand for tcne.

On the other hand, the reaction of [Nb(n’-mes),] with
tcne in toluene at room temperature leads instantaneously
to a black precipitate, which was analyzed as [Nb(tcne), ]
0.4C;H;. Its IR spectrum in the vy region exhibits two
strong broad absorptions at 2198 and 2092 cm™!, in agree-
ment with coordinated [tcne]™™ species (Table 5). Moreover,
preliminary magnetic measurements evidenced that this sol-
vated compound exhibits a spontaneous magnetization at
2K (H,=100 Oe).

The reaction leading to [M"(tcne),]-solvent (M: Mn, Fe,
Co, Ni) was conducted from solvated M"L.** It can be
postulated that the material results from the reduction of
tene’ by I followed by complexation of MY by [tcne]'~. The
chelating effect of [tcne]™ may explain the easy displace-
ment of the monodentate I~ ligand and the stabilization of
the [M"(tcne),] complex. In the case of the Fe derivative,
the preparation of [Fe'(tcne),]-CH,Cl, can be also per-
formed by ligand exchange by reacting an Fe" salt and a
[tcne]™ salt: [Fe"(NCMe),][B{3,5-(CF;),CsHs),], and (n-
Bu,N)tcne in CH,CL.?Y However, reaction of [V(C¢Hy),] or
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[V(CO),] with tene did not proceed as expected. When re-
acting with tcne, [V(C¢Hg),], which is isoelectronic with
[MnCp*,], was targeted to lead to [V(CsHg),]*[tcne]™”
(Mn"Cp*, with tcne forms [Mn"'Cp*,]*[tcne]). Also, the
reaction of [Cr(C4Hj),] with tcne in solution affords the [Cr-
(C¢Hy),] *[tene]™ phase.””’ We may postulate that the reac-
tivity difference between [V(C¢Hy),] and [Cr(CgHy),] relies
on the respective stability of the M' intermediate species:
the d° configuration of Cr' corresponds to a half-filled shell
giving a “special stability” to its complexes. The electro-
chemical properties of [V(C¢Hg),] and [Cr(C¢Hg),] have
been reported in dimethoxyethane.” They show that [Cr-
(C¢Hg),] is oxidized at a lower potential than [V(C¢Hg),],
E »,(0/4)=-0.72 and —0.35V versus SCE, respectively.
Moreover, irreversible second oxidation waves are found at
E,,=+40.35 and +1.14V versus SCE for [V(C¢Hg),] and
[Cr(C¢Hy),], respectively. These values indicate a larger sta-
bility domain for the [Cr(CyHg),]t monocationic species
versus the [V(C¢Hg),]t ones. [Cr(C¢Hg),]*[tcne]™ is there-
fore stabilized with respect to [V(CsHg),]*[tene]™. In the
case of the niobium/tcne system, we have also mentioned
above that [tcne]~ displaces the n’-mes ligand more easily
than iPr,-dad. The respective bonding modes of the starting
ligands may explain this result: Nb° is better stabilized by
the bulky iPr,-dad ligand, which combines chelating, macro-
cyclic and m-delocalization effects, whereas only m-bonding
effects are observed in the case of the n’-mes ligand. More-
over, the Nb metal is more easily accessible for oxidation by
tene in the “sandwich” [Nb(n’-mes),] complex than in [Nb-
(iPr,-dad);]. Another example is given with the [Mn(amtp)-
(CH;CN)(tene),] compound (amtp: tris(pyrazolylmethyl)-
amine), in which the bulky amtp ligand is not de-coordi-
nated when the [Mn(amtp)(CH;CN)][CIO,], salt reacts with
K][tcne] .

