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New electron-transfer salts, [M(Cp*),][Ni(edt),], with M = Fe
and Cr, were prepared and shown to be isostructural by X-
ray crystallographic studies. The molecular structure of
[Ni(edt),]™ is reported here for the first time. The solid-state
structure consists of an array of parallel alternating donors,
[Fe(Cp*).]'*, and acceptors, [Ni(edt),]'”, “DADADA.. stacks
along [101]. At high temperatures (T > 50-100 K), the mag-
netic susceptibility obeys the Curie-Weiss expression, with
the 0 values of =5 and —6.7 K for the Ni and Cr compounds
respectively, revealing dominant AFM interactions. At low
temperatures metamagnetic behavior was observed in case
of [Fe(Cp*),][Ni(edt),], with Tx=4.2K and Hc =14 kG at
2 K, resulting from high magnetic anisotropy, due to the co-
existence of strong FM DA intrachain interactions and strong
AFM (DA and AA) interchain interactions. Single-crystal
magnetization measurements with [Fe(Cp*),][Ni(edt),]

showed that the transition from the AFM state to the FM
high-field state was induced by the application of a magnetic
field parallel to the stacking axis. In these compounds the
AFM interchain (DA and AA) interactions play a dominant
role, due to the large spin density on the periphery of the
acceptor and the close AA and DA interchain contacts.
Above 42K the 5'Fe Mossbauer spectra of [Fe(Cp*
l[Ni(edt),] exhibit the classical low spin Fe' ferrocenium
singlet. Below this temperature a poorly resolved hyperfine
pattern is observed (estimated hyperfine field ca. 350 kG at
3.5 K). The analysis of the spectra obtained in applied fields
of 20 kG and 50 kG is consistent with a strongly anisotropic
g tensor. A pronounced temperature dependence of the spec-
tra in a field of 50 kG suggests the presence of spin-lattice
relaxation effects.

Introduction

Since the observation of bulk ferromagnetism in [Fe-
(Cp*),J(TCNE),[-?! substantial efforts have been devoted to
the study of molecule-based magnets, in particular to elec-
tron-transfer salts based on decamethylmetallocenium
donors and planar acceptors.>* Bulk ferromagnetism was
observed in several other similar metallocenium-based elec-
tron-transfer salts, and a study of the structure-magnetic
property relationship revealed the need for a 1D
D*A"D*A"D*A~ chain structure to achieve ferromag-
netic coupling and bulk ferromagnetism.

Following the extensive use of conjugated polynitriles like
TCNE and TCNQ as acceptors, planar monoanionic S =
1/2 metal—bis(dichalcogenate) complexes, [M(X>C5R»),]™
(M = Ni, Pd and Pt; X = S, Se), have also been used in the
preparation of molecule-based magnets. These acceptors
seem particularly promising due to the presence of the peri-
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pheral heteroatoms, which are expected to favor the exist-
ence of extended magnetic interactions, thus giving rise to
stronger magnetic interactions and higher magnetic or-
dering temperatures. However, up to now, in most cases the
structural motifs obtained differ from the simple alternating
form mentioned above, and were observed only in the deca-
methylmetallocenium [M(tdt),] ~,[>% and [M(tds),]~ [ salts.
We believe this is due to the dimensions of the complexes,
as in this case, in spite the bulky CF3 group, the acceptors
and the MesCs ligand of the donor have comparable dimen-
sions and are quite suitable for the simple alternating chain
motif. In the salts with other dithiolate complexes, the
larger R groups lead to larger axial dimensions, as with
[M(mnt),] B [M(bdt),] Bl [M(dmit),] ", and
[M(dmio),] =111 which show structural motifs where the
acceptors, or face to face pairs of acceptors, alternate with
side by side pairs of donors (Scheme 1).

As the structural aspect seems to be rather significant in
determining the magnetic properties of these types of mo-
lecular materials, in order to obtain the desired 1D
D*A"D*A"D*A~ chain structure motif, we decided to
study the electron-transfer salts based on decamethylmetal-
locenium cations and the anionic complex [Ni(edt),], for
which some preliminary results were reported.[®! This is the
smaller dithiolene complex and in this case the S and C
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atoms from the ligand are quite to interact with the atoms
from neighboring molecules, and particularly strong intra-
and interchain magnetic interactions are predicted for
these salts.

The first model to achieve some consensus in the inter-
pretation of the magnetic properties of this type of molec-
ular materials was an extended version of McConnell’s con-
figuration interaction (CI) mechanism,['?! often designated
as the McConnell IT mechanism. However, the theoretical
criticism and observation of FM in [Cr(Cp*),]*-based com-
pounds,l'>!4 in contradiction with the predictions of the
McConnell IT mechanism (AFM coupling) led to the ap-
pearance of alternative mechanisms, such as a more com-
plex version of the McConnell II mechanism!!’” and a
model based on the molecular spin polarization effect,
designated as the McConnell I mechanism, which agreed
quite well with the experimental observations. However, the
recent report of a new series of compounds, [M(Cp*),]-
[Ni(tds),] (M = Fe, Mn, Cr),l"! where the magnetic coupling
is compatible with the predictions of the simple version of
the McConnell IT mechanism, and in contradiction with the
McConnell I mechanism, which has been by far the most
widely used tool for dealing with magnetic coupling and
ordering in molecular magnetic materials, clearly indicates
the need to reexamine the model. The study of the series of
electron-transfer salts [M(Cp*),][Ni(edt),] (M = Fe, Mn,
Cr) and, in particular, the nature of the magnetic coupling
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in the different compounds of the series is also expected to
contribute to the debate regarding the mechanism of the
intra- and intermolecular magnetic interactions in the deca-
methylmetallocenium-based salts.

