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Electrochemical combination of the magnetic dinuclear anion [(@D)(NCSY]*~ (MM' = Crl'Crll, Cr!'-

Fe'') with the ET organicz-donor (ET= BEDT—TTF = bis(ethylenedithio)tetrathiafulvalene) gives rise to two

new isostructural molecular hybrid salts fWIM '(C,04)(NCS)], with MM' = CrCr (1), CrFe ). The molecular
structure of compound has been determined by single crystal X-ray diffraction. The particular arrangement of
the organic units consists of an unprecedented two-dimensional organic sublattice nearly similar to that observed
in k-phase structures. For both compounds, the magnetic susceptibility measurements indicate (i) the ET radicals
do not contribute to the magnetic moment probably due to the presence of strong antiferromagnetic interaction
between them, and (ii) in the anion, the magnetic coupling is antiferromagnetic (fbr= —3.65 cnt!) and
ferromagnetic foR (J = 1.14 cn1?, J being the parameter of the exchange Hamiltoilas —2JSS)). The field
dependence of the magnetization of compoRrd 2.0 K gives further evidence of ti&= 4 ground-state arising

from the interaction betwee® = 3/2 Cr(lll) and S = 5/2 Fe(lll). EPR measurements confirm the nature of the
magnetic interactions and the absence of any contribution from the organic part, as observed from the static
magnetic measurement. Conductivity measurements and electronic band structure calculations show that both
salts are semiconductors with low activation energies.

Introduction photochromisni? only very recently have begun to be explored.
To obtain such materials, organicdonors are combined with

a variety of complex molecular anions such as tris(oxalato)met-

alates:? tetrahalogenometalat&s, hexacyanometalatéiexathio-
Yeyanatometalatésand polyoxometalatéd-2 The most sig-
nificant achievements obtained in this field are sequentially the
discovery of coexistence of paramagnetism/metallic conductiv-
ity,* paramagnetism/superconductivityantiferromagnetism/
superconductivity? ferromagnetism/metallic conductivity and
very recently, field-induced ferromagnetism/superconduct#¥ity.

Radical cation salts derived from the organic donor ET
(ET = BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene)
have attracted considerable interest because of the rich variet
of their organic packing and the two-dimensionality of their
electronic structures (essentially férand« phases), affording
various solid-state properties, such as superconductigityost
all these systems incorporate simple diamagnetic anions. In
contrast, molecular organic/inorganic hybrid materials in which
these anions are metal complexes with the ability to introduce
a second property in the material, such as magnétiSnor
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Notice that all these achievements are concentrated in a fewTable 1. Crystallographic Data for E[Cra(C,04)(NCS})] (1)

examples, but their discoveries have required a significant chemical formula CooHaoNeO4SusClo
synthetic effort in which BEDFTTF type donors have been formula weight 2580.10
combined with magnetic counterions of different shapes, sizes, space group P-1(N°2)
charges, and dimensionalities. Taking into account the crucial a(ﬁ) 12.660(5)
role of the inorganic anions in the conducting and magnetic E:)((A; iégégg;
properties of such molecular organic/inorganic hybrids, our a () 109.89(3)
strategy lies in combining metal complexes containing sulfur B 97.93(3)
atoms with ET donors with the aim of favoring the intermo- y (° 97.47(3)
lecular contacts through the sulfur atoms of the ET units. In V(A?) 2416(4)
this context, we have previously developed syntheses of Peaic ( €M) L.77

. . . T (K) 296
tetraethylammonium salts of the new oxalato bridged magnetic az 1
anions [MM(C,04)(NCS)]*~ (MM’ = Cr'"'Cr', Fe''Fe" and « (cm™ 12.66
Cr"Fe!") containing isothiocyanato ligand&The electrochemi- PR(Fo) 0.071
cal combination of the homometallic and bimetallic dinuclear Ru(Fo) 0.094
anions with ET led to two new isostructural radical cation salts,  aThere is 0.5 chemical formula in the asymmetric uRR = ¥ |Fo
namely EBF[MM'(C;04)(NCS)] (MM’ = CrCr (1); MM’ = — Fel/Fo. © Ry = [(SWF, — Fo)&w(Fo)g Y2