The formation of [V(tcne),]-solvent from [V(C¢Hg),] was
more clearly understood through a mechanistic study that
shows [V(CsHq),]*™ species to be key intermediates in the
process.”! Considering the half-wave potentials of the
[tcne] /tene® and  [tene]* /[tcne]” systems (4025 and
—0.79 V versus SCE, CH,Cl,),®™ oxidation of the [V°] spe-
cies is anticipated to initially occur [Eq. (1)], and be fol-
lowed by the disproportionation of the [V'] complex
[Eq. (2)]. The formation of the [V'] complex may also
result from a second oxidation step [Eq. (2')] as the first re-
duction potential of tcne is very close to the irreversible oxi-
dation of [V to [V"] (vide supra). The bis-
(benzene)vanadium(II) complex can then react with [tcne]™”
to form [V(tcne),] according to Equation (3).

[VO(CeHg),) + tene® — [VI(CeHg),]" + [tene] - (1)
2[VH(CHy)a]" — [V*(CsHo)o] + [V!(CsH ), (2)
[V!(CsHg),] " + tene® — [V'(CHg),)*" + [tene] ~ 2)
[V'(CeHe),)*" + 2 [tene] ™ — [V (tcne ™), +2 CoHy (3)

Chem. Eur. J. 2007, 13, 1650-1663

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CONCEPTS

Solvent effect on the properties of M(tcne),-solvent systems:
Complex formation reactions are strongly solvent-depen-
dent. The thermodynamic stability of a complex depends on
the nature of the solvent, mainly because the solvation of all
reactants in the system (both metal ions and ligands) com-
petes with metal-ligand interactions. When [V(tcne),] mag-
nets are prepared in solution by using a coordinating solvent
(e.g., CH;CN, THF), [V(C4Hg),]** can also react with the
solvent to form [V(solvent)s]** species [Eq. (4)]. This com-
plex can lead more rapidly to [V(tcne),] through the substi-
tution of weakly coordinated solvent ligands for strong N-
donor [tene]™ ligands [Eq. (5)].

[VI(CeHy),]*" + 6solvent — [V (solvent)]*" +2C,H,  (4)
[V (solvent)s)*" + 2 [tcne] ™ — [V¥(tcne ™),] - solvent (5)

However, depending on its coordinating ability, the sol-
vent may either be innocent or remain in the final material
by occupying metal coordination sites. The spin network is
therefore modified and induces large changes in the 7.
values. Table 6 gives the 7. values for [V(tcne),]-solvent

Table 6. Magnetic properties of [V(tcne),]-solvent as a function of the
solvent nature.

T, [K] H,[Oe]
[V(tene),]-y CH,Cl, ~400 8 at 5K; 60 at 300 K
[V(tene),)-y THF 210 -
[V(tcne),]-y (CH;CN/CHy) 140 -
[V(tene),]-y CH;CN 100 0.15 at 50 K

magnets when varying the solvent from a non-coordinating
one, such as CH,Cl,, to a strongly coordinating one, such as
CH,CN.FY

In the presence of CH,Cl, T, is very high (~400K),
whereas it decreases (210 K) when using THF, which can
bind to V! centres through its lone pair electrons located on
the oxygen atom. In the presence of CH;CN, the T, value is
significantly lowered (100 K), whereas this value is increased
(140 K) when acetonitrile is diluted with a non-coordinating
solvent (such as benzene). The authors postulate that:®! “In
[V(tene),]-CH,Cl,, dichloromethane is present as a spinless
interstitial dopant. It will add disorder weakly to the ex-
change through superexchange and through van der Waals
interactions with the unpaired spin orbitals. It will also per-
turb the anisotropy by changing the local symmetry. In [V-
(tcne),].y CH;CN and [V(tcne),]-y (CH;CN/C4Hg), acetoni-
trile acts as a spinless substitutional, as well as interstitial,
dopant. Its effects on the exchange are through coordinating
with the VY, directly changing the occupancies of the un-
paired spin orbitals. Replacement of a [tcne]'™ by an acetoni-
trile molecule breaks the local symmetry, inducing random
anisotropy.” Attempts to stabilize [V(tcne),]-solvent by ther-
mal treatment (to suppress the deleterious effect of solvent
on T,) led to a decrease in saturation magnetization values
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and sometimes to the loss of long-range magnetic order-
ino [23]
ing.

