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Introduction

Magnetic materials are indispensable in a modern society,
and the search for advanced magnets remains in the focus of
the contemporary materials science.[1] Molecule-based mag-
nets are a relatively new class of magnetic materials in
which inorganic or/and organic ions or molecules bearing
unpaired electron-spin density strongly interact magnetically
through bonds or/and space.[2] [MII

ACHTUNGTRENNUNG(TCNE)x] (M=V, Mn,
Fe, Co, Ni; TCNE= tetracyanoethylene; x�2) organic-
based magnets have magnetic ordering temperatures (Tc)
that range from 44 (M=Co, Ni)[3] up to �400 K for M=

V.[4,5] In addition, [VACHTUNGTRENNUNG(TCNE)x] is a magnetic semiconductor

with a room temperature conductivity of �10�3 Scm�1, and
spin-polarized electrons in valence and conducting bands
that suggest spin-dependent transport applications.[6,7]

ACHTUNGTRENNUNG[MII
ACHTUNGTRENNUNG(TCNE)2] (M=Fe, Mn, Co, Ni) magnets can be pre-

pared from the reaction of the anhydrous MII iodide, used in
the form of the MeCN solvate, and TCNE in CH2Cl2.

[3]

Compounds of [M ACHTUNGTRENNUNG(NCMe)6] ACHTUNGTRENNUNG[MI4] (M=Fe, Mn) composition
were isolated from the corresponding solvate;[8] however, in
solution solvates exist in equilibrium between MeCN and I�

ligands coordinated to the M2+ ion. It was assumed that I�

was oxidized to I2 (Eo
1=2=0.26 V[9] vs. SCE) {or I3

� (Eo
1=2=

0.06 V[9])} and TCNE (Eo
1=2=0.26 V) was reduced.[3,10] In

contrast to amorphous [VACHTUNGTRENNUNG(TCNE)x], [Mn ACHTUNGTRENNUNG(TCNE)2], and [Fe-
ACHTUNGTRENNUNG(TCNE)2] magnets synthesized by the iodide route exhibit
isomorphous powder X-ray diffraction patterns suggesting
some crystallinity, and the structure of [FeACHTUNGTRENNUNG(TCNE)2] was re-
cently solved and shown to be [FeACHTUNGTRENNUNG(TCNE){C4(CN)8}1/2] .

[11]

Due to the greater potential needed to oxidize Cl� (Eo
1=2 =

0.34 V[12]) with respect to I� in MeCN, reduction of TCNE
with MCl2 (M=Fe, Mn, Co, Ni) should not occur. Nonethe-
less, as reported herein, TCNE reacts with [FeCl2ACHTUNGTRENNUNG(NCMe)2]
(1) in MeCN to reduce TCNE to form a layered network
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structure similar to previously reported [FeII{C4(CN)8}-
ACHTUNGTRENNUNG(NCMe)2]·zMeCN,[13] and reacts in CH2Cl2 to form magneti-
cally ordered [FeII

ACHTUNGTRENNUNG(TCNEC�) ACHTUNGTRENNUNG(NCMe)2] ACHTUNGTRENNUNG[FeIIICl4] (Tc =

90 K).[14]

To understand the reaction in MeCN requires a detailed
understanding of the redox properties of the MCl2 (M=Mn,
Fe, Co) acetonitrile solvates, and herein the electrochemical
and spectroscopic characterization of MCl2 as their acetoni-
trile solvates, and reaction of TCNE and compound 1 to
form [FeII{C4(CN)8}ACHTUNGTRENNUNG(NCMe)2] and its magnetic properties
are reported.

