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The synthesis, structure, and physical characterization of two new radical salts formed with the organic donor
bis(ethylenethia)tetrathiafulvalene (BET-TTF) and the octahedral anions hexacyanoferrate(lll), gFe(Gidp
nitroprusside, [Fe(CNNOJ?~, are reported. These salts are (BET-TAREL)2[Fe(CN)] (1) (monoclinic space
groupC2/c with a = 38.867(7) A,b = 8.438(8) A,c = 11.239(6) A, = 90.994(93, V = 3685(4) B, Z = 4)

and (BET-TTF)[Fe(CN)NO]-CH.Cl (2) (monoclinic space grou@2/c with a = 16.237(6) A,b = 18.097(8)

A, c=12.663(7) A,f = 106.016(9), V = 3576(3) B, Z = 4). In salt1 the organic BET-TTF molecules are
packed in orthogonal dimers, forming the first kappa phase observed for this donor. The analysis of the bond
distances and the electronic and IR spectra suggests a degree of ionicity of 1/4 per BET-TTF molecule, in agreement
with the stoichiometry of the salt. The electrical properties show thiata semiconductor with a high room-
temperature conductivity (11.6 S ci#) and a low activation energy (45 meV), in agreement with the band structure
calculations. The magnetic susceptibility bfshows, besides the paramagnetic contribution from the anion, a
temperature-independent paramagnetism (TIP) of the Pauli type due to the electronic delocalization observed at
high temperatures in the organic sublattice. This Pauli type paramagnetism is confirmed by the ESR spectra that
also show a Dysonian line when the magnetic field is parallel to the conducting plane, typical of metallic and
highly conducting systems. Sdtpresents an unprecedented packing of the organic molecules that form zigzag
tunnels where the anions and the solvent molecules are located. The stoichiometry indicates that all the BET-TTF
molecules bear a charge #fL, and accordingly? behaves as a semiconductor with a very low room-temperature
conductivity. The magnetic properties of this salt indicate that the unpaired electrons on the organic molecules
are strongly antiferromagnetically coupled, giving rise to a diamagnetic behaviasfthe nitroprusside anion

is also diamagnetic.

Introduction such as [FeG]~, which has been extensively used with TTF

type donorgb34to bulky magnetic polyoxometalates, which

may also play an important structural rélBetween these two
imits it is also possible to use magnetic monomeric anions with
igher charges such as [M}¥~ (M = Mn, Co, Ni, and Cu;

X = ClI, Br),226 [M(ox)3]*~ (M = Fe, Cr, Cop2’ and

The design and synthesis of molecular materials combining
two or more physical properties as conducting, magnetic, and
optical ones has become one of the most appealing challenge
in the chemistry of materials in the past few years. An attractive
approach to this goal is to make two-network solids by
combining magnetic anions, which provide localized magnetic
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Table 1. Synthesis Conditions for the Radical Salts (BET-TJ{REL).[Fe(CN)] (1) and (BET-TTF)[Fe(CN)NO]-CH.CI, (2)

salt

anode

cathode

k-(BET-TTFW(NEw)[Fe(CN)] (1)

(BET-TTF)[Fe(CN)NO]-CH.Cl, (2)

BET-TTF (0.009 g)

(NEt)s[Fe(CN)] (0.09 g)

CH.CI, (6 mL)

CH3CN (5 mL)
BET-TTF (0.007 g)
K2[Fe(CNENO] (0.1 g)
crown ether (0.15 g)

(NE£)s[Fe(CNY] (0.09 g)
CH.Cl (6 mL)
CHCN (5 mL)

Ko[Fe(CNYNO] (0.1 g)
crown ether (0.15 g)

CH,Cl, (1

[M(CN)g]®~ (M = Fe, Cr)® A more interesting magnetic
component is furnished by the ferro- and ferrimagnetic and
canted antiferromagnetic bimetallic oxalate layers of formula
[M"™M"(0x)s]~ (M = Fe, Cr, and Ru; M= Mn, Fe, Co, Ni,
and Cu)? This family of molecule-based magnets has very
recently been used with the organic donor bis(ethylenedithio)-
tetrathiafulvalene (BEDT-TTF) to give the first molecular
metallic ferromagne? Another possibility offered by the TTF
family of organic donors is the combination of electrical
conductivity with optical properties. This goal can be achieved
by using the photochromic nitroprusside anion [Fe(§NQ]%",
which presents two light-induced long-lived metastable states
when it is irradiated with light due to a bond isomerization of
the NO group (that passes from N-bond (nitrosyl) te® (779

and to O-bond (isonitrosyl) coordinatioH)These isomerizations
produce important geometrical changes in the anion that can
be used to provoke light-induced changes in the TTF type
counterions and, thus, in their conducting propertfes.