Concluding remarks on solvated [M(tcne),] magnets: We
have seen that solvated [M(tcne),] magnets exhibit critical
temperatures that depend on the metal and solvent nature.
In the case of [V(tcne),]-0.5CH,Cl,, as T, exceeds room
temperature, commercial applications can be envisioned, in
magnetic shielding for instance. However, its very high sen-
sitivity to air exposure constitutes an undeniable limitation
to its use. Therefore, avoiding the use of solvent and obtain-
ing stable [M(tcne),] materials in a practical usable form is
of great interest. Preparation of solvent free phases can be
performed by using chemical vapour deposition.

Solvent-Free [M(tcne),] Magnets

Generalities on chemical vapour deposition: Chemical
vapour deposition (CVD) is typically applied for growing a
solid material as a thin film on a substrate surface, by con-
ducting a chemical reaction from gaseous starting com-
pounds classically named as precursors.**?! CVD allows
growing a large variety of materials such as metals, solid sol-
utions, composite materials, and ceramic materials.
OMCVD or MOCVD refer to the use of organometallic or
metal-organic precursors, respectively. Organic CVD
(OCVD) is also encountered in particular in the field of mo-
lecular materials studied as films for electronic or optical ap-
plications. Due to their lower thermal stability, organic, or-
ganometallic or metal-organic precursors allows conducting
the CVD process at much lower temperatures than when in-
organic precursors are used. As a consequence, polymer-like
substrates may be treated, an important feature in plastic
electronics. In the CVD process, precursors are vaporized
and further transported towards the substrate surface by
using a carrier gas. In the conventional thermally activated
process, the substrate is heated at a temperature allowing
the precursors to react and lead to the expected solid mate-
rial. The material formation results from chemical reactions.

Ligand role in OMCVD: The chemical reaction arising on
the substrate surface is most of the time a decomposition re-
action followed by the nucleation and growth of the deposit.
The formation of the deposit results from the succession of
steps illustrated in Figure 7.

In order to induce surface growth, the substrate tempera-
ture is typically set higher than the gas-phase transport tem-

Table 7. Precursors requirements for application in a CVD process.

Q
gas phase
Q Q Q Q reaction
Q
gas flow ;
Q Q ansport desorption Sith grovith

nucleation
and growth

surface diffusion

Figure 7. Succession of steps leading to film growth by chemical vapour
deposition.?!

perature. The quality and purity of the films rely on a care-
ful choice of the precursor molecules. Typical precursor
characteristics are gathered in Table 7.

When a coordination complex is used as a precursor, the
ligand nature, lability and stability will fix the above charac-
teristics. They will further govern the deposition conditions
and, as a consequence, the nature and quality of the films.
First, the volatility of the precursor depends on the degree
of association of the molecules in the condensed state. Ionic
complexes or molecules with ligands offering hydrogen-
bonding possibilities generally exhibit low volatility. Second-
ly, the metal-ligand binding energy conditions the decompo-
sition temperature. Electron-withdrawing groups are often
added to lower the decomposition temperature. Ligands
leading to volatile and thermally stable side-products avoid
inclusion of impurities such as carbon, which is the most
often encountered impurity. In some cases, the ligand may
itself be source of one of the components of the desired ma-
terial (e.g., for metal nitride or carbide formation). Illustra-
tions of such features are numerous in the field of metal or
ceramic deposits: the reader may consult the following ref-
erences.> ¥

CVD of molecular materials: Formation of molecular mate-
rials most often results from a reactive process correspond-
ing to the association of building blocks within an adduct as,
for example, in [TTF][TCNQ] (TTF =tetrathiafulvalene;
TCNQ =tetracyano-p-quinodimethane) or [Fe(Cp*),|[tcne]
[Egs. (6) and (7)].