Results and Discussion

Synthesis

The compounds [M(Cp*),][Ni(edt),], M = Fe (1) and Cr
(2), were prepared by the same procedure: saturated equi-
molar solutions of [Fe(Cp*),]BF, [!?! or [Cr(Cp*),]PFg [16]
and (Et,N)[Ni(edt),]l' in acetonitrile were combined and
the resulting compounds precipitated on standing. Dark
brownish, needle-shaped crystals were collected by filtra-
tion. The preparation of [Mn(Cp*),][Ni(edt),] was also at-
tempted by a similar method, but in this case a dark powder
was obtained with an elemental analysis indicative of prob-
able decomposition during the synthesis.

Crystal Structure

It was possible to determine the X-ray crystal structure
of 1, while in the case of compound 2, it was only possible
to determine the cell parameters due to the poor quality of
the crystals, showing that 1 and 2 are isostructural. Crystal

and experimental data are summarized in Table 1.

Table 1. Crystallographic data for compounds 1 and 2

1 2[21]

Empirical formula C,4Hs,FeNiSy C,4H34CrNiS,

Molecular mass 565.32 561.47

Crystal system monoclinic monoclinic

Space group . C2/m C2/m

Lattice constants [A, °] a = 13.3192) a = 13.44(2)
b =13.698(8) b =13.66(2)
¢ =8.719(1) ¢ =8.96(2)

. B =125.06(1) B =124.2(2)

Volume [A%] 1302.1(8) 1320(3)

VA 2 2

Density (caled.) [Mg/m?]  1.442 1.413

Abs. coefficient [mm~!] 1.611

F(000) 592

0 range [°] 2.39-27.99

Index range (h,k,l) —17/0, —18/1, —9/11

Scan type ®-20

Program data collection =~ CAD4

Data reduction Molen

No. of collected refl. 1847

No. of unique refl.
No.of used refl./param.
Absorption correction
Transm.: max., min.
Structure refinement

1649 (R;;,;=0.052)
1647/77

W scans

0.9994, 0.8655
Full-matrix least
squares on F?

S on F? 1.124
R, wRy [T > 20(D). 0.0536, 0.1028
Ap: max., min. [e/A%] 0.325, —0.31

[a] Only the unit cell parameters were determined.

The monoclinic unit cell of 1 comprises unique cation

and anion molecules. For [Ni(edt),]

.o —

, whose structure is

reported here for the first time, the atom labeling, selected
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Figure 1. Perspective view of the molecular structure of 1 showing
the numbering scheme for [Ni(edt),]~; the primed and unprimed
atoms are related by a mirror plane; selected bond lengths [A] and
angles [°]: Ni—S(1) 2.140(2), S(1)—C(10) 1.707(8), C(10)—C(10")
1.32(2); S(1)—Ni—S(1’) 91.40(13), Ni—S(1)—C(10) 103.6(3),
S(1)—C(10)—C(10") 120.7(3)

bond lengths and angles are given in Figure 1. This radical
anion shows a Dy, local symmetry, is planar and the Ni—S,
S—C, and C—C distances, 2.140(2), 1.707(8), and 1.32(2) A,
2are in good agreement with values found in other square-
planar Ni''! dithiolate complexes.['8! The C—C distance in
[Ni(edt),]™ is relatively short when compared with the ob-
served values in other complexes, such as [Ni(tdt),]”,
[Ni(mnt),]~, and [Ni(bdt),]”, 1.40(2), 1.352(8), and
1.404(2) A, respectively.l'8! This suggests the existence of a
larger charge density on the C atoms for [Ni(edt),] . Pre-
liminary data for the crystal structure of the neutral NitV
complex, [Ni(edt),]’,l'”! revealed shorter M—S and S—C
distances, 2.100 and 1.687(5) A, along with a larger C—C
distance, 1.358(7) A, which is consistent with the antibond-
ing nature of the Ni—S and S—C interactions and the bond-
ing nature of the C—C interaction.?”! The [Fe(Cp*),]" " rad-
ical cation has a Cs local symmetry and the two Cs rings
show a staggered conformation, which is similar to those
observed for a large number of salts with other ac-
ceptors.>1?l The average Fe—C, C—C, and C—Me dis-
tances, 2.091(6), 1.416(8), and 1.502(9) A, are in good
agreement with the values observed for those salts.>1?]