CrFe @)), with an unprecedented bidimensionnal ET packing. .. o1
describe here the synthesis, crystal and electronic bandtlon ;

We . - - atomic parameters for H, C, and S.

structures, ar_1d magnetic properties of these sal_ts. A preliminary X-ray Crystallography. Preliminary studies showed that the two

account of this work has already been communicétételated salts were isostructural, with= 12.660(5)b = 12.812(7)¢ = 16.290-

studies with the homodinuclear oxalato bridged anion (5) A, o = 109.89(3),5 = 97.93(3), andy = 97.47(3} for 1; a =

were carried out with the program YAeHM®@Rising standard

[FE"5(C04)s5]4~ have been recently reportéti2® 12.722(8)b = 12.830(8)c = 16.291(9) A = 109.81(5) 8 = 97.79-
(5), andy = 97.93(5) for 2. A black platelike single crystal df with
Experimental Section dimensions 0.1 0.11x 0.08 mni was mounted on an EnrafNonius

CAD4 automatic diffractometer with graphite-monochromator Mo K
radiation ¢ = 0.71073 A). Cell dimensions were obtained from 23
reflections, with a 2 angle in the range 9.5019.50. A total number

of 10990 reflections were collected, (0 to 16;k, —16 to 16;l, —20

to 20) in the @ range 5-54° using6/(2 — #) scan mode. During the
data collection, three standard reflections were measured every 120
min and showed no significant decay. No absorption correction was
applied. The structure was solved by SIR92, and successive Fourier
difference syntheses led to the location of all non-hydrogen atoms.
Except for the disordered carbon atom [C(30) and C(31) positions],
all non-hydrogen atoms were refined énby weighted anisotropic
full-matrix least-squares methods using 3119 reflections WitBo(l).

For the disordered carbon, both positions were finally refined inde-
pendently in isotropic approximation with 50% occupancy factors. The
hydrogen atoms bonded to the carbon atoms of the two ordered organic
units were calculated [€H = 0.95 A]; the thermal parameters were
taken adJiso = 1.3U¢((C) and thereafter included as a fixed contribution
to F¢. Scattering factors and corrections for anomalous dispersion were
taken from ref 23; drawings were made with ORTEPand all
calculations were performed on an Alphastation 255 4/233 computer
using the OpenMoleN packadeBrief crystal data are listed in Table

1. Complete crystallographic details for the structure are included in
the Supporting Information.

Syntheses of the Salts 42. The two radical salts1-2) were
obtained on a platinum wire electrode by anodic oxidation of the organic
donor ET (2.6x 102 M in a 1/1 GHsCN/CH;CN mixture) in an
U-shaped electrocrystallization cell under a low current density of 0.5
uA.cm~2in the presence of the corresponding tetraethylammonium salt
as supporting electrolyte (3.8 1072 M in the same solvent mixture).
These starting salts were synthesized according to ref 17. Two
successive crystallizations of the precursor salts in acetonitrile, prior
to their use in electrochemical cells, yielded well formed single crystals
whose purity was checked by metal analysis and IR spectroscopy. After
two weeks of electrochemical oxidation, amber platelike single crystals
(1 and2) were obtained from the two dinuclear anions. In each case,
they were washed with acetonitrile and acetone, to remove any portion
of the tetraethylammonium salt of the corresponding anion, and air-
dried.