TTF + TCNQ — [TTF|[TCNQ] (6)

[Fe(Cp*),] + tcne — [Fe(Cp™*),][tcne] (7)

Physicochemical properties Thermal properties

Security and economical needs

good volatility

high purity

liquids preferred to solids (vaporization rate easier
to stabilize, leads to constant growth rate and a
better homogeneity of the deposit)

good storage stability (low sensitivity to temper-
ature, moisture or light)

should be volatile)

good chemical stability at the vaporization
temperature and during vapour transport

low decomposition temperature

clean reaction during film growth (side products

nontoxic precursors and side products
non pyrophoric precursors and side products
large availability at low cost (easy synthesis)
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These materials have been grown by CVD following these
reactions.’**” In such cases, and opposite to metal or ceram-
ic deposition, decomposition of the precursors is not the
basis of material formation, and should be avoided. There-
fore, the substrate temperature is generally set lower than
the vaporization temperature. This type of CVD reaction
can be described as a reactive condensation. Sufficient
energy has, however, to be transmitted 1) to the gas mixture
in order to avoid condensation in the gas phase, and 2) to
the substrate in order to initiate the reaction that would
lead to the film growth on its surface.

CVD of films of [M(tcne),] magnets can be considered as
following a two-step mechanism combining a classical de-
composition and a reactive condensation: 1) the decomposi-
tion of the metal precursor occurs with the loss of the ligand
[Eq. (8)] and 2) a chemical reaction occurs between tcnegEls
and the My, leading to solid [M"(tcne),] [Eq. (9)]. Depend-
ing on the nature and number of the involved ligands, these
two reactions may follow multi-step mechanisms.!

[MO(L), Jgas — My + 1 Ly (8)

gas

M, + 2 teney, . — [M"(tene™ )] 9)

gas

In addition to other criteria, in this case, the choice of the
connecting ligand, as [tcne]™”, should take into account the
properties expected in the new phase. Long-range magnetic
properties will result from the ability of this ligand to favour
spin interactions. The CVD technique has proved to be suc-
cessful for preparing the new solvent-free [M(tcne),] mag-
nets gathered in Table 8.

Table 8. Properties of [M(tcne),] phases prepared by CVD.

CONCEPTS

However, room-temperature magnetic properties are signifi-
cantly different. The room-temperature hysteresis loop of
[V(tcne),] prepared from [V(C4Hg),] shows a coercive field
of H,=800e and a saturation magnetization of M,
~2.5emug (Figure 8). Values for [V(tcne),] prepared
from [V(CO),] are H,=4 Oe and M,~0.6 emug™'.

00 -1000 -500 500 1000 1800
°

®e -2

Magnetization / emu g'

Magnetic field / Oe

Figure 8. Hysteresis loop at 300 K for [V(tcne),] deposit prepared from
V(CeHg),.

To explain these differences, the coordination mode and
the negative charge borne by tetracyanoethylene ligands
have to be taken into account. The IR spectrum of [V-
(tcne),] prepared from [V(C¢Hg),] shows two vy modes at
2192 (m) and 2105cm™' (s), in excellent agreement with
monoreduced tcne moieties (i.e., [tcne]™) bound to four va-
nadium atoms by means of 6c—N bonds.”! On the other
hand, the IR spectrum of [V(tcne),] prepared from
[V(CO),] exhibits, in the same region, five features at 2214
(m), 2191 (m), 2158 (s), 2124 (sh), and 2020 cm ™' (sh), indi-
cating multiple coordination modes of [tcne]™ and [tcne]*”
species: [tcne]™ as trans-p-N, p,-[tcne]”, w,-[tene]*.P* Ac-
cording to the vy IR data, the authors postulate that the

magnet is best formulated as
[V'(tcne™),(tcne®"),_,»]  for

x<2.®! The presence of non

magnetic data for [V"(tcne™),]

ven [em™] T. [K] H, [Oe€] (at T [K]) . 2 . .