Among the TTF type donors, one of the most promising
molecules is the bis(ethylenethia)tetrethiafulvalene (BET-TTF),
which presents two external rings Wi S atom that enhances
the side-to-side connectivity in the derived solids byS and
C—H---S contacts, giving rise to packings with marked two-
dimensional character. Many of the BET-TTF derivatives also
show 2D electronic character and, hence, high conductivities.
In fact, this donor has already led to many semiconductors and
metals!3

(6) See, for example: (a) Lequan, M.; Lequan, R. M.; Hauw, C.; Gaultier,
J.; Maceno, G.; Delhaes, Bynth. Met1987 19, 409. (b) Lequan,
M.; Lequan, R. M.; Maceno, G. Delhaes, P.Chem. Soc., Chem.
Communl1988 174. (c) Marsden, I. R.; Allan, M. L.; Friend, R. H.;
Kurmoo, M.; Kanazawa, D.; Day, P.; Bravic, G.; Chasseau, D.;
Ducasse, L.; Hayes, WRhys. Re. B 1994 50, 2118.

(7) (a) Martin, L.; Turner, S. S.; Day, Bynth. Met1999 102 1638. (b)
Coronado, E.; GaleMascafs, J. R.; Gmez Gar@a, C. J.J. Chem.
Soc., Dalton Trans200Q 205.

(8) (a) Bouherour, S.; Ouahab, L.; RerO.; Padiou, J.; Grandjean, D.
Acta Crystallogr.1989 C45, 371. (b) Le Magueres, P.; Ouahab, L.;
Briard, P.; Even, J.; Bertault, M.; Toupet, L.; Ramos, J.nm@a-Gar@,

C. J.; Delhaes, MMol. Cryst. Lig. Cryst1997 305 479. (c) Clemente-
Leon, M.; Coronado, E.; Gate-Mascafs, J. R.; Gmez-Garaa, C.
J.; Rovira, C.; Laukhin, V. NSynth. Met1999 103 2339.

(9) (a) Tamaki, H.; Zhong, Z. J.; Matsumoto, N.; Kida, S.; Koikawa, M.;
Achiwa, N.; Hashimoto, Y.; Okawa, H. Am. Chem. So04992 114,
6974. (b) Clemente-Leg M.; Coronado, E.; GataMascars, J. R.;
Gomez-Gar@a, C. J.Chem. Commuril997 1727. (b) Coronado, E.;
Galan-Mascafs, J. R.; Gmez-Gar@, C. J.; Ensling, J.; Glich, P.
Chem. Eur. J200Q 6, 552.

(10) Coronado, E.; GateMascafs, J. R.; Gmez-Garaa, C. J.; Laukhin,
V. N. Nature200Q 408 447.

(11) Carducci, M. D.; Pressprich, M. R.; CoppensJPAm. Chem. Soc.
1997 119 2669.

(12) (a) Yu, H.; Zhu, DPhysica C1997, 282—287, 1893. (b) Gener, M.;
Canadell, E.; Khasanov, S. S.; Zorina, L. V.; Shibaeva, R. P.; Kushch,
L. A.; Yagubskii, E. B.Solid State Commuril999 111, 329. (c)
Kushch, L.; Buravov, L.; Tkacheva, V.; Yagubskii, E.; Zorina, L.;
Khasanov, S.; Shibaeva, Rynth. Met1999 102, 1646. (d) Clemente-
Leon, M.; Coronado, E.; GalaMascars, J. R.; Gimaez-Saiz, C.;
Gomez-Gar@, C. J.; Fabre, J. MSynth. Met1999 103 2279. (e)
Clemente-Lén, M.; Coronado, E.; GataMascars, J. R.; Gmez-
Garca, C. J.; Canadell, Hnorg. Chem 200Q 39, 5394.