Similarly to the structures of the isostructural salts
[M(Cp*),][M'(tdt),] (with M = Fe, M’ = Nil® and M =
Mn, M’ = Ni, Pd, Ptl%), in the case of 1 the crystal struc-
ture consists of a parallel arrangement of 1D chains of al-
ternate radical donors (D), [Fe(Cp*),]°*, and acceptors (A),
[Ni(edt),]"", DADADA, where the stacking axis corre-
sponds to [101]. The intrachain Fe—Ni distance is 5.477 A,
as shown in Figure 2(a). Unlike the series [M(Cp*),]-
[M’(tdt),], where no interionic short contacts were found,
in the structure of 1 intrachain short contacts between the
nickel and one of the carbon atoms from the cyclo-
pentadienyl ring were observed, with a Ni—C distance of
3.678 A, as illustrated in Figure 2 (a). The angle between
the stacking axis and the Cs ring from [Fe(Cp*),]"" is
79.69°. The angle between the NiS,; plane of the radical
anions and the stacking axis is 78.63°. The dihedral angle
between the Cs ring and the NiSy plane is 1.07° with a dis-
tance between the two planes of 2.984 A. The existence of
the short intrachain D-A contacts in this compound is ex-
pected to lead to a significantly stronger intrachain FM
coupling than is observed in the case of the [M(Cp*),]-
[M'(tdt),] series.

In the unit cell there are four distinct chains, shown in
Figure 2 (b), displaying three unique interchain arrange-
ments, I—II and II—-1V, which are out-of-registry, and
I—11I that has an in-registry™ arrangement. The intrachain
separations are 8.017, 8.678, and 13.698 A, for the I—1I,
II-1V, and I—1II pairs, respectively. Figure 3 shows these
arrangements, along with the shortest distances between the
metal centers from different chains and the closest in-
terchain, interionic contacts (in italics). For the out-of-re-
gistry pair I—II, the shortest interchain MM distances are
8.119 (FeNi), 9.553 and 10.029 A (FeFe or NiNi). In the
case of the out-of-registry pair II—IV the shortest in-
terchain MM separations are 8.720 (FeFe or NiNi), 9.835
and 10.740 A (Fe Ni). For the in-registry pair I—III the

Figure 2. (a) 1D DADADA chain in 1, the thick dotted lines represent the intraion Ni—C short contacts, 3.678 A; (b) view normal to
the chains (along [101]), showing the four unique chains, I, II, III, IV for 1 (hydrogen atoms were omitted for clarity)
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Figure 3. (a), (b) Out-of-registry arrangement of chains I—1II and II—IV, respectively; (c) in-registry arrangement of chains I—III; the
solid lines show the closest interchain M—M distances and the dashed lines the closest interchain interionic distances (hydrogen atoms

were omitted for clarity)

shorter interchain FeFe (or NiNi) distance is 13.698 A and
the shorter FeNi distance is 14.752 A.

Since the magnetic ordering is a bulk property, the in-
terchain interactions are as important as the intrachain in-
teractions and this information is essential in order to un-
derstand the spin-spin interactions that dominate the mag-
netic behavior. For compound 1, although no interchain
contacts shorter than the sum of the van der Waals radii
were detected, relatively short DA and AA interionic in-
terchain distances were observed in the cases of the ar-
rangements I—II and II-1IV, respectively. In the I-II pair
the shortest distance (3.813 A) corresponds to SC contacts,
from a sulfur atom of the acceptor and a C from one of the
methyl groups of the MesCs fragment, as shown in Figure 3
(a). In the II=1IV pair, the shortest interionic interchain dis-
tance (3.507 A) corresponds to CC contacts from the ac-
ceptors, as shown in Figure 3 (b).

As in the case of the intrachain interactions, the in-
terchain coupling must also be considerably stronger in 1
than in the [M(Cp*),][M'(tdt),] compounds, as in these
compounds the presence of the relatively bulky CF; groups
isolate the S—C=C-S portion of the ligand, where most
(50—70%) of the spin density must reside,!! from the ions
in the neighboring chains. In compound 1 the atoms of the
S—C=C-S fragment are free to interact with the ions in
the neighboring chains, and as shown in Figure 3, the S and
C atoms are relatively close to atoms from different chains.
The interchain spin interactions, due to the CC contacts
from the acceptors, are expected to be of particular import-
ance, since a considerable spin density must reside on those
atoms. Additionally, in this case the interactions are pre-
dicted to be AFM in nature since the spin density on both
atoms must have the same parity.
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Magnetic Properties