magnetic [tcne]”™ species in
[V(tcne),] 2214(m), 2191(m), 2158(s), 2124(sh), 2020(sh) ~400 8.5 (5), 4 (300) the composition of the phase is
[V(tcne),™ 2192(m), 2105(s) ~320 10 (5), 80 (300) . ith the 1 1
[Cr(tene),] 2202(m), 2116(s) - 100 (2.5), 80 (5), 70 (300) ~ comsistent with the lower value
[Nb(tcne),] 2200(s), 2180(sh), 2102(s) - 200 (2) of the saturation magnetiza-
[Mo(tcne),] 2212(s), 2113(m) - 20 (2) tion. IR and room-temperature
[

a] From [V(CO),]. [b] From [V(CsHs),].

Precursor influence in the CVD of the [V(tcne),] room tem-
perature magnet: [V(tcne),] can be easily prepared at pres-
sures around 200 Pa and relatively low deposition tempera-
tures (<75°C) from gaseous tecne and [V(CgHg),]F" or
[V(CO)]®¥ by using a conventional hot-wall CVD appara-
tus. Although very different V—C dissociation energies
(4.26 eV for [V(C4Hg),] and 1.21 eV for [V(CO)4]) in these
two 17-electron organovanadium(0) complexes, electron
transfer from the metal to tcne molecules and ligand ex-
change on the vanadium centre do occur. In both cases, sat-
uration magnetization is in the 16-18 emug ™ range at 5K
(consistent with antiferromagnetic coupling between S=3/2
V" and two §=1/2 [tcne]™ species) and follows a Bloch law
with average exchange energies J/kg in the 80-100 K range.

Chem. Eur. J. 2007, 13, 1650-1663 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Www.chemeurj.org

(obtained from [V(CsHq),])

are in excellent agreement
with those for [V(tcne),]-0.5CH,Cl, (von=2188(m) and
2099 cm!(s); H,=60 Oe and M;~2.9 emug') in which sol-
vent molecules are non-coordinating.

This example perfectly illustrates the importance of the
choice of the precursor molecules for performing CVD of
[M(tcne),] magnets. In the above mentioned case, the only
difference is the nature of the ligand in the precursor: car-
bonyl or benzene. Following the proposed first step of mate-
rial formation by CVD, that is the decomposition of the
metal precursor [Eq. (6)], liberation of CO through the de-
composition of [V(CO),] affords a high reducing medium,
while benzene issued from [V(C¢Hg),] will be non-reactive.
Therefore, from [V(C¢Hy),], the electron transfer [Eq. (7)]
only involves the metal and tcne, and leads to a material
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combining M" and [tcne]~ entities. On the other hand, in
the case of [V(CO)¢], CO may participate in the electron
transfer. The increased reducing ability of the gas-phase
medium therefore explains the formation of the [tcne]*” en-
tities evidenced by IR spectroscopy. A good choice of the
precursor molecule, that is that of the ligand in the case of
transition-metal complexes, may avoid the formation of un-
desired products or side-products. In the case of [V(tcne),],
we have seen that the magnetic performances of the phase
at room temperature is much poorer when it contains tcne
in two different oxidation states, than when only [tcne]™ is
present. A better control of the oxidation state of tcne was
possible by using [V(C¢Hg),].