0 mL) CHCl, (10 mL)

Table 2. Crystal Data for the Radical Salts
«-(BET-TTFU(NEL),[Fe(CN)] (1) and
(BET-TTF),[Fe(CN)NO]-CH,Cl, (2)

1 2
formula GoH7oFeNsSy4 CoeH1sClLFEN;S; .0
a A 38.867(7) 16.237(6)
b, A 8.438(8) 18.097(8)
c, A 11.239(6) 12.663(7)
B, deg 90.994(9) 106.016(9)
vV, A3 3685(4) 3576(3)
VA 4 4
fw 1754.61 941.95
space group C2/c C2lc
Pealca 9 CNT 3 1.545 1.749
A A 0.71069 0.71069
u, et 9.31 13.07
Ra 0.0754 0.0857
Ry 0.1711 0.2082

AR= 3 (Fo — Fo)/Y(Fo). ® R = [X[W(Fo? — FA)A/ 3 [W(FA] Y% w
= 1/[0%(F2) + (0.2000), whereP = (Fs2 + 2F /3. ¢ R, = [ 3 [W(F:2
— FAA S [W(FAA1 Y% w = 1/[o¥(Fo?) + (0.1364)?], whereP = (Fg?
+ 2F2)/3.

In this context, here we report on the synthesis and structural
and physical characterization of two new radical salts prepared
with the donor bis(ethylenethia)tetrathiafulvalene (BET-TTF)
and the paramagnetic hexacyanoferrate(lll), [Fe@N) anion,
(BET-TTF)}(NEt),[Fe(CN)] (1), and the nitroprusside anion,
[Fe(CNENO]J?~, (BET-TTF)[Fe(CNBNO]-CH.CI; (2).

Experimental Section

Synthesis of the Radical SaltsBoth radical salts were synthesized
on a platinum wire electrode by the standard electrochemical oxidation
of the donor in a U-shaped cell under low constant current {—1.2
uA). The crystallization times vary from three to 10 days, depending
on the salt. The exact conditions for the synthesis of the radical salts
are summarized in Table 1.

X-ray Crystallographic Analysis. The crystal structure analyses
were done on a black, shiny, long, platelike single crystdl ahd on
a black needlelike single crystal &f(approximate dimensions: 0.40
x 0.20 x 0.03 mn¥ and 0.30x 0.15 x 0.04 mn3, respectively).
Relevant crystallographic data and structure determination parameters
for the two salts are given in Table 2. The atomic coordinates, thermal
parameters, and bond distances and bond angles of the asymmetric unit
of the two salts are given in the Supporting Information. Cell parameters
were obtained by the least-squares refinement method with 25 reflec-
tions in the two structures. Intensity data were measured at room

(13) (a) Tarfs, J.; Veciana, J.; Rovira, Gynth. Met1995 70, 1167. (b)
Tarres, J.; SantdloN.; Mas, M.; Molins, E.; Veciana, J.; Rovira, C.;
Yang, S.; Lee, H.; Cowan, D. O.; Doublet, M. L.; Canadelldem.
Mater. 1995 7, 1558. (c) Rovira, C.; Tafse J.; Ribera, E.; Veciana,
J.; Canadell, E.; Molins, E.; Mas, M.; Laukhin, V.; Doublet, M. L.;
Cowan, D. O.; Yang, SSynth. Met1997, 86, 2145. (d) Peez-Beritez,

A.; Rovira, C.; Veciana, J.; Vidal-Gancedo, J.; Laukhin, V. N.; Zorina,
L. V,; Khasanov, S. S.; Narymbetov, B. Zh.; Shibaeva, RS¥nth.
Met 1999 102 1707. (e) Laukhina, E. Ribera, E.; Vidal-Gancedo,
J.; Khasanov, S. S.; Zorina, L. V.; Shibaeva, R.; Canadell, E.; Laukhin,
V.; Honold, M.; Nam, M. S.; Singleton, J.; Veciana, J.; Rovira, C.
Adv. Mater. 200Q 12, 54.
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temperature on an Enraf-Nonius CAD4 diffractometer with graphite-
monochromated Mo & radiation with the w—26 method. The
measurement of three standard reflections every 120 min revealed no
intensity fluctuations. The structures were solved by direct methods
using the SIR97 progrant followed by Fourier synthesis, and refined
on F? using the SHELXL-97 progrart. Lorentz, polarization, and
semiempirical absorption correctiong-6can method) were applied to
the intensity data. All calculations were performed in a SPARC station
20 (Sun Microsystems). It all the atoms, except some C, the N, and
the H atoms, were refined anisotropically.2ronly the heavy atoms
(Fe and S) were refined anisotropically.

Conductivity Measurements.Direct current conductivity measure-
ments over the range 2800 K were performed with the standard
four-contacts method fot and with two contacts fo on the best
developed face of several single crystals of each sample, giving
reproducible results in all cases. Contacts to the crystals were made by
platinum wires (20um diameter) attached by graphite paste to the
samples.