Magnetization measurements with  polycrystalline
samples of 1 were obtained between 2 and 300 K using the
Faraday method. The magnetic susceptibility, y, follows the
Curie—Weiss expression, yy = C/(T — 0), between 100 and
300 K, with 6 = —5 + 4 K. From measurements made with
three different samples considerable scatter was observed
in the room-temperature effective moment, p.g, and values
ranging from 3.15 to 3.95 pug were obtained. This can be
attributed to orientation effects due to the applied field, to-
gether with the large anisotropy of the g value of [Fe-
(Cp*)o]"*, where gy =44, g, = 1.3 and <g>=2.8."11n
this case, assuming independent spins and a random ori-
entation and a g value of 2.06 for the acceptor,?? a value
of 3.0 pup for pg is predicted, but orientation effects could
give rise to values as large as 4.2 ug. At low temperatures,
the magnetic susceptibility was observed to show a consid-
erable field dependence. The temperature dependence of the
product, yr, for two measurements with the same sample of
1 is shown in Figure 4. The solid circles correspond to a
ZFC measurement with an applied field of 10 kG, and fit
(dotted line) Curie—Weiss behavior, with 6 = —7.8 K. The
open circles refer to data obtained at 5 kG, where the align-
ment of the sample was induced through the application
of a 50-kG magnetic field, the fit of the results with the
Curie—Weiss expression (solid line) gave a 0 value of
—1.6 K. The different 0 values observed for the random and
field-oriented measurements suggest the existence of strong
anisotropy in the magnetic coupling in the case of 1.

In the case of compound 2, the magnetic susceptibility
data were obtained using a Faraday magnetometer, with a
freshly prepared polycrystalline sample. The magnetic sus-

Eur. J. Inorg. Chem. 2000, 2101—-2110



Magnetic Anisotropy and Metamagnetic Behavior of [Fe(Cp*),][Ni(edt),]

FULL PAPER

2.5
r <><><><><><><><><><><><><><><><><><><><><><><><><><><>
e 2 (ZFC; 5kG)
2.0
o500
z 1 (50kG oriented.; SkG)
=)
g 1.5
E ssecsoosece
2 ..—...—..0.’0&..
£ 1.0 / 1(ZFC; 10kG)
-
=
0.5
0-0 T RS S B S

0 100 200 300
Temperature (K)

Figure 4. 1 temperature dependence for compounds 1 (circles) and
2 (diamonds); in the case of 1, the closed circles refer to a ZFC
measurement at 10 kG and the open circles refer to a measurement
at 5 kG, where the sample was previously subjected to a 50-kG
applied field, at 2 K

ceptibility, y, relative to a ZFC measurement with an ap-
plied field of 5 kG, between 50 and 300 K follows the
Curie—Weiss law, with 0 = —6.7 K. The yr temperature de-
pendence for 2 is shown in Figure 4 (diamonds). The ob-
served room-temperature effective moment (per = 4.31 pg)
is in good agreement with the expected value, 4.24 pg, cal-
culated for two non-interacting spins, with S = 1/2 and S =
3/2, assuming that the g values of the donor and the ac-
ceptor are 2.0l'°1 and 2.06,12?! respectively. Previous meas-
urements showed unexpectedly low values for the Curie
constant, which can be attributed to partial decomposition
of the sample. The observed values for the magnetization
field dependence at 2 K in the case of this compound are
considerably lower to those calculated from the Brillouin
function, indicating a strong AFM coupling. Unexpectedly,
this compound was observed to be EPR-silent, which may
be due to the existence of a different phase of this com-
pound, possibly neutral. This would also explain the lower
values of the magnetic susceptibility observed in previous
measurements.

In order to investigate the field-dependent behavior of 1
observed at low temperatures, a series of measurements of
the field cooled magnetization temperature dependence at
different values of the applied field were made, as shown in
Figure 5. From these experiments it was possible to observe
the existence of a field-induced transition. As the sample is
cooled below 30K, in a field of 2kG (Figure 5 — dia-
monds) y increases, reaches a maximum at 4.1 K and de-
creases significantly at lower temperatures, indicating that
an AFM phase transition occurs. With an applied field of
10 kG (Figure 5 — circles), the behavior is similar, but there
is small shift in the maximum to lower temperatures
(3.9 K), at higher applied fields the maximum broadens and
shifts to lower temperatures. At fields higher than 20 kG
this maximum is no longer observed, suggesting that a field-
induced transition occurs. Dynamic susceptibility measure-
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Figure 5. y temperature dependence for 1, with applied fields of
2 kG (diamonds), 10 kG (squares) and 40 kG (circles); the inset
shows the x’ and '’ temperature dependence

ments enabled the determination of the Néel temperature,
Tx = 4.2 K, which corresponds to a peak observed on both
the in-phase, ' and the out-of-phase, x'’, components, as
shown in the inset of Figure 5.

The field dependence of the magnetization at 2, 3, and
6 K for compound 1 is shown in Figure 6 for a polycrystal-
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Figure 6. Magnetization field dependence for 1, at 2, 3, and 6 K

line, pre-aligned sample. Below Ty, the curves exhibit sig-
moidal behavior, typical of metamagnetism. At low fields,
the magnetization increases slowly with the field and, at
fields on the order of 5 kG, the increase is accentuated,
showing an upward curvature. At fields in the order of
12—15 kG, the magnetization is nearly linearly dependent
on the field and for higher fields a downward curvature is
observed. This sigmoidal behavior is more pronounced at
lower temperatures and, at fixed temperatures, it was ob-
served to be more pronounced for previously aligned
samples than nearly fixed, randomly oriented samples. For
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this field-induced transition, at 2 K, the critical field, de-
fined as the value of the field were dM/dH shows a max-
imum, is Hc = 14 kG. No hysteresis was observed in the
isothermals, as expected for a metamagnetic transition. This
behavior is very similar to that observed in other highly
anisotropic compounds, such as the electron-transfer salts
[Mn(Cp*),][M(tdt),] (M = Ni, Pd, Pt)® or compounds
with extended covalent networks such as M(pyr),Cl, (M =
Co, Fe, Ni).?3