Results and Discussion

As noted in the introduction, the reaction of TCNE with
[FeCl2ACHTUNGTRENNUNG(NCMe)2] (1) in a CH2Cl2 slurry forms magnetically
ordered [Fe ACHTUNGTRENNUNG(TCNE) ACHTUNGTRENNUNG(NCMe)2]ACHTUNGTRENNUNG[FeCl4] (Tc =90 K).[14] Albeit
exciting due to the discovery of a new family of organic-
based magnets, it was unexpected, and due to the greater
coordinating ability of MeCN and poor solubility of 1 in
CH2Cl2, we sought to study this chemistry in MeCN. In par-
ticular, identification of the reducing agent was sought.
Chain-structured [MCl2ACHTUNGTRENNUNG(NCMe)2] (M=Mn, Fe) was isolated
by slow diffusion of Et2O into a concentrated solution of
MCl2 in acetonitrile.[15] In contrast, the CoIICl2 solvate crys-
tallizes as [CoII

ACHTUNGTRENNUNG(NCMe)6]ACHTUNGTRENNUNG[CoIICl3ACHTUNGTRENNUNG(NCMe)]2,
[16] in accord with

an earlier electronic absorption spectroscopic study suggest-
ing that a dilute solution CoCl2 in MeCN exists as an equi-
librium of neutral [CoIICl2 ACHTUNGTRENNUNG(NCMe)2] and ionic [CoIICl3-
ACHTUNGTRENNUNG(NCMe)]� and [CoII

ACHTUNGTRENNUNG(NCMe)6]
2+ species.[17] The solution

chemistry and electrochemistry of MCl2 (M=Mn, Fe, Co) as
well as the reaction of their solvates with TCNE is studied.
The reaction of compound 1 with TCNE leads to the forma-
tion of [FeII{C4(CN)8}ACHTUNGTRENNUNG(NCMe)2]·MeCN (4) and not [Fe-
ACHTUNGTRENNUNG(TCNE)ACHTUNGTRENNUNG(NCMe)2]ACHTUNGTRENNUNG[FeCl4]. Furthermore, there was no reac-
tion with the Co– and Mn–MeCN solvates. The genesis of
this was elucidated from a study of the electronic and elec-
trochemical properties of MeCN solvates of MCl2 (M=Mn,
Fe, Co).

Compound 4 exhibits two nCN absorptions at 2308 and
2281 cm�1, characteristic to coordinated MeCN, and two
more intense peaks at 2213 and 2153 cm�1, characteristic to
coordinated [TCNE]C�, as previously reported for a different
polymorph of compound 4.[13,15, 18] The peaks at 1408 and
1367 cm�1 most probably can be assigned as deformation
d-CH3 modes in MeCN, while peaks at 1029, 930, and
795 cm�1 also most probably are less characteristic modes of
this ligand.[19] In contrast, peaks at 1310, 1202, and 558 cm�1

are attributed to the [C4(CN)8]
2� ion.

The single-crystal structural analysis of 4 reveals the com-
position as [Fe{C4(CN)8}ACHTUNGTRENNUNG(NCMe)2]·MeCN in accord with the
IR spectra. A polymorph of it has been reported,[13] but the
symmetry and the unit-cell parameters of 4 are different.
Nonetheless, the structural motif for both polymorphs is
similar. Both polymorphs are composed of two-dimensional
coordination polymeric layers of hexacoordinate FeII ions

equatorially bonded to the four terminal m4-[C4(CN)8]
2� ni-

trile groups derived from the s-dimerization of two
[TCNE]C� radicals ions. This forms 15-membered rings. The
two apical octahedral positions are occupied by MeCN mol-
ecules. In contrast to the earlier reported structure, as well
as its Mn analogue,[13] in which all m4-[C4(CN)8]

2� dianions
were equivalent, there are two nonequivalent m4-[C4(CN)8]

2�

units (I and II, Figure 1 top) for 4, and I is disordered about
the midpoint of the C5�C5’ bond. As a result, this new poly-
morph has a less symmetrical monoclinic unit cell and
almost doubled unit-cell volume. Key bond length and bond
angle information is provided in Table 1.