Physical Techniques Elemental analyses were obtained from the
Service Central d’Analyses, CNRS, Vernaison, France. Infrared spectra
were recorded in the range 406R00 cn* using a Perkin-Elmer 1430
spectrometer with samples prepared as KBr pellets. The magnetic
studies were carried out on powder samples enclosed in medical caps
The magnetic susceptibility measurements were performed at 0.1 T
after zero field cooling, in the temperature range3P0 K with a
SQUID magnetometer MPMS-XL-5 from Quantum Design. The molar
susceptibility was corrected from the sample holder and diamagnetic Results and Discussion
contributions of all atoms (Pascal tables). Variable temperature ES
spectra were recorded at X-band, with a Bruker ELEXYS E500  Crystal Structure of ETs[Cr(C204)(NCS)] (1). Since
spectrometer equipped with a helium cryostat. Temperature dependencereliminary studies indicated that compountisand 2 were
of conductivity over the range 23300 K was performed on single  isostructural, single crystal structure determination was only
crystals using the standard four-contact d.c. method. Contacts to thEperformed on Compoun‘ﬁ The Crysta| structure determination
crystals were made by platinum wires (28 diameter) attached with shows that the asymmetric unit Inis built up of a dinuclear
graphite paste. Extended Ekel tight-binding band structure calcula- anion located at (1/2, 1/2, 1/2) and three crystallographically
independent ET unitgy B, andC); the A andB units are located
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V. Nature 2000 408 447. on general positions, whereas it is located at the origin.
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3771. Orbital Package Ithaca, New York, 1997; Version 2.0.
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Soc., Dalton Trans200Q 205. (25) Fair, C. K. MolEN, An Interactie Intelligent System for Crystal
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Figure 1. Structure of the dinuclear anion [{€,04)(NCS)]*~ in 1
(50% probability ellipsoids). Selected distances (A):--@r 5.253-
(4), Cr—01 2.011(9), CN1 2.04(1), C+-O2 2.02(1), C+N2 2.01- C
(1), C5-01 1.25(2), C+N3 1.99(1), C5-02 1.24(2), C+N4 1.98(1).

Figure 3. Atomic numbering and overlaps of the ET units within each
(ET). dimer in1 (40% probability ellipsoids).

=1 = 7=/7_7/
N
— /Z/_/7
i i

b)

Figure 4. Schematic representation of the relationship between the
organic packing inc-phasesd) and in1 (b) (projection views along
the direction of the central-€C bond of the donor).

Figure 2. ORTEP view showing the crystal packing of the organic jn 1 present an original packing which differs markedly from
sublattlc’g\a (30% probability ellipsoids) and the shortestSsdistances that of thex-phases by the presence of the supplementary ET
(<3.60 A) between the ET units i units, C. The latter induce a slippage of the adjacAntA and
B—B dimers of ca. 5 A. The short-8S contacts observed
between the organic moleculeslrare close to those observed
in x~-(BEDT—TTF)X phaseg’28As indicated in Figure 2, only
two short interdimer 8-S distances are observed (3.37 and 3.55
A), while unit C, which is surrounded by four dimer pairs,
exhibits short $-S distances ranging 3.33.60 A with both
units A andB. The inorganic anions are located near the holes
created by the slippage of the adjacent ET dimérsA and
B—B) (Figure 2) in such a way that they are fairly well isolated
from each other in the crystal. The minimum:€Cr interanion
distance is 10.70 A. On the other hand, the shortest sulfur
sulfur interanion separation is 4.24 A, clearly greater than the
sum of the van der Waals radii (3.6 A). In contrast, there are
three short contacts between the organic and inorganic layers
[S(NCS)--S(ET), from 3.32 to 3.60 A] (Figure 5).

Electronic Band Structure and Conductivity. Tight-binding
band structure calculations of the extendedckal type
(experimental part) were carried out on a donor Efyo-
dimensional layer, assuming the formal charge partitioning
[(ET)s)*[Cra(C204)(NCS)]*~. With this formal oxidation for
the organict donor, there are six valence electrons per ¢ET)
unit to fill the five HOMO bands which are derived from the