Magnetic Measurements Variable-temperature susceptibility mea-
surements were carried out in the temperature rangg02 K at a
magnetic field 61 T on polycrystalline samples with a magnetometer
(Quantum Design MPMS-XL-5) equipped with a SQUID sensor. The
susceptibility data were corrected from the sample holders previously
measured in the same conditions and from the diamagnetic contributions
of the salts as deduced by using Pascal’'s constant tables. Variable-

Figure 1. View of the ab plane showing the alternating organic and
inorganic layers ink-(BET-TTF)(NE),[Fe(CN)] (1). The NEg*
cations have been omitted for clarity.

temperature ESR spectra were recorded on single crystalsafud on
polycrystalline samples fat and2 at X-band with Bruker ER200 and

ER300 spectrometers equipped with helium cryostats and an automatic

goniometer. The field was measured using a diphenylpicrylhydrazyl
(DPPH,g = 2.0036) stable free radical marker.
Electronic and Vibrational Spectroscopies.Transmission measure-

ments of pressed KBr pellets were recorded at room temperature with

a Perkin-Elmer RX | FT-IR spectrophotometer in the range-48000
cmt and with a Hitachi U-2001 spectrophotometer in the range 9000
28000 ¢t for compound?. For compound, the measurements were
made with a Perkin-Elmer Spectrum 1 FT-IR spectrophotometer in the
range 4006-7000 cnt! and with a Varian Cary 5 spectrophotometer in
the range 333320000 cm?.

Band Structure Calculations. The tight-binding band structure
calculations used an extendeddKal-type Hamiltoniat? and a modified
Wolfsberg-Helmholtz formuld’ to calculate the nondiagonil; matrix
elements. Doublé-orbitals® for C and S were used. The exponents

Figure 2. View of the organic layer ir-(BET-TTFu(NEL)[Fe(CN)]
(1) showing thex packing of the BET-TTF molecules.

strategy with the NEf salt of the [Fe(CNj3~ anion led to
shiny, black, long, platelike single crystals of the radical salt
k-(BET-TTFu(NEL)[Fe(CN)] (1), while the use of the second
strategy led to very small, black, needlelike single crystals of a
different phase whose structure has not been resolved yet. For
the [Fe(CN3NO]2~ anion, good quality black, needlelike single

and parameters employed in the calculations were taken from previouscrystals of a radical salt formulated as (BET-TZ[F(CN}NO]-

work 1®

Results and Discussion

Synthesis and Structures.The radical salts were obtained
by electrochemical oxidation of an organic solution containing
neutral BET-TTF donor and the corresponding complex anion
([Fe(CNX]®~ or [Fe(CN)NOJ?"). To make soluble these two
anions, we have followed two different procedures. One involves
the prior preparation of a tetraalkylammonium salt of the anion
which is already soluble in the common organic solvents, while
the other starts from a suspension of an alkaline satt ¢K
Na") of the anion which is made soluble by addition of a crown
ether such as the dibenzo[18]crown[6]. The use of the first

(14) SIR97: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.;
Spagna, RJ. Appl. Crystallogr.1999 32, 115.

(15) Sheldrick, G. MSHELXL-97 University of Gdtingen, 1997.

(16) (a) Whangbo, M.-H.; Hoffmann, RJ, Am. Chem. Sod.978 100,
6093. (b) Hoffmann, R.J. Chem. Physl963 39, 1397.

(17) Ammeter, J.; Brgi H.-B.; Thibeault, J.; Hoffmann, Rl. Am. Chem.
Soc 1978 100, 3686.

(18) (a) Whangbo, M.-H.; Williams, J. M.; Leung, P. C. W.; Beno, M. A,;
Emge, T. J.; Wang, H. H.; Carlson, K. D.; Crabtree, G. WAm.
Chem. Soc1985 107, 5815. (b) Clementi, E.; Roetti, CAt. Nucl.
Data Tables1974 14, 177.

(19) Peanicaud, A.; Boubekeur, K.; Batail, P.; Canadell, E.; Auban-Senzier,
P.; Jeome, D.J. Am. Chem. Sod 993 115, 4101.