Competing reactions—[Cr(tcne),], an air-stable room-tem-
perature magnet: The preparation of the chromium deriva-
tive by CVD was performed by using [Cr(C¢Hy),] as the
chromium source.”! Although the Cr—C dissociation energy
in the 18-electron complex (1.71 eV) is lower than that of
V—C in [V(C¢Hy),] (426 eV), loss of benzene rings is not
observed at 7<80°C. In the 40-80°C temperature range,
the reaction of gaseous [Cr(C¢Hg),] and tcne leads to a
purple deposit of [Cr(C¢Hg),]"[tcne]™ according to vey
bands (2191 (m), 2173 (s), and 2155cm ™' (s)) which are
identical to those of the solution-grown [Cr(CgHg),] *[tcne] ™
compound. We have mentioned (vide supra) the larger sta-
bility towards oxidation in solution of the [Cr(C¢Hg),]*
monocationic species relative to [V(C¢Hg),|*. This feature
implies that the solvated chromium phase is obtained at
higher temperatures than the vanadium one. Similar feature
occurs in the gas phase: complete loss of benzene rings can
be achieved at 75°CF"! from [V(C¢Hy),], but only in the 80—
100°C temperature range from [Cr(C¢Hy),].*Y Under the
latter conditions, black thin films of [Cr(tcne),] are obtained
(Figure 9). The IR spectrum shows two broad vcy bands at

Figure 9. SEM image of a [Cr(tcne),] deposit on silicon.

2116 (s) and 2202 cm™' (m), consistent with [tcne]™ ligands
coordinated as p,-N—o to the metal (n=2-4). The X-ray
photoelectron spectroscopy Cr2p;, line has a binding
energy at 576.3 eV, a typical value for Cr"" organometallic
complexes, such as [Cr(CsHs),]. The films can be handled in
air for ~5h. A longer exposure to air leads to free tcne’
and chromium oxide formation.
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Unlike solvated [Cr(tcne),]-y solvent complexes, which are
not magnetically ordered above 2K, as a thin film [Cr-
(tcne),] behaves as a permanent magnet (H.=100 Oe at
25K, 80 Oe at 5K, 70 Oe at 300 K). The study of the chro-
mium derivative clearly confirms again that, by both coordi-
nating metal centres and creating structural disorder, solvent
molecules prevent long-range magnetic ordering in [M-
(tcne),]-y solvent phases.

Stabilization of [M(tcne),] magnets—structural studies:
Unlike dichloromethane-prepared [V(tcne),]-0.5 CH,Cl,, [V-
(tcne),] films can be stabilized towards air exposure after
annealing under a He atmosphere. Annealing is classically
used either to increase the density and homogeneity of a
material, or to induce solid-state chemical modifications
that may afford specific bulk properties to the material.

We envisioned annealing [V(tcne),] materials in order to
increase the density the material. The initial deposit is made
of small grains that coalesce upon heating. The coalescence
process reduces the surface of material exposed to air and,
as a consequence, its sensitivity towards oxygen. We ob-
served that this thermal treatment reduces the saturation
magnetization by a factor of about 40 (M,~5.9x
102 emug™"). Upon air exposure, the annealed material still
exhibits magnetic ordering at room temperature (H,=
50 Oe). However, reduction in the magnetization value by a
factor of about five (M, ~1.2x10%emug') is observed
(with respect to the thermally treated sample kept under an
argon atmosphere).

In the case of chromium, we have seen that two reactions
are competing: oxidation versus decomposition of the metal
precursor molecule. To orientate the reaction towards the
[Cr(tcne),] phase, a stronger thermal activation of the pre-
cursor is necessary with respect to that applied in the case
of the vanadium derivative. On the other hand, this feature
leads us to conclude that the chromium derivatives should
exhibit better stability than the vanadium ones. Indeed, this
phenomenon is observed: [Cr(tcne),] is stable in air for
about 5 h.