In order to study the magnetic anisotropy of compound
1, single-crystal measurements were performed on a
SQUID magnetometer. Due to the needle-shaped form of
the crystals two configurations were used for these measure-
ments, one (L) with the applied field parallel to the axis of
the crystals, which correspondes to a* and is relatively close
to the stacking direction [101], making an angle of 5.65°.
In a second configuration (T), the field was applied along
a random direction in the plane perpendicular to a*.
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Figure 7. Single-crystal magnetization temperature dependence for
1 with an applied field of 5 kG, parallel (solid symbols) and perpen-
dicular (open symbols) to the crystal axis

Figure 7 shows the magnetization temperature depend-
ence for the two configurations, with an applied field of
5 kG. Crystals of 70 and 75 pg were used in L and T config-
urations, respectively, the results for configuration L are
represented by the closed symbols and for T by the open
symbols. The magnetization temperature dependence ob-
served for both configurations is qualitatively similar, with
a maximum at ca. 4.5 K, indicating the existence of AFM
transitions in both configurations. The values relative to the
L configuration are almost one order of magnitude higher
than the ones from the T configuration, which is attributed
essentially to the anisotropy in the g value of the donor.

In the case of the L configuration, at 2 K, the single-
crystal magnetization field dependence is consistent with
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Figure 8. Single-crystal magnetization field dependence for 1, at
2 K, with the applied field parallel (solid symbols) and perpendic-
ular (open symbols) to the crystal axis; the estimated values of M
and M, are represented by the solid and dashed lines, respectively

the existence of a field-induced phase transition, with a crit-
ical field of 14 kG, as indicated by the isothermal sigmoidal
behavior, shown in Figure 8 (closed symbols). At 55 kG the
magnetization reaches a value of 1.95 Nug, and is not yet
saturated, which is usual in metamagnetic materials if the
temperature is not much lower than Ty.[%?3! The high-field
state is consistent with an FM state, where the saturation
magnetization, Mg = gpSp + gaSa = 3 Nup, with Sp =
Sa = 1/2, gp = 3.95 (a tilting of 10° of the axis of the donor
relative to the field was considered) and go = 2.06. For a
ferrimagnetic state the expected value for the saturation
magnetization Mg = gpSp — gaSa = 0.91 Nug, is much
smaller than the values obtained for the high-field state. For
the T configuration, the magnetization is much lower than
in L, and, as shown by the open symbols in Figure 8, the
magnetization field dependence is almost linear, as expected
for an AFM.

In order to estimate the field dependence of M| and M |,
a mathematical treatment of the values measured along a*
(M“*), L configuration, and in the plane perpendicular to
a* (M** ), T configuration, where made. For M| a very
good agreement with M“*| was obtained, with a negligible
deviation (< 2%) in comparison to the experimental error,
which is in the order of 5%. The field dependence of M,
is represented by the solid line in Figure 8. A linear field
dependence was obtained for M, (dotted line in Figure 8).
Unlike the values observed for the L configuration, in this
case the values of M“*, are clearly larger than the ones
obtained for M, due to the contribution of M.

The single-crystal magnetization measurements con-
firmed the high magnetic anisotropy of 1. The transition
from the AFM low-field state to a FM high-field state was
observed to occur only with the applied field parallel to the
stacking axis, which confirms the FM nature of the intra-
chain DA coupling and the AFM nature of the interchain
interactions. The small dimensions of the crystals and air
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sensitivity of 2 prevented determination of the single-crystal
measurements on this compound.

The magnetic properties of 1 reveal features that are
somewhat unusual among the class of highly anisotropic
compounds displaying metamagnetism. The magnetic be-
havior of compound 1 seems to be dominated by AFM in-
teractions, whereas in most compounds of this class the FM
interactions are dominant. One other aspect is related to
the magnitude of the critical field, which is particularly high
in the case of compound 1.

In order to achieve a better understanding of the mag-
netic behavior of compound 1, its crystal structure and
magnetic properties can be compared with those of the iso-
structural series [M(Cp*),][M’(tdt),].[ The magnetic be-
havior of those compounds is dominated by strong intra-
chain FM interactions coexisting with weak interchain
AFM interactions, which in the case of the Mn compounds
leads to metamagnetism. In these highly anisotropic com-
pounds TN |EintraEinter] >4 where the intrachain DA in-
teraction, Ei,a SpSadpa, and Ej,., is the weaker effective
interchain interaction. The absence of magnetic ordering in
the case of [Fe(Cp*),][Ni(tdt),] is attributed to a lower value
of Ej,ira» as the donor in this case has a smaller spin S = 1/
2, while in the Mn compounds S = 1. As mentioned above,
in the case of compound 1 stronger intrachain and in-
terchain magnetic coupling are expected, which is consist-
ent with the larger value of Ty = 4.2 K as compared with
the observed values for the [Mn(Cp*),][M(tdt),] com-
pounds, 2.4, 2.8, and 2.3 K for M = Ni, Pd, and Pt, respec-
tively.[®l The interchain coupling in compound 1 is expected
to be exceptionally strong, and the interchain AFM coup-
ling must be comparable to the intrachain FM coupling,
considering the apparent domination of AFM interactions
observed from the magnetic susceptibility temperature de-
pendence (Figure 4).
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Figure 9. Critical field temperature dependence for 1; the line rep-
resents a fit to the experimental results