The two independent m4-[C4(CN)8]
2� ions present in 4 con-

tain long central C�C bonds, 1.656(12) and 1.598(10) M for I
and II, respectively, that join two TCNE units; both carbon
atoms involved are sp3 hybridized. The average Fe�N dis-

Figure 1. Top: Atom labeling ORTEP plot of the asymmetric unit in
compound 4 with atoms depicted as 50% probability ellipsoids. Bottom:
crystal packing diagram within one two-dimensional layer (see text).
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tance to the m4-[C4(CN)8]
2� ligand is 2.115 M, while the

2.186(4) M Fe�N distance to the MeCN ligand is 0.071 M
longer. The other polymorph, albeit disordered, has a long
central C�C bond of 1.627(14) M, and Fe�N distances to
MeCN of 2.273(6) M, and to m4-[C4(CN)8]

2� of 2.218(7) M.
While the C�C bond is comparable in both structures, the
Fe�N distances to both ligands are �0.1 M shorter in the
new polymorph. It should be noted that structurally similar
[Mn{C4(CN)8}ACHTUNGTRENNUNG(NCMe)2]·CH2Cl2 has an average long central
C�C bond of 1.569 M, and Mn�N distances to MeCN of
2.235 M, and to m4-[C4(CN)8]

2� of 2.218 M.[13]

Adjacent two-dimensional planes are eclipsed (Figure 1,
bottom), and the interlayer Fe···Fe separation is 8.059 M,
while the shortest intralayer Fe···Fe distance is 8.126 M. It
should be noted that all Fe ions within the plane are inter-
connected through a five-atom NC-C-CN fragment of the
[C4(CN)8]

2� ligands, suggesting a superexchange coupling
pathway. In contrast, large interlayer separation implies only
weak dipole–dipole interlayer coupling; therefore, a strong
anisotropy of magnetic properties is anticipated.

The 2–300 K temperature-dependent magnetic susceptibil-
ity, c(T) of 4 at 1 kOe applied field is reported as cT(T),
Figure 2. The 300 K value of cT is 3.91 emuKmol�1, which is
close to that expected for high-spin octahedral FeII with
weak spin-orbit coupling (3.85 emuKmol�1).[20] The c�1(T)

values can be fit to the Curie–Weiss expression, c/ (T�q)�1,
with a negative q of �13.3 K implying substantial antiferro-
magnetic coupling.

The low-temperature behavior of c(T) at low field is
more complex (Figure 3) and deviates from Curie–Weiss be-

havior. The zero-field cooled magnetization, MZFC(T), at
5 Oe rises slowly upon cooling and below 8.5 K increases
abruptly with a sharp maximum at 7.8 K, and then on fur-
ther cooling almost vanishes below 6 K, suggesting an anti-
ferromagnetic ground state. The magnetic transition reveals
itself as a more resolved sharp peak at the same tempera-
tures in the in-phase c’(T) component of the ac susceptibili-
ty (10 to 1000 Hz frequency range). The peak position is fre-
quency independent implying good sample crystallinity. The
out-of-phase component of the ac susceptibility (c’’(T)) is
very small (close to the magnetic property measurement
system (MPMS) sensitivity limit) in the vicinity of transition,
and vanishes at lower temperatures, which is also in accord
with an antiferromagnetic ground state. As expected, the
field dependence of magnetization, M(H), at 2 K (Figure 4)
is linear with the field, but above �25 kOe it starts to devi-
ate from linearity indicating the onset of the field-induced
transition, most probably, metamagnetic-like in origin.

Interestingly, cooling to 2 K in a small (5 Oe) field (field-
cooled magnetization; MFC(T)) reveals that MFC(T) is very
different from MZFC(T) for 4. Its value at 2 K is
121 emuOemol�1 and it decreases slightly upon warming
before sharply dropping above 6 K; above 9 K the MFC(T)
and MZFC(T) values coincide. The remanent magnetization
(Mr(T)) measured in a zero external field on warming after
the sample was cooled to 2 K in a 250 Oe field exhibits a
similar behavior. The presence of a substantial remanence
at low temperatures is in accord with an observed magnetic
hysteresis (Hcr=2 kOe) at 2 K. It should be noted that
MZFC(T) at 2 K increases much faster with increasing field

Table 1. Selected bond lengths [M] and angles [8] for 4.