CHClI; (2) were obtained only when using the second strategy.
The crystal structures df and2 were determined by single-
crystal X-ray analysis. The structure bfconsists of layers of
the organic donors alternating along theaxis with layers
formed by the hexacyanoferrate anions and JEtations
(Figure 1). The organic layer contains only one crystallographi-
cally independent BET-TTF molecule. The molecular arrange-
ment in these layers consists of centrosymmetrical eclipsed
dimers orthogonal to their closest dimers, giving rise to the well-
known kappa phase (Figure Z)Although this phase has already
been observed in many radical salts with other TTF type donors
(mainly BEDT-TTF), this is the first time this is observed for
the BET-TTF donor. The intradimer-S8S distances (shortest
distance of 3.88 A) are longer that the distances between
orthogonal dimers (shortest distances of 3.76 and 3.80 A) and
similar to those observed between parallel dimers (shortest
distance of 3.91 A). These structural features support a marked
two-dimensional character for the organic network. As there
are two different organic layers per unit cell, a remarkable fact
in this structure is the relative orientation of the dimers situated
on consecutive layers (Figure 3). Thus, each dimer of a given

(20) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
U.; Wang, H. H.; Kini, A. M.; Whangbo, M. HOrganic Supercon-
ductors. Synthesis, Structure, Properties and The@Grymes, R. N.,
Ed.; Prentice Hall: Englewood Cliffs, NJ, 1992.
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Figure 3. View of two consecutive organic layers (one in black and
the other in white) and the inorganic one between them in the salt
«-(BET-TTFU(NEL)-[Fe(CN)] (1). One of the two possible positions  gjgyre 4. View of the ab plane showing the channels created by the
of the [Fe(CNJJ*" anions is indicated only by the Fe atom. BET-TTF dimers in (BET-TTR{Fe(CN}NO].CH,Cl; (2). The solvent
molecules in the central channels have been omitted for clarity.
layer is orthogonal to the closest dimer situated on the next )
layer in such a way that the projection of two consecutive layers C Parameters (8.438 and 11.239 A, respectively). TheGe
gives rise to squares formed by two orthogonal dimers. Another bond distances (1.91, 1.93, and 1.98 A) are very similar to those
relevant feature concerns the positional disorder found in the found in the [Fe(CNJ*" anion (average FeC distance of 1.91
sulfur atoms of the two outer rings of the BET-TTF molecule. A).2* The [Fe(CNjJ*~ anions show some short contacts with
Thus, in one of the outer rings the S atom is statistically the organic cations. Thus, the shortest-N and N--S distances
distributed over the two available positions (occupancy factor are 3.24 and 3.51 A, respectively. o
of 0.5), whereas in the other outer ring one of the positions is  The structure of the nitroprusside derivative) (s very
mainly occupied  a S atom (occupancy factor of 0.8) and the Unusual. Instead of exhibiting the typical segregated structure
other ty a C atom (occupancy factor of 0.8). This disorder, of organic layers alternating with layers Qf the inorganic anions,
which has already been observed in other BET-TTF da#s,  the organic network forms two types of zigzag channels running
may arise from the coexistence of cis and trans isomers of the@/0ng thec axis. One of these channels accommodates the
BET-TTF cations in the crystal due to an isomerization of the @nions, while the solvent molecules (disordered water and

BET-TTF molecule (initially trarjsduring the oxidation process. ~ POSSibly CHC) are located in the other channels (Figure 4).
A second contribution to the disorder may be due to the two AS N1 there is only one crystallographically independent BET-

possible ways of packing of the BET-TTF in the structure. The ETF moleﬁule WhiChI g fOLmiSng eClipied p;’:lirs.bA dislc))rder .
fact that the positional disorder is not completely statistical Tt;twegn tthe textedrna d ar:j alttt.oms fat?]asot een o tshervg :
suggests a preferential packing mode of the BET-TTF cations, us, In the wo disordered positions of the outer rings neé |
probably due to the tendency of these donors to maximize theand S atoms appear, respectively, with multiplicities 0.5/0.5 in

intermolecular S-S interactions. Notice that the above disorder '?'%e: (r)rzotlr:eitﬁzgerrlglsgrr:?:e?/g?aﬁéﬁgfir;r;r;r(]j?m(gpgc.:oqt]:czET-
does not affect the central TTF skeleton of the BET-TTF, P

making it possible to roughly estimate its degree of ionicity (the shortest intradimer-8S distance is 3.30 A). There are also

) X some short S-S interdimer contacts (the shortest interdimer
{;Onlr:g'? t?\gn% ?,f&?;sczz\',lfgeecde?é:aéggﬁf;afgﬁﬁsfgﬁg for S-S distance is 3.50 A). The low resolution of the structure
BET TTE. we can estimate ar?average charge®26 on each and, hence, the high standard deviations in the bond distances
o ) : recl n imation of th ree of ionicity of the BET-
BET-TTF molecule, in good agreement with the calculated preclude any estimation of the degree of ionicity of the