A simple Ising model was used in the study of the meta-
magnetic transitions in the compounds FeCl, - 2 H,O and
CoCl, - 2 H,O,** with an intrachain and two interchain
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constants, and for those compounds the metamagnetic
transition fields are proportional to the interchain exchange
constants. In the case of compound 1, the high value of the
observed critical field of ca. 14 kG, one order of magnitude
larger than in the case of the [Mn(Cp*),][M(tdt),] com-
pounds, can be attributed to a considerably larger in-
terchain coupling for 1.

As compound 2 is isostructural with 1, it is reasonable to
expect that, as observed for 1, the magnetic behavior must
be dominated by the DA intrachain and by the AA and DA
interchain interactions. The magnetic susceptibility temper-
ature dependence and the magnetization field dependence
indicate that in 2 the magnetic behavior is clearly dominated
by strong AFM interactions. In this compound quite strong
AFM interchain interaction are expected, as in 1, and the
DA intrachain interactions must be considerable weaker, as
indicated by the magnetic behavior of the [M(Cp*
)I(TCNE), with M = Fe (S =1/2), Mn (S =1), and Cr
(S = 3/2) salts.['>] These compounds show FM ordering,
with Tc = 4.8, 8.8, and 3.1 K for the Fe, Mn, and Cr com-
pounds, respectively, and as in a simple mean-field model
Tc is proportional to J and S(S+1).11 The lower value of
Tc in the [Cr(Cp*),]" salt suggests that, in this case, Jpa is
considerably weaker in relation to the other compounds, as
this is the case with the higher S value. Therefore, in com-
pound 2, the strong AFM interchain interactions could
dominate the magnetic behavior and thus it would not be
possible to determine the (FM or AFM) nature of the DA
intrachain interactions. Unlike the AFM DA intrachain
coupling observed for [Cr(Cp*),][Ni(tds),],l”? in case of
compound 2 the dominant interchain interactions enable
discussion of the validity of the several spin-spin coupling
mechanisms.

Mossbauer Spectroscopy

Maossbauer spectra of compound 1 from 78 to 4.4 K ex-
hibit a single line (Figure 10). The ionic form of the com-
pound, [Fe(Cp*),]*[Ni(edt),], can be confirmed by the
non-observation of quadrupole splitting along with the fact
that the estimated values for the isomer shift, 6 = 0.48 mm/
s (relative to metallic Fe at room temperature) are typical
of low-spin, S = 1/2, Fe' decamethyl ferrocenium.>3 This
singlet is slightly larger at 4.4 K (half width, I' = 0.47 mm/
s) than at 78 K (I' = 0.38 mm/s), but below 4.4 K the spec-
trum suddenly broadens and gives rise to a partially re-
solved hyperfine split spectrum in agreement with the mag-
netic ordering observed at 4.2 K in the magnetization meas-
urements. At 3.5 K the broad sextuplet fitted to the ob-
served spectrum (Figure 10) corresponds to a hyperfine
field of ca. 350 kG.

The spectra obtained at 4.4 K with applied fields of 20
and 50 kG and at 20 K with a 50 kG applied field, shown
in Figure 11, can be interpreted by the spin Hamiltonian
for the S = 1/2 electronic ground state [Equation (1)]

Hyg =ty (Hoy 8- Sep )+ 1-A S +1-PoI=gy - gy - He o1, (¢))
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Figure 10. Mossbauer spectra of 1 obtained at 78, 4.4, and 3.5 K;

the calculated functions are plotted on the experimental points;
note the different velocity scale for the spectrum at 3.5 K

where g, A and P are tensors describing the electronic
Zeeman interaction, the magnetic hyperfine interaction and
the electricinteraction respectively. The principal axes of g
and A are assumed to be the same but P is allowed to have
different axes (&, v, {), which are obtained from those of g
or A through a rotation with Euler angles a, B, y. I P I may
be rewritten as [Equation (2)]

1 1 n
I-P'I=ZeQng{[192 —51(1+1)+§(1§2 —1;)}}, 2)

and we may define [Equation (3)]

CAS)
ENHN

H. =

nt

3

Theoretical simulations employing the above spin Hamil-
tonian were calculated by a modified version of the pro-
gram by Miinck et. al.?%! Assuming fast relaxation and us-
ing g.. =13, g, =13, and g.. =44, AEG = eQV =
—0.17mm/s, n =0, 4./(gnpn) = —110 kG, 4,,/(gnpn) =
—110 kG, and 4../(gnpn) = +820 kG, the calculated simu-
lations are plotted on the experimental spectra (Figure 11).
Non-zero values of o, B, and y were considered but did not
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Figure 11. M&ssbauer spectra of 1 with applied magnetic fields of
20 and 50 kG obtained at 4.4 K and of 50 kG at 20 K; the simu-
lated spectra calculated using the spin Hamiltonian are also plotted
slightly shifted

improve the fit of the simulation to the experimental spec-
tra. The estimated AEq, as well as the g and A values, are
similar to those reported for decamethylferrocenium hexa-
fluorophosphate.]