Fe1�N1 2.186(4) C3�C4 1.382(4) N2-Fe1-N2 180.0
Fe1�N2 2.082(3) C4�C5 1.610(7) N2-Fe1-N5 89.93(10)
Fe1�N5 2.148(3) C5�C7 1.508(8) N2-Fe1-N5 90.08(10)
N1�C2 1.106(6) C5�C6 1.513(9) N2-Fe1-N5 90.07(10)
N2�C3 1.131(4) C5�C5’ 1.656(12) C6-C5-C4 120.4(4)
N3�C6 1.085(8) C8�C9 1.393(4) C7-C5-C4 120.5(4)
N4�C7 1.124(8) C9�C10 1.523(6) C5-C5’-C4 102.4(5)
N5�C8 1.147(4) C10�C11 1.474(5) C11-C10-C9 111.6(3)
N6�C11 1.132(6) C10�C10’ 1.598(10) C9-C10’-C10 114.2(5)

Figure 2. Observed cT(T) (P) and c�1(T) (*) for compound 4 in 1 kOe
applied field. Solid lines are fits to Curie–Weiss law with g=2.235, q=

�13.3 K, and TIP=1.5P104 emumol�1 (TIP= temperature independent
paramagnetism).

Figure 3. Temperature dependences of zero-field-cooled (cZFC) [5 (*,
250 Oe (P)], field-cooled (cFC) [5 (*), 250 Oe (+)], and remanent (cr)(~)
magnetizations for compound 4 at different applied fields. cZFC at 5 Oe
(*) was multiplied by 20.

www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 714 – 720716

J. S Miller et al.

www.chemeurj.org


than MZC(T) suggesting that both should collapse in the vi-
cinity of critical field for the field-induced magnetic transi-
tion.

Thus, we assume that within the m4-[C4(CN)8]
2� layer, the

FeII ions are ferromagnetically coupled through five-atom
NC-C-CN superexchange pathways, and the magnetization
is perpendicular to the layer. In contrast, the interaction be-
tween spins in the adjacent layers is relatively weak and an-
tiferromagnetic in origin resulting in the antiferromagnetic
ground state similar to that observed in FeCl2 and other
classical metamagnets.[21] However, application of the mag-
netic field results in an irreversible transition of 4 to a meta-
stable state, most probably a slightly canted antiferromagnet
in which magnetization vectors of the adjacent layers (di-
rected perpendicular to the layer) are slightly non-colinear,
and the fraction of this state increases with the field at the
expense of the antiferromagnetic phase. Since the two pairs
of molecules in the 4 unit cell are related by the inversion
center, canting should not occur. Therefore, it is assumed to
be related to structural anisotropy and defects, MeCN
ligand losses, and so forth. The detailed study of this effect
is in progress.

Electronic spectra of FeCl2 solvates : To gain insight into the
mechanism of TCNE reduction by FeCl2, the nature of
iron(II) chloride species existing in equilibrium in MeCN
needs to be identified. The electronic spectrum of [FeCl2-
ACHTUNGTRENNUNG(NCMe)2] (1) dissolved in MeCN was studied between 4000
and 33000 cm�1, and compared with that for [NEt4]2ACHTUNGTRENNUNG[FeIICl4]
(Figure 5). The spectrum of 1 exhibits a broad absorption at
�5400 cm�1 in accord with its tetrahedral geometry. The
shift to higher frequency of this d–d transition from that at
�4050 cm�1 for the tetrahedral [FeIICl4]

2�[22] ion is consistent
with [FeIICl3 ACHTUNGTRENNUNG(NCMe)]� being present in MeCN, as MeCN is
a strong-field ligand with respect to Cl�.[23] In the series of
tetrahedral complexes of [FeIICl4]

2�, [FeII
ACHTUNGTRENNUNG(L+CH3)Cl3], and

[FeIIQ2Cl2] (L=1,4-diazabicycloACHTUNGTRENNUNG[2.2.2]octane; Q=quinucli-

dine), a similar regular blue shift (4050!4900!7150 cm�1)
of the d–d transition was observed due to successive substi-
tution of Cl by a nitrogen-donor ligand.[24] Therefore, the
�5400 cm�1 absorption was assigned to the d–d transition
for tetrahedral [FeIICl3 ACHTUNGTRENNUNG(NCMe)]� . The low absorption value
at 4050 cm�1 implies a vanishing concentration of the
[FeIICl4]