a

~—

The complex anion is made of two chromium cations bridged
by a nearly planar bis(bidentate) oxalate ligand, each metal
cation is also coordinated to four isothiocyanate groups to
complete its octahedral environment (Figure 1). The-Cr
intradinuclear distance (5.25 A) is close to that observed for
the unique example of oxalate bridged Cr(lll) complexes
structurally characterized (5.32 A in @&b)4[Cry(Co04)s]-
0.2CHC}).28 The structure consists of layers of organic units
parallel to theab plane which are interleaved by the inorganic
anions. The ET-donor network (Figure 2) contains two types
of centrosymmetric dimergy—A andB—B, and centrosymmet-
ric ET units, C. Within each dimer, the overlap mode is of
the so-called bond-over-ring type, similar to that observed in
almost all«-phases (Figure 3)Careful analysis of intradimer
S---S distances reveals that interactions between ET units are
stronger inA—A than inB—B dimers. AdjacenA—A andB—B
dimers are approximately perpendicular to each other with a
dihedral angle of 704 whereas uniC is almost perpendicular
(77.7) to theB—B dimer and presents a dihedral angle of 32.5
with the A—A dimer. This type of arrangement, which is
unprecedented, resembles that observed inktpbases’28
However, as schematically shown in Figure 4, the organic layers

(27) Jung, D.; Evain, M.; Novoa, J. J.; Whangbo, M.-H.; Beno, M. A;
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Moubaraki, B.; Murray, K. SJ. Chem. Soc., Dalton Tran4998 1989 28, 4516.
413. (28) Doublet, M. L.; Canadell, E.; Shibaeva, RJPPhys. 11994 4, 1479.
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Figure 5. Perspective view of the anion environment (30% probability
ellipsoids) showing the shortest S(EFFB(NCS) contacts irl.
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Figure 6. Dispersion energy of the HOMO bands for the [(E]T)
layer in 1 along the wavevector directiods— X andI" — Y, where
T = (0,0), X = (a*/2, 0), andY = (0, b*/2).

HOMOs of the five ET molecules. The intrastack and interstack
interactions of the ET units lead to five bands, which are shown
in Figure 6. With six electrons, the valence band structure is
composed of three completely filled bands-fa(+), b—b(+),
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Figure 7. Temperature dependence of the d.c. electrical conductivity
for 1 and2.
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Figure 8. Thermal variation of the molar magnetic susceptibility,

xm (O) and of theymT (®) product ofl. Solid line shows the best fit

to the model (see text).

100 3

interactions occur between dimeks-A andB—B. These weak
interstack interactions are confirmed by the charges computed
for the different components of the [(E]}" layer (+1.95,
+1.95, and+0.10 forA—A, B—B, andC, respectivelyf®30 A

band gap of 0.12 eV is computed for the [(E]F} slab. This is

in agreement with the temperature dependence of conductivity
performed on single crystals of compountsind 2 since, in

both cases, conductivity decreases when decreasing the tem-
perature @aoox ~ 1073 S cnm?) (Figure 7). This clearly indicates
semiconducting properties; further analyses of the In(resistivity)
versusT! plot give straight lines from which linear fits give
activation energiest;) of 0.23 and 0.25 eV for compounds

and 2, respectively. These values are in agreement with the
calculated gap.

c] and the conduction band structure is made of two empty bands  Magnetic Properties. The magnetic susceptibility values

[a—a(—), b—b(=)]. To a first approximation, the intrastack

measured in the range-300 K for both salts are given in the

interactions are responsible for the splitting between the in- forms of ym versusT and ymT versusT plots for 1 (Figure 8)
phase and out-of-phase combinations of the HOMOs, whereasand in the form ofy,\T versusT plot for 2 (Figure 9), whergym,

the interstack interactions are responsible for the dispersion of
the bands along the wavevector directions of the reciprocal
space. The lowest bard-a(+) and highest band—a(—) derive

is the molar magnetic susceptibility aidhe temperature. For
1, theym versusT plot shows a maximum at ca. 16 K (Figure

almost exclusively from the bonding and antibonding combina- (29) To verify the charge distribution of the ET units computed for

tions of the HOMOs ofA units. In agreement with the structural
data which shows that interatomic distances between ET units
are shorter inA—A than inB—B dimers, a smaller splitting is
observed for the bands—b(+) and b—b(—), which mainly
descend from the HOMOs of thigunits (Figure 6). The upper
filled bandc derives largely from the HOMO of uni€. The

band dispersion is rather weak, reflecting poor interstack (30)

interactions. Examination of the different interstack interactions
indicates that the interaction of ur@itis nearly negligible with
the dimersA—A and B—B. On the other hand, some weak