Since electronic relaxation is fast, the >’Fe nucleus is un-
able to follow the rapid fluctuations of the magnetic field
H;,,; due to the unpaired electrons and senses only the ther-
mal average spin corresponding to the mg = +1/2 and mg =

—1/2 levels. The magnetically split Mossbauer spectra re-
veal that the average H;,, is not zero. Furthermore a strong
temperature and field dependence of the effective magnetic
fields at the °’Fe nuclei is shown by the smaller splitting
between the outer peaks in the spectra at 20 K with H, =
50 kG or at 4.4 K with H,,, = 20 kG. These observations
are consistent with an appreciable difference in the Boltz-
mann population of spin-up and spin-down molecules and
reflect the decrease in the thermal population of the excited
mg sublevel with increasing temperature and decreasing ap-
plied external magnetic field.

The spectra obtained with an applied field of 50 kG
(either at 4.4 or at 20 K) bear a close resemblance to those
obtained under the same experimental conditions for other
decamethylferrocenium compounds characterized by a fast
relaxation rate.[*”! Several factors (such as relaxation rates
slower than the ideal fast relaxation limit, admixtures of
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electronic excited states into the ground electronic state in
high magnetic fields, etc.) already mentioned by Cohn et
al.”’! can influence the appearance of the Mdssbauer spec-
tra of magnetically perturbed ferrocenium cations and may
explain the lack of fit between the experimental data and
the simulated spectra at the Doppler velocity range around
0 mm/s. In this case significant texture effects caused by the
needle shape of the crystals used in the preparation of the
Mossbauer absorber should also be considered. While cal-
culating simulated spectra, 500 different applied field direc-
tions distributed uniformly over an octant of the unit sphere
associated with the g and A axes were summed, assuming
a randomly oriented sample. The needle shape of the crys-
tals is expected to cause a significant increase in the relative
number of particles with the needle axis approximately per-
pendicular to the external field. Since the angle of the g..
axis relative to the stacking direction is of the order of 10°,
the weight of the contribution to the spectra of the cations
with g.. perpendicular to the applied field is larger than in
the case of a randomly oriented sample.

As observed for other decamethylferrocenium salts,
[Fe(Cp*),] "[Ni(edt),] also shows an appreciable g and A
tensor anisotropy. Furthermore, the 4. value is positive,
suggesting a large orbital contribution to the hyperfine
field, which along the z axis is larger in absolute value than
the negative isotropic contact term. This is explained by
the appreciable orbital angular momentum in the electronic
ground state of this complex.l?7]

Conclusion

As predicted, the small dimensions of the acceptor,
[Ni(edt),]~, lead to a linear chain structural motif in the
electron-transfer salts, [M(Cp*),][Ni(edt),], with M = Ni
and Cr. The large spin density on the peripheral S—C=
C-S fragment of the acceptor ligands and its accessibility
were expected to lead to the existence of particularly strong
inter- and intrachain magnetic interactions. In fact, for
[Fe(Cp*),][Ni(edt),] there are strong FM intrachain interac-
tions, due to DA intrachain short contacts coexisting with
strong AFM interchain interactions, resulting from the AD
and AA interchain contacts. In this compound magnetiza-
tion measurements revealed the existence of a metamag-
netic behavior (T = 4.2 K and Hc = 14 kG) in agreement
with the high anisotropy of the magnetic coupling. Single-
crystal measurements revealed that, below 4.2 K, the trans-
ition from the AFM low-field to the FM high-field state can
be induced by the application of a magnetic field parallel to
the stacking axis. The magnetic behavior of [Cr(Cp*),]-
[Ni(edt),] is dominated by the strong interchain AFM inter-
actions and in this case it was not possible to determine the
exact (FM/AFM) nature of the intrachain DA interactions,
which prevented a discussion of the validity of the spin-spin
coupling models for these compounds.

Experimental Section

General Remarks: Decamethylferrocenium tetrafluoroborate and
decamethylchromocenium hexafluorophosphate were obtained
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from decamethylferrocene (Aldrich) and decamethylchromocene
(Strem), respectively, by literature procedures.'>1l  The
(Et4N)[Ni(edt),] salt was prepared as described in the literature.l'”)
Acetonitrile was distilled from P,Os under nitrogen, and deaereated
either by successive alternate freezing and evacuation cycles or by
bubbling argon through the solvent for ca. half an hour. All the
syntheses were carried out under nitrogen or argon, in gloveboxes
or using Schlenk techniques. — Elemental analyses were carried out
with a Carlo Erba (EA 1110-CHNS-O).