2� ion in the solution of 1 in MeCN in accord with
CV data (see below). Unfortunately, a strong MeCN over-
tone absorption in the near-IR region (deep narrow peaks)
is observed, and it is difficult to compensate for this even
using a 1 mm path length (the thickness decrease is limited
by the solubility of 1) making attempts to find absorptions
that can be assigned to the [FeIIClxACHTUNGTRENNUNG(NCMe)4�x]

2�x (x=1, 2)
tetrahedral species challenging. Interestingly, a weak should-
er characteristic of the 5T2g!5Eg transition in [FeII-
ACHTUNGTRENNUNG(MeCN)6]

2+ is clearly visible at �11000 cm�1[25] suggesting
that this specie is also present.

Due to the low solubility of [MnCl2ACHTUNGTRENNUNG(NCMe)2] (2) in
MeCN and the strong MeCN overtone absorption, the near-
IR solution spectrum was difficult to interpret, while in
Nujol the tetrahedral d–d transition was not seen because of
the octahedral MnII environment.[15] In contrast, the near-IR
spectrum of 3 exhibits absorptions at 5000 and 7400 cm�1 as-
signed to a d–d transitions in the [CoCl3 ACHTUNGTRENNUNG(MeCN)]� ion in
accord with those (4900 and 7800 cm�1) observed for [CoII-
ACHTUNGTRENNUNG(L+H)Cl3].

[24]

Electrochemical properties : To elucidate the redox proper-
ties of the MIICl2–MeCN (M=Fe, Mn, Co) adducts, the
cyclic voltammograms (CV) of solutions of these adducts in
acetonitrile were measured; the results are summarized in
Table 2. The CV of 1 consists of at least three partially re-
solved quasi-reversible waves at 0.86, 0.48, and 0.21 V
versus SCE, Figure 6. The last wave potential is 0.17 V
higher than that for the FeIII/FeII couple for both [FeIIICl4]

�

Figure 4. Magnetization field dependence M(H) (*) of compound 4 at
2 K and that calculated from the Brillouin function for S=2 and g=2.3
(c). Dotted line is a visual guide.

Figure 5. a) Absorption spectrum of 1; b) scaled spectrum of 1 in the
region 9000 to 16000 cm�1 (····) ; c) absorption spectrum of [NEt4]2-
ACHTUNGTRENNUNG[FeIICl4] in MeCN; and d) absorption spectrum of the TCNE+ [NEt4]2-
ACHTUNGTRENNUNG[FeIICl4] reaction products in MeCN (c), see text.
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and [FeIICl4]
2� ions;[26] therefore, the presence of [FeIICl4]

2�

can be ruled out. MeCN stabilizes lower oxidation states
due to a back donation {for example, the redox potential of
the FeIII/FeII couple is +1.86 V (vs. SCE) for [FeII-
ACHTUNGTRENNUNG(NCMe)6]

2+}.[27] Therefore, as discussed above, 1 in MeCN
exists as an equilibrium of differently charged (as well as
neutral) tetrahedral [FeIIClxACHTUNGTRENNUNG(NCMe)4�x]

2�x (1�x�3) species
and the reduction potential for these species increases with
decreasing x. Thus, the three observed CV waves are as-
signed as FeIII/FeII one-electron reduction potentials for
[FeIIClxACHTUNGTRENNUNG(NCMe)4�x]

2�x (1�x�3), respectively. The lack of a
reduction wave at 0.04 V implies a negligible (if any) con-
centration of [FeCl4]

2� when 1 is dissolved in MeCN, al-
though, [FeII

ACHTUNGTRENNUNG(NCMe)6]
2+ is present, as observed in the elec-

tronic absorption spectrum (Figure 5). The gradual increase
of the reduction potential of [FeIIClxACHTUNGTRENNUNG(NCMe)4�x]

2�x species

with decreasing x is consistent with step-like substitution of
Cl with MeCN.