[(ET)s]*", we examined the €C and the G-S bond lengths of the

A, B, andC units, according to the procedure developed by Guionneau.
P. et al3 as suggested by the reviewers. The charges ot
andC units are calculated to be0.79,+0.92, andt0.64, respectively.
These values are in good agreement with the total charge expected
for the organic partt4), but the individual charges appear to be not
meaningful because of the limited quality of the crystal structure (bond
length esd’s greater than 0.0B%

Gionneau, P.; Kepert, C. J.; Bravic G.; Chasseau, D.; Truter, M. R.;
Kurmoo, M.; Day, P.Synth. Met.1997 86, 1973. Ward, B. H;
Schlueter, J. A.; Geiser, U.; Wang, H. H.; Morales, E.; Parakka, J. P.;
Thomas, S. Y.; Williams, J. M.; Nixon, P. G.; Winter, R. W.; Gard,
G. L.; Koo, H.-J.; Whangbo, M.-HChem. Mater200Q 12, 343.
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Figure 9. Thermal variation of theynT product of2. Solid line Figure 10. Magnetization versus magnetic field over temperature for
represents the best fit to the model (see text). 2 at 2 K. Dotted line represents the Brillouin function for &n= 4
8), while ymT versusT plot reveals a continuous decrease from spin state withg = 2.00. Solid line is the fit to the Brillouin function
a value of 3.60 emu K mol at 300 K, close to that calculated ~ With @ molecular field term (see text).
for two noninteracting Cr(Ill) (3.75 emu K mol), to a value i L .
close to zero at 2 K. This is characteristic of the antiferromag- 1€ field dependent magnetization measuremen? & is
netic exchange interaction between the two chromium(lily Presented in Figure 10, whel is plotted versus the applied

centers. In contrast, fc the ymT product shows an increase magnetic fieldH. The magnetization saturates at a value close
from a value of 6.30 emu K mot at 300 K to a value of 7.90 0 7-Ous, i.e., less than the expected value of 8.0 foiSan 4
emu K mol? at 7 K and then sharply decreases down to 2 K SPIN state with & value close to 2. Ther_efore, t_he Brillouin
(Figure 9). The room-temperature value is close to that expectedfunction for S= 4 andg = 2.00 (dotted line in Figure 18)
for a pair of uncoupled Cr(llF-Fe(lll) centers with an high- does not reproduce satls.faptor!ly the experimental magnetization
spin state of the iron(lll) (6.25 emu K mdi), while the increase of compound2. The deviation is probably due to the presence
in ymT indicates that the Cr(IIFFe(lll) exchange interaction of interdimer antiferromagnetic interactions, since the Brillouin

is ferromagnetic. These behaviors indicate that (i) the organic function modified by the effective temperatufe = T — 0,
sublattice does not contribute to the magnetism since the four {@king into account such effects, leads to a better description of
electrons on the ET radicals in both compounds are strongly the eﬁ)enmental results with &= 4 spin stateg = 1.985,
antiferromagnetically coupled, and (ii) the magnetic coupling and0 = —2.42 K (solid line in Figure 10). This study therefore
is antiferromagnetic between the two Cr(lll) ions in compound ¢onfirms theS = 4 ground state, and thus, the ferromagnetic
1 and ferromagnetic between the Cr(lll) and the Fe(lll) ions in |ntrad|mer cpuplmg.and the presence of the interdimer antifer-
compound. To treat these data, we have used the susceptibility ©Magnetic interactions. _