Most [M(tcne),] magnets exhibit a polymer-like struc-
ture,” which cannot be determined by using classical X-ray
diffraction techniques. The air stability of the chromium
phase allowed us to perform the first structural study of a
[M(tcne),] magnet by using XANES and EXAFS techni-
ques.” The principal characteristics of the chromium K-
edge spectrum (XANES) show that the chromium atoms
are located in an irregular octahedral environment. At the
chromium K-edge, the Fourier transform of the EXAFS
signal displays two peaks assigned to two shells around the
chromium. They correspond to the nitrogen and carbon
atoms of the tetracyanoethylene ligand. To extract informa-
tion about the distances and the bond angles around the
metallic atoms, we have modelled the EXAFS signal by
using the FEFF7 code. The structural parameters that best
fit with the experimental data are the following: six nitrogen
neighbours around chromium, a mean Cr—N distance of
2.03 A, a N—C distance of 1.30 A and a ~160 Cr-N-C angle.
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It should be noted that the Cr—N distance in cyanato ("N=
C=0), thiocyanato ("N=C=S) and alkylidineamido ("N=
CRR’) Cr'" complexes are in the 1.95-1.99 A range.*!! In
our case, a larger Cr—N distance suggests a lower oxidation
state, that is, Cr", confirming X-ray photoelectron spectros-
copy results.

More recently, complete XANES and EXAFS studies on
[V(tcne),] (prepared by gas-phase reaction of [V(CO),] and
tcne) have been reported.” As in the chromium case, two
peaks are observed and assigned to dipole-forbidden 1s—3d
transition (pre-edge) and to dipole-allowed 1s—4p transi-
tion. Interpretation of XANES data yields a valence state
for V of 2.25+0.25. A local slightly distorted octahedral en-
vironment is postulated. The V-N distance is 2.084 A. This
is 0.03 A shorter than that reported for the model com-
pound [V(NCCH;)]**, indicating that [V(tcne),] has more
V—N back-bonding and has a stronger V—N bond than [V-
(NCCH,;)¢]**. The authors focus on the fact that the local
environment is well defined with a distribution of V—N
bond lengths comparable to that commonly found in or-
dered compounds. The small disorder in V—N distances (vi-
brational in origin) is a consequence of strong binding be-
tween V and tcne, with an effective local constant force of
k=87 Nm'. This strong bonding leads to strong nearest
neighbour coupling, which for the extended structure of [V-
(tcne),] with six N nearest neighbours results in magnetic or-
dering above room temperature.

Second-row transition metals—Nb(tcne), and Mo(tcne),
low-temperature magnets: To our knowledge, we were the
first to describe the syntheses of [M(tcne),]-ysolvent and
[M(tcne),] systems with second-row transition metals. Fol-
lowing the results obtained in solution, the [Nb(n’-mes),]
complex seemed to be the precursor of choice for growing
thin films of [Nb(tcne),] by using the CVD technique. Al-
though vaporization of the [Nb(n’-mes),] precursor was effi-
cient, no deposit was obtained, at least in the explored con-
ditions. However, thin films of [Nb(tcne),] could be ob-
tained by using the [Nb(iPr,-dad);] precursor (deposition
temperature: 80°C; ~1pum polygonal grains).*! The IR
spectra of the films exhibit three vy bands at 2200 (s), 2180
(sh) and 2102 cm™' (s). These bands are in agreement with
the presence of reduced tetracyanoethylene moieties bound
to Nb. The N 1s X-ray photoelectron spectrum has two com-
ponents at 398.1 and 399.9 eV assigned to nitrogen atoms in
[tcne]” bound to Nb and to nitrogen atoms of free tcne’, re-
spectively. XPS analyses also evidence that the Nb3ds, and
Nb3d,, lines are split into two components at 204.4, 206.3,
207.2, and 209.2 eV. The 204.4 and 207.2 eV peaks (60%)
are attributed to Nb" by comparison with XPS data related
to Nb?* ions implanted into sapphire.*¥! The other peaks
(40%) correspond to NbO,, the presence of which is as-
signed to surface oxidation caused by handling the samples
in the air before XPS measurements. After a bombardment
of the films by Ar™ ions for 15 min, which allows the remov-
al of the surface oxide, the XPS spectrum then clearly shows
two peaks (areas ratio: 1.50, as expected) corresponding to
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the 3ds;, (204.6 eV) and 3ds, (207.4 €V) levels of Nb™. More-
over, magnetic measurements evidence that the films exhibit
a spontaneous magnetization at 2 K (H.=200 Oe).