The CV of 2 displays an irreversible oxidation wave at
�1.25 V and a quasi-reversible reduction wave at
��0.46 V. The first wave was assigned to the oxidation of
the MnII to MnIII, since the same process in [MnIICl4]

2� ion
has a slightly lower potential of 1.1 V.[28a] The second wave,
most probably, is a one-electron MnII to MnI reduction. The
two-electron reduction process of CoII to Co0 is observed in
the CV of (3) at �0.23 V, which is in accord with a hand-
book value.[28c] The CoIII/CoII redox couple potential is
beyond the studied range. Thus, comparing the half-wave
potentials of the studied MCl2–acetonitrile (M=Mn, Fe,
Co) adducts with that for TCNE/ ACHTUNGTRENNUNG[TCNE]C� (0.26 V, Table 2)
only [FeIICl3ACHTUNGTRENNUNG(NCMe)]� (and [FeIICl4]

2�, if present) could
reduce TCNE to [TCNE]C�.

Reaction with TCNE : When TCNE was added to a color-
less solution of [NEt4]2ACHTUNGTRENNUNG[FeIICl4] in MeCN, the solution imme-
diately turned orange, suggesting the presence of [TCNE]C�.
This was confirmed from the electronic spectrum, which has
a broad electronic transition at �23400 cm�1 with a number
of sharp vibronic features characteristic of [TCNE]C�

(Figure 5).[29] In addition, two strong lines at 32250 and
27600 cm�1 that are characteristic of [FeIIICl4]

� ion[30] are ob-
served. Since both [TCNE]C� and [FeIIICl4]

� transitions have
similar molar extinction, the close absorption values of
these peaks suggests a comparable concentration of these
species in the studied solution, implying a quantitative
TCNE! ACHTUNGTRENNUNG[TCNE]C� transformation in accord with half-wave
potential values. It should be noted that both compounds
remain in solution for at least a week, and no precipitate
was formed. Hence, the reaction given in Equation (1)
occurs with a 0.23 V favorable redox potential.

½FeIICl4�2� þ TCNE! ½FeIIICl4�� þ ½TCNE�C� ð1Þ

In contrast, when TCNE was added to a colorless solution
of 1 in MeCN it immediately turned yellow, and then
became dark orange within few minutes; eventually a pale
green precipitate formed. The CN bond stretching modes
(2308, 2281, 2213, and 2153 cm�1) in the IR spectrum of the
precipitate and its powder XRD pattern are consistent with
the formation of compound 4 reported above.

The solution chemistry of [FeIICl2 ACHTUNGTRENNUNG(NCMe)2] (1) was inves-
tigated to identify why [FeII{C4(CN)8}ACHTUNGTRENNUNG(NCMe)2] (4) forms,
but only the one-electron transfer redox reaction occurs
when [FeIICl4]

2� is used to reduce TCNE. Compound 1 dis-
solves in MeCN and exhibits a weak shoulder characteristic
for the 5T2g!5Eg transition in [FeII

ACHTUNGTRENNUNG(MeCN)6]
2+ at

�11000 cm�1 in its UV/Vis spectrum (Figure 5).[31] Compar-
ing its molar extinction coefficient (e=9.4m

�1 cm�1) with the
observed value (�1m

�1 cm�1), only �11% of FeII exists in
solution in this octahedral form. Thus, in MeCN, compound
1 forms [FeII

ACHTUNGTRENNUNG(NCMe)6]
2+ and [FeIICl3ACHTUNGTRENNUNG(NCMe)]� [Eq. (2)].

The reduction potential of [FeIICl3 ACHTUNGTRENNUNG(NCMe)]� (0.21 V) is suf-
ficient to reduce TCNE [Eq. (3)] and [FeII

ACHTUNGTRENNUNG(NCMe)6]
2+

Table 2. Electrochemical data for [NEt4]2 ACHTUNGTRENNUNG[FeIICl4], [NEt4] ACHTUNGTRENNUNG[FeIIICl4], 1, 2,
and 3 [vs. SCE] in MeCN.[a]

Compound Epa

[V]
Epc

[V]
DEp

[V]
E1/2

[V]