L A TTF molecule from its bond distances. Still, from the stoichi-
charge of+1/4 from the stoichiometry (4:1), the anionic charge ometry of the salt (2:1) and the charge of the complex anion

(=3). and_ th? presence of two NEtcat_ions. ~(—2), itis clear that the BET-TTF molecules are fully ionized.
The anionic layers are formed by discrete centrosymmetric g conclusion is supported by the electronic and magnetic
[Fe(CN)]®~ anions that exhibit a positional disorder along the properties (see below).
¢ axis of the whole anion over two possible positions with an "~ e jnorganic anions are located inside the zigzag channels
occupancy factor of 0.5. This disorder places the iron atoms at(Figures 4 and 5). The [Fe(CMJOJ?* anions appear as discrete
the origin of the unit cell (0,0,0) and at the center (1/2,1/2,1/2) anjons located on @, axis. The shortest intra- and interchannel
or at the center of the axis (0,0,1/2) and of th@b face  pq..Fe distances are 6.74 and 12.16 A, respectively. There is
(1/2,1/_2,0) of the unit cell. I_n both cases the n_umber of anions a positional disorder in the NOligand which appears mainly
per unit cell is two and the iron atom always lies between tWo gejocalized over two of the six coordination positions of the
adjacent squares formed by two orthogonal dimers of consecu-jron atom. These two positions presentf@N distances of
tive layers (Figure 3). This disorder must come from a 1 75(2) A which are between the expected values for thehFe
displacement of one-half of the anionic chains running along 5nq Fe-C bond distances observed in the ordered nitroprusside
thec axis. The shortest FeFe distances are equal to thand anion (1.65-67 and 1.91 A, respectively). The other four-F@
distances are longer (1.85(3), 1.85(4), 1.88(2), and 1.88(2) A)
and closer to the normal Fe&€ bond distances (1.91 A) in both

(21) Coronado, E.; GamMascarfs, J. R.; Gimeez-Saiz, C.; Gmez-
Garca, C. J.; Rovira, C.; Taree J.; Triki, S.; Veciana, 1. Mater.
Chem.199§ 8, 313.

(22) Guionneau, P.; Kepert, C. J.; Bravic, G.; Chasseau, D.; Truter, M. R.; (23) Le Magueres, P. Ph.D. Dissertation, University of Rennes, France,
Kurmoo, M.; Day, P.Synth. Met1997, 86, 1973. 1995.
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in the salt (BET-TTR{Fe(CN)NO]-CH.Cl; (2). =
&3) ] —
the [Fe(CN3NO]?~ and [Fe(CN)]3~ anions?* There are many f
short anior-cation contacts (the shortest-hs distance is 2.92 L0
A), suggesting the existence of significant interactions between !

the BET-TTF molecules and the [Fe(GN)O]?~ anions. 8.8 r y M 7 r

Electronic and Vibrational SpectroscopiesThe IR spectra.  Figyre 7. Calculated dispersion relations for the donor layers of
of the two radical salts show the bands corresponding to the «-(BETTTF.(NEL)[Fe(CN)] (1) assuming an ordered layer of-
organic donor and to the anions. In the casel dhe typical BET-TTF donorsI” = (0, 0), Y = (b*/2, 0), Z = (0, c*/2), and M=
bands of the NEt cations are also observed. In both salts the (b*/2, c*/2).

CN bands of the anions appear, as usually, in the 2@460
cmt region, while in2 a band associated with the NO group
is also observed at 1870 c Let us focus on the vibrational
stretching modes associated with the doub#e@bonds of the
central part of the BET-TTF molecule, which are sensitive to
the degree of ionicity of the organic dorSrWe observe that

in 1 the v3 and v,7 bands appear at 1317 and 14337ém
respectively, while ir2 these bands are shifted toward higher
energies (1341 and 1459 ci) and are sharper. This result
indicates a higher degree of ionicity of the BET-TTF molecules
in 2, in agreement with the charges deduced from the chemical
formulas ¢-1/4 in 1 and +1 in 2). A further support to this

Electrical Properties. The temperature dependence of the
normalized resistivity ofl, measured in the bc plane of the
crystals, which is parallel to the donor layers, is displayed in
Figure 6. The room-temperature conductivity is 11.6 S&m
The resistivity increases upon cooling the sample, indicating a
semiconducting behavior even if the room-temperature con-
ductivity is quite high. From a logarithmic plot of the resistivity
we can estimate an activation energy of 45 meV. We can
conclude that this salt is a semiconductor with a high room-
temperature conductivity and a low activation energy. In
contrast,2 shows a very low room-temperature conductivity
(<108 S cnT!) and a strong electron localization. This is in

er:ectron distribution rf;lom((ejs fror?] the dlfferenges ok;)served in agreement with the charge 6fL on the BET-TTF molecules
the vis—NIR spectra ofl. and2. In the spectrum of we observe and with the structural features.