Thin films of [Mo(tcne),] were prepared through chemical
vapour deposition from Mo(C¢HsCH;), and tcne precur-
sors.*” It should be pointed out that the morphology of the
films is temperature dependent, higher temperatures favour-
ing the coalescence of small grains into large platelets:
worm-like fibres are obtained at 80°C, roughly spherical
grains grow at 100°C and large square-shaped plates form at
120°C (Figure 10).

Figure 10. SEM images of [Mo(tcne),] films deposited at 80°C, 100°C
and 120°C on silicon.

The XPS Mo3ds, and Mo3d;, lines are located at 228.7
and 231.8 eV, respectively (areas ratio: 1.33, in reasonable
agreement with the theoretical value of 6:4). The Mo3ds,
has a binding energy very close to that for Mo™ complexes,
such as [Mo(CsHs)(CO);Cl] (228.7¢V) and [Mo-
(CsH;)(CO)5(SnMe;)]  (228.5eV).1  The Nl1s signal
(399.2 eV) has a binding energy consistent with the presence
of [tene]™. This value is in good agreement with that ob-
tained for [Mn"(tpp)][tcne]-2 CqHsCH; (tpp =meso-tetra-
phenylporphyrin), that is, 399.1eV  (trans-p-[tcne]
moiety).”? IR spectra show two vy broad bands at 2212 (s)
and 2113cm™ (m), close to those observed for [Mn-
(CsMes)(CO),][tene] (2205 and 2125 cm™') in which tetra-
cyanoethylene is trans-p-N-bound to manganese(IT). More-
over, no v¢y bands (3070-2800 cm™' region) corresponding
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to the presence of toluene rings are observed. As in the
niobium case, magnetic measurements evidence that the
films exhibit a spontaneous magnetization at 2K (H.=
20 Oe). For temperatures higher than 2 K, magnetization
values for both [Nb(tcne),] and [Mo(tcne),] were too low to
be interpreted.

Both materials may contain remaining ligands issuing
from an incomplete decomposition of their precursor. These
remaining ligands have the same negative influence on mag-
netic properties as solvent molecules in [M(tcne),]-solvent
phases: they prevent long-range magnetic ordering to occur
at high temperatures.

Concluding remarks on the synthesis conditions versus mag-
netic properties of M/tcne systems: When a solvent-free
technique such as CVD is applied to prepare [M(tcne),]
magnets, the chance to reach systems exhibiting enhanced
magnetic properties is greater than by applying solution
based methods because:

e In CVD, under conditions for efficient decomposition of
the metal precursor, tcne is easily reduced by M°, and all
coordination sites of the metal are available for the
formed [tcne]™ ligand to bind, while, in solution, M"—
[tcne]™ interactions may compete with M"—solvent inter-
actions.

@ As all coordination sites may be used, a three-dimension-
al network built on tcne connected by metal atom is fav-
oured.

e The increased possibility of high-dimension networks ex-
plains that long-range magnetic interactions are encoun-
tered at higher temperatures in the solvent-free phases
than in solvated ones.

In fact, solvent-free techniques allow the ligand that is
chosen to play the role of a connector between spins, to “op-
erate” in the best conditions. The better the network organi-
zation and regularity, the higher the magnetic performances.

Conclusion

Ligand nature has a tremendous effect on the build up of
magnetic networks in molecular materials in the solid state.
Ligands act as connectors between magnetic sites through
ni-delocalization effects and electronic interactions between
peripheral atoms. Interligand interactions dictate the struc-
tural arrangement of the material. When preparations are
conducted in solution, solvent molecules may either act as
ligands or occupy interstitial sites. Both situations result in
the break of the magnetic exchange. The solvent-free CVD
method avoids this problem and affords possibility of isolat-
ing new phases.
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