ACHTUNGTRENNUNG[NEt4]2ACHTUNGTRENNUNG[FeIICl4] �0.03 0.12 0.15 0.04

ACHTUNGTRENNUNG[NEt4] ACHTUNGTRENNUNG[FeIIICl4] -0.04 0.10 0.14 0.03

ACHTUNGTRENNUNG[FeIICl2ACHTUNGTRENNUNG(NCMe)2] (1) [FeIICl3 ACHTUNGTRENNUNG(NCMe)]� 0.13 0.28 0.15[b] 0.21
ACHTUNGTRENNUNG[FeIICl2ACHTUNGTRENNUNG(NCMe)2] (1) [FeIICl2 ACHTUNGTRENNUNG(NCMe)2] 0.40 0.55 0.15[b] 0.48
ACHTUNGTRENNUNG[FeIICl2ACHTUNGTRENNUNG(NCMe)2] (1) [FeIICl ACHTUNGTRENNUNG(NCMe)3]

+ 0.78 0.93 0.15[b] 0.86

ACHTUNGTRENNUNG[MnIICl2ACHTUNGTRENNUNG(NCMe)2] (2) 1.83 0.67 0.58 1.25
�0.96 0.16 1.00 �0.46

ACHTUNGTRENNUNG[CoII
ACHTUNGTRENNUNG(NCMe)6] ACHTUNGTRENNUNG[CoIICl3 ACHTUNGTRENNUNG(NCMe)]2·MeCN �0.71 0.25 0.96 �0.23

TCNE 0.23 0.31 0.08 0.26

[a] With 0.1m [NBu4] ACHTUNGTRENNUNG[BF4]. [b] Since the wave was only partially re-
solved, DEp was assumed to be 0.15 V similar to that for [FeCl4]

2�.

Figure 6. CV (solid line) of 1 in MeCN containing 0.1m [NBu4] ACHTUNGTRENNUNG[BF4];
sweep rate 50 mVs�1. CV of [NEt4]2 ACHTUNGTRENNUNG[FeIICl4] (dotted line) is shown for
comparison.
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reacts with [TCNE]C� precipitating network-structured com-
pound 4 [Eq. (4)]. Finally, the formed FeIIICl3 [Eq. (3)] in a
polar aprotic solvent like MeCN forms [FeIIICl4]

� and
[FeIIICl2ACHTUNGTRENNUNG(NCMe)n]

+ , [Eq. (5)].[32] Therefore, the presence of
[FeII

ACHTUNGTRENNUNG(NCMe)6]
2+ in a solution of 1 in MeCN is crucial for

the formation of the [Fe{C4(CN)8}] network structure, as it
does not form when [FeII

ACHTUNGTRENNUNG(NCMe)6]
2+ is not present,

[Eq. (1)]. To verify this hypothesis, [FeII
ACHTUNGTRENNUNG(NCMe)6]

2+ was
added to [TCNE]C� in MeCN and it led to an immediate
precipitate of compound 4, consistent with this reaction
ACHTUNGTRENNUNGsequence.

3 ½FeIICl2ðNCMeÞ2�þ2MeCN

! 2 ½FeIICl3ðNCMeÞ�� þ ½FeIIðNCMeÞ6�2þ

ð2Þ

2 ½FeIICl3ðNCMeÞ��þ2TCNE

! 2 FeIIICl3 þ 2 ½TCNE�C�
ð3Þ

½FeIIðNCMeÞ6�2þþ2 ½TCNE��

! ½FeIIfC4ðCNÞ8gðNCMeÞ2� ðsÞ þ 4MeCN

ð4Þ

2 FeIIICl3 þ nMeCN! ½FeIIICl4�� þ ½FeIIICl2ðNCMeÞn�þ ð5Þ

Experimental Section

All manipulations were performed under an inert nitrogen atmosphere
(<1 ppm O2 and <1 ppm H2O) using standard Vacuum Atmospheres
DriLab glove boxes. All solvents were sparged with nitrogen and passed
over two columns of activated alumina prior to use to remove traces of
oxygen and water.[33] [FeCl2 ACHTUNGTRENNUNG(NCMe)2] (1), [MnCl2 ACHTUNGTRENNUNG(NCMe)2] (2) and [Co-
ACHTUNGTRENNUNG(NCMe)6] ACHTUNGTRENNUNG[CoCl3 ACHTUNGTRENNUNG(NCMe)]2 (3) were synthesized as previously de-
scribed.[15] The CryoLoop and Paratone-N oil were obtained from Hamp-
ton Research.