a broad and intense charge transfer band centered in the IR E|actronic Structure. Because of the above-mentioned
region at ca. 2700 cnt (the so-called A-band), which corre-  gyctyral disorder, we have considered several ordered models
sponds to electron transfers between neutral and completely, sq,qying the electronic structure of the donor layersLof
charged donor molecules and is the signature of a mixed valencerpg gispersion relations calculated for the four highest occupied
state in the organic network. In addition, we can also observe p5nds of an ordered layer of cis-BET-TTF donors are shown in
a weaker band at 11 700 cin(the so-called B-band), which  Figure 7. These bands are mainly built from the HOMO of the
corresponds to electron transfers between donor molecules wWithg ET-TTFE donor. The double degeneracy of the bands along
an integer charg& In contrast, the spectrum @only shows some directions of the Brillouin zone is due to the existence of
a band of type B at 11550 cmi indicating that in this  nonsymmorphic symmetry elements. Since the unit cell contains
compound the BET-TTF molecules present an integer charge.foyr BET-TTF donors with an average charge-ef/4, there

are seven electrons to fill the bands of Figure 7 so that the upper

(24) (a) Shyu, H. L.; Wei, H. H.; Wang, Yinorg. Chim. Actal997, 258 pair of bands should be one-quarter empty. The calculated values
21- (tghpfessspfggbzﬂﬁa \é\/zfgge’ M. A.; Vekhter, Y.; CoppensJP.  of W, W, andW, (see Figure 7) which characterize the topology
M- ZNEm: S0 % of the band structure of thephase%’ are 0.88, 0.30, and 0.48

(25) (a) Kozlov, M. E.; Pokhodnia, K. I.; Yurchenko, A. Spectrochim.
Acta 1989 45A 437. (b) Swietlik, R.; Garrigou-Lagrange, C.;

Sourisseau, C.; Pages, G.; DelsaR.J. Mater. Chem1992 2, 857. (27) Jung, D.; Evain; M.; Novoa; J. J.; Whangbo, M.-H.; Beno, M. A,
(26) Torrance, J. A.; Scot, B. A.; Welber, F. Bhys. Re B 1979 19, Kini, A. M. Schultz, A. J.; Williams, J. M.; Nigrey, P. Jnorg, Chem.

730. 1989 28, 4516.
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eV, respectively. The corresponding values for an ordered layer
of trans-BET-TTF donors are 0.97, 0.33, and 0.52 eV, respec-
tively. A calculation in which the outer five-membered rings
of BET-TTF are replaced by two hydrogen atoms and keeping
all other geometric details of the layer (i.e., using TTF molecules
with the same inner core as the BET-TTF ones so that we
completely remove the effect of the two outer S atoms) leads
to values of 0.78, 0.26, and 0.40 eV. The last two calculations
lead to the upper and lower values for ieW_, andW values,
respectively. Of special concern here are Wig values, i.e.,

the dispersion of the pair of partially filled bands. When
compared with those calculated for otlephases using exactly
the same computational approdet—for instancex-(BEDT-
TTF),Cu(NCS) (0.59 eV),k-(BEDT-TTF)l3 (0.70 eV),k-(MDT-
TTF)Aul; (0.56 eV), and-(BMDT-TTF),Au(CN), (0.74 eV)—

it is clear that even the upper limit fdr is somewhat lower
than the lowest values calculated for metalliphases. This
suggests a strong tendency fbtoward localization and thus
activated conductivity, which is quite common fephases. In

Inorganic Chemistry, Vol. 40, No. 14, 2008531
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Figure 8. ymT vs T plot of the saltk-(BET-TTF)(NEL)-[Fe(CN)]
(2) (filled circles), the salt (BET-TTRJFe(CN)NO].CH,Cl; (2) (empty
circles), and the NEt (filled squares) and AsRh (empty squares)
salts of the [Fe(CN)®~ anion.

fragments of the layer that can be seen as interacting (BET-
TTF,)" dimers with site energies very similar to those in the
usual metallick-phases, something that is consistent with the

the present case both the disorder in the donor layer and thehigh but activated conductivity exhibited Hy

lower number of holes (i.e., the average charge of the donors is
+1/4 here but+-1/2 in the usuak-phases) make such localiza-
tion even more likely.