[Fe(Cp*),]INi(edt),] (1): Dark green needle-shaped crystals of this
compound were obtained by mixing [Fe(Cp*),|BF, (124 mg,
0.30 mmol) in acetonitrile (2 mL) with (Et,;N)[Ni(edt),] (111 mg,
0.30 mmol) in acetronitrile (7 mL). After standing at room temper-
ature overnight, the crystalline product was collected by vacuum
filtration in 63% yield (107 mg, 0.19 mmol). — C,4H34FeNiS,
(565.3): caled. C 50.99, H 6.06, S 22.68; found C 50.58, H 5.76, S
21.75. — Crystallization by slow solvent evaporation from concen-
trated acetonitrile or dichloromethane solutions of [Fe(Cp*),]-
[Ni(edt),] afforded large needle-shaped crystals suitable for X-ray
diffraction and single-crystal magnetic studies.

[Cr(Cp*),]INi(edt),] (2): The compound was prepared by the addi-
tion of [Cr(Cp*),]PFs (80 mg, 0.17 mmol) in acetonitrile (1.5 mL)
to (EtyN)[Ni(edt),] (62.6 mg, 0.17 mmol) in acetonitrile (5 mL).
After standing for 2 h, brown needle-shaped crystals were collected
by vacuum filtration in 49% yield (47.1 mg, 0.84 mmol). —
C,4H34CrNiS, (561.5): caled. C 51.34, H 6.10; found C 51.11, H
6.49. — Crystallization attempts, following the procedure described
for 1, gave small needle-shaped crystals. Partial decomposition dur-
ing the crystallization was observed to occur.

Magnetic Characterization: Static magnetic susceptibility data of
[M(Cp*),][Ni(edt),] (M = Fe and Cr) polycrystalline samples, us-
ing Teflon sample holders, were obtained between 1.8 and 300 K
using an Oxford Instruments Faraday system having a 70-kG su-
perconducting magnet. For [Fe(Cp*),][Ni(edt),] magnetization
data, between 1.5 and 300 K, were also obtained using the extrac-
tion method with an Oxford Instruments Magnetometer (MagLab
System 2000), with a 120-kG superconducting magnet. Dynamic
susceptibility measurements, in a zero applied static magneticfield
and an alternating field of 1 G at 1 kHz, were also obtained with
the MagLab system. The single-crystal magnetization measure-
ments were obtained with a Quantum Design SQUID (MPS) mag-
netometer, between 2 and 10 K, with a 55-kG superconducting
magnet. Magnetization measurements, in case of [Cr(Cp*),]-
[Ni(edt),], were also obtained with the SQUID magnetometer for
polycrystalline samples, using a quartz sample holder. Susceptibil-
ity and magnetization data were corrected for contributions due to
sample holder and core diamagnetism, estimated from tabulated
Pascal constants. Electronic paramagnetic resonance spectra were
obtained with an X-band spectrometer (Bruker ESP 300) equipped
with a helium flow cryostat (Oxford ESR 300).

Massbauer Spectroscopy: >’ Fe-Mossbauer spectra were collected at
78, 4.4, and 3.5 K using a conventional spectrometer with a 50-
mCi 3’Co source in an Rh matrix and a sinusoidal velocity-vs.-
time wave form. The spectrometer was calibrated with an a-Fe foil.
Needle-shaped crystals of 1 were mixed with perspex powder and
the resulting material was pressed into a perspex sample holder in
order to obtain a disk-shaped Md&ssbauer absorber, containing ca.
5 mg of natural Fe/cm?. Spectra with the sample in an applied ex-
ternal magnetic field, H. (20 and 50 kG), parallel to the y-ray
beam, were obtained at 4.4 and 20 K using a superconducting coil.
The spectra obtained at zero applied field were fitted to Lorentzian
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lines using a modified version of the non-linear least-squares com-
puter method of Stone.®!

X-ray Crystallographic Study: A single crystal of 1 with approxi-
mate dimensions of 1.4 X 0.35 X 0.25 mm was used for X-ray data
collection with an Enraf Nonius Cad4 diffractometer, with graph-
ite-monochromated Mo-K, radiation (A = 0.71069 A), at room
temperature. The structure was solved by direct methods using
SHELXS-861% and refined with SHELXL-93.53% All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were placed
at calculated positions with isotropic temperature factors U(H) =
1.2U4(C). All crystal and molecular representations were prepared
with SCHAKAL-97.31 The unit cell of compound 2 was deter-
mined using a single crystal with approximate dimensions of
0.8 X 0.15 X0.1 mm with an Enraf Nonius Cad4 diffractometer
(Mo-K,, radiation). However, in this case the poor quality of the
crystal prevented the X-ray structure determination. A summary
of the crystal data and refinement procedures is given in Table 1.
Crystallographic data (excluding structure factors) for the struc-
ture(s) reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-137238. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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