expressions derived for spin pairs (3/2/2 and 3/2-5/2 for 1 The EPR spectrum of compourid(Figure 11a) shows, at
and 2, respectively) coupled through an isotropic exchange f0OM temperature, a quasi isotropic line centered &t 2.00
interactionJ (the Hamiltonian is written asl = —2J5S).3! (line \{V|dth§ 320 G) t.hat'can 'be attributed to the Cr(lll) dindér. '
The best fits are plotted as solid lines in Figures 8 and 9. For 1he intensity of this line increases as the temperature is
1, the resulting fit (solid line in Figure 8) reproduces very de_cre_ased down to approximately 15_K, where the intensity of
satisfactorily, in the whole temperature range, the magnetic this signal starts an abrupt and.contlnuous.decrease down to
susceptibility with the following parametersy = 2.00 andJ the Iov_vest temperature reached in the experiment (4.2 K). This
= —3.65 cntL. The J value found in the fit is very close to behavior parallels that observed in thg versusT plot and
those found for the EN* salt of the same aniord (= —3.23 confirms that (i) the magnetic coupling between the Cr(lll) ions
cm 117 and in (E§N)4[Cra(C,04)s]0.2CHCE (J = —3.1 cnt?) is antiferromagnetic and (ii) the ET molecules do not contribute
for which the X-ray study also shows a bis(bidentate) oxalato € the total magnetic moment, since no signal coming from the
bridge2é For compound? containing the bimetallic aniors( organic radicals can be observed. This absence of any signal
= 32 and S = 5/2), the derived magnetic susceptibility from the ET units suggests that the electrons in the ET radicals
equation, given in ref 31, includes contribution of a supple- must bg st.rongly antiferromagnetically coupled in each dimer,
mentary molecular field terng, that takes into account some which is in agreement with the electronic band structure

antiferromagnetic interactions between dimers. To reduce thec@lculations and the conductivity measurements given above.
number of adjustable parameters we have used a meahe The EPR spectrum & (Figure 11b) shows an intense and broad

in the fitting procedure. The resulting fit (solid line in Figure Signal in the range 10662000 G and a second signal centered
9) reproduces quite well, in the whole temperature range, the at 3500 G, both increase upon cooling. At the same time, other

T product of compoun@ with a set of parameterg [= 1.985, signals appear at high field upon cooling below 15 K. These
J=1.14 cn!, andf = —1.39 K (-0.97 cnt1)] very close to signals together with the first dominant one correspond to the

that of the corresponding B salt [g = 1.973,J = 1.10 cm?, tr_an_sitions between the lowest spin muItip_Iet. This behavior is
and ® = —1.39 K]. Rather than in the resulting value, similar to that reported for the corresponding tetraethylammo-
mium salt [(GHs)aN]s[CrFe(GO4)(NCS)].Y” However, the
signals in high field are more revealed for the ET salt; this is
n Probably due to a better dilution of the magnetic inorganic dimer.

emphasis is focused on the need of such parameters to explai
the low temperature behavior for compou®idn fact, single-
ion anisotropy effects should also contribute to this decrease i
xmT, a_m_d thus, & only represents an effective parameter Conclusion

comprising these two effects.

To obtain further evidence of th® = 4 ground state o2, The two radical salts described here are the first ones obtained
magnetization measurements were performedfok plot of by the combination of the organie donor ET with dinuclear
magnetic anion&® Both are isostructural with a 1:5 stoichiom-
(31) Kahn, OMolecular MagnetismVCH Publishers: New York, 1993. etry and exhibit an unprecedented two-dimensional packing for
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Figure 11. Temperature dependence of the EPR spectra for compduta)sand2 (b).

the organic sublattice. In agreement with electronic band intermolecular interactions between the organic and the inor-
calculations and thermal variation of the conductivity, the ganic parts in the solid state.
magnetic measurements indicate that in both cases the two

organic ET radicals of each dimer are strongly antiferromag- Acknowledgment. This work was supported by the CNRS
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each organic dimer. The magnetic exchange constants found inthe “,\l/le.nq?\ y de(”,lrlgdog t( ral\rl1 tional d | I)? h han tsd
the anions are similar to those found in the corresponding I eT Lnlslere. ”ef uca |ton da |(t)nae, te arecherche et de
tetraethylammonium salts, indicating that the organic part does a fechnologie” for a postgraduate grant.
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