ACHTUNGTRENNUNG[FeII{C4(CN)8} ACHTUNGTRENNUNG(NCMe)2]·MeCN (4): A solution of compound 1 (99.8 mg;
0.48 mmol) in MeCN (�5 mL) was added dropwise to a stirred solution
of TCNE (40.8 mg; 0.32 mmol) in MeCN (�3 mL). The reaction imme-
diately turned orange and a light-colored precipitate slowly formed. The
mixture was stirred for 12 h and vacuum filtered to isolate the solid. The
light green solid (yield �64%) was washed with minimal amount of
MeCN and stored in a vial slightly wet to keep the product solvated. The
compound looses solvent rapidly at ambient conditions; this results in
broadening of powder XRD as well as IR absorption peaks suggesting
poor crystallinity. IR (KBr): ñ =2308 m, 2281 (m), 2213 (s), 2153 (s), 1408
(m), 1368 (m), 1310 (m), 1201 (m), 930 (m), 795 (m), 558 cm�1 (m).
Single crystals of 4 were grown by slow diffusion or by means of placing
the reagents in an H-tube with a MeCN/CH2Cl2 mixture as a solvent.
Dark green plates of 0.5P0.5P0.1 mm in size were collected after �30
days.

X-ray analysis of compound 4 : A 0.5P0.3P0.1 mm dark green plate was
mounted on a CryoLoop with Paratone oil. Data collection was done at
room temperature due to irreversible phase changes at low temperatures.
The crystal-to-detector distance was 60 mm and exposure time was 10 s
per frame with a scan width of 0.38. The data were integrated with the
Bruker SAINT software program and corrected for absorption by the
Bruker SADABS software program. Solution by direct methods (SIR-
2004)[34] produced a complete heavy-atom phasing model consistent with
the proposed structure. All non-hydrogen atoms were refined anisotropi-

cally by full-matrix least-squares methods (SHELXL-97).[35] All hydrogen
atoms were placed using a riding model and their positions constrained
relative to their parent atom by using the appropriate HFIX command in
SHELXL-97.[35] A summary of data collection parameters for 4 is given
in Table 3. In addition to the two molecules of MeCN coordinated to Fe,

the asymmetric unit contains one molecule of MeCN per Fe atom. The
solvent was highly disordered and could only be properly rendered using
SQUEEZE, which treats the solvent as a diffuse contribution, but does
not provide individual atom sites. However, the solventRs contributions
are included in the computations of intensive properties.

CCDC-632333 (4) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data
ACHTUNGTRENNUNGrequest/cif.

Physical properties : Electronic absorption spectra were recorded on HP-
8452a spectrometer in the UV/Vis range and on a Cary 17 spectropho-
tometer equipped with OLIS data acquisition system in the near-IR
range. In the latter case 1 mm path length quartz cuvettes were used to
avoid excessive solvent absorption. Far and mid infrared spectra (50 to
4000 1 cm�1) were obtained on a Bruker Tensor 37 FT spectrophotome-
ter as either KBr pellets or Nujol mulls.

Electrochemical cyclic voltammetry were performed on an Epsilon EC
V120 potentiostat/galvanostat with [NBu4] ACHTUNGTRENNUNG[BF4] (0.1m) as supporting
electrolyte, and Pt and Pt-wire as working and counter electrodes, respec-
tively. All potentials were measured versus the Ag+/Ag reference elec-
trode, with 0.01m AgNO3 in MeCN, which was separated from both
working and counter electrodes by a Vycor tip. The ferrocenium/ferro-
cene couple was used as the internal standard, and all potential are re-
ported with respect to SCE. Scan rates vary from 25 to 100 mVs�1 in the
range of �1.5 to +1.0 V.

The 2–300 K magnetic susceptibility was determined on a Quantum
Design MPMS-5XL 5 T SQUID as previously described.[36] In addition
to correcting for the diamagnetic contribution from the sample holder,
and core diamagnetic correction of �187P10�6 emumol�1 for compound
4 was used.
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