Let us now briefly consider whyl has activated but quite
high electrical conductivity. There are three different types of
donor--donor intermolecular interactions associated with
S:+-S contacts shorter than 4.0 A in the donor layerg.adbne
of them (A) is the intradimer one, whereas the other two (B
and C) are associated with almost orthogonal pairs of BET-
TTF donors (i.e., donors belonging to different dimers). Thus,
every donor is associated with two B and two C type interactions
with neighboring donors. The calculat¢gfiomo-Homo inter-
molecular interaction energié$which are a measure of the
strength of the interaction between two HOMOs in adjacent
sites of the layer, are 0.3302 (A), 0.1089 (B), and 0.0502 eV
(C) for the ordered layer of cis-BET-TTF donors. The interdimer
HOMO:---HOMO interactions are clearly weaker than the
intradimer one, and thus, the “natural” building blocks of the
layer to house the hole are the dimers. However, since the
average charge i51/4, only half of the dimers can be described
as (BET-TTR)™". Because of the structural disorder, there can
be several different types of dimers, i.e., trat@ns (two
different types), ciscis (two different types), and transis,
which are associated with intradimétiomo-nomo Vvalues
between 0.3481 and 0.2940 eV. This means that the site energie
can vary in a nonnegligible way from one dimer to the other,
and this leads to an important source of disorder from the
electronic viewpoint. Then it is clear that the holes will choose
to be located in half of the dimers, those associated with the
largestfnomo-nomo values. However, the number of different
possibilities of intradimer and interdimer types of interactions
is too large to observe anything more than just an average
structure in the crystal structure determination. However, every
(BET-TTR,)™ dimer is surrounded by two (BET-TEF and
two (BET-TTR)? dimers on average. Thus, there are large

(28) BEDT-TTF, bis(ethylenedithio)tetrathiafulvalene; MDT-TTF, (meth-
ylenedithio)tetrathiafulvalene; BMDT, bis(methylenedithio)tetrathi-
afulvalene.

(29) Whangbo, M.-H.; Williams, J. M.; Leung, P. C. W.; Beno, M. A;;
Emge, T. J.; Wang, H.-Hlnorg. Chem 1985 24, 3500. These
interaction energiegs§ should not be confused with the conventional
transfer integralst), although they have the same physical meaning.
Thef values are usually larger than thenes mainly because overlap
is included in extended Hikel calculations.

(30) Clemente-Léo, M. Ph.D. Dissertation, University de Valencia, Spain,
1999.

Magnetic Properties. The product of the magnetic suscep-
tibility times the temperaturegf,T) as a function of temperature
for 1 shows at room temperature a value of 0.9 emu Kthol
and a continuous decrease upon cooling to a value of ca. 0.4
emu K mofl?! at 2 K (Figure 8). This behavior is dominated by
the magnetic properties of the [Fe(GN) anion. In this
complex the Fe(lll) is in a low-spin configuration, being then
described by an orbitally degenerate tefip. This orbital
contribution leads to a magnetic behavior characterized by a
strong magnetic anisotropy and by a temperature-depepgént
product that varies from salt to salt. In fact, with bulk cations
such as NEt" or AsPhy™ theymT product decreases from values
of 0.6-0.7 emu K mot? at room temperature to values of 6.3
0.4 emu K mot? at low temperatures (Figure 8). Hence, from
these magnetic susceptibility data it is very difficult to extract
any information on the magnetic contribution coming from the
organic sublattice. Nevertheless, an estimation of the difference
between theymT product of saltl and the NEt+ or AsPht
salts of the [Fe(CNJ]3~ anion gives a constant, value of
~10-2 emu mofi? at high temperatures-(100 K), which would
come from the organic sublattice. The value of this temperature-
independent paramagnetism (TIP) suggests that it can be
attributed to a Pauli type paramagnetism, typical of metallic
and highly conducting radical saR&in agreement with the ESR
data (see below).

More useful and sure information on this point can be derived
from the ESR spectra. At high temperatures the [Fe(EN)
anion is ESR silent due to the short relaxation times ofihe
term. For example, the (NPt salt of the [Fe(CNy|®~ anion
shows no ESR signal at high temperatures but displays a very
complex spectrum with signals in the range 268000 G below
ca. 100 K. So, in a wide region of temperatures it is very easy
to follow the signal associated with the organic radical and, by
integration of the signal, to derive the magnetic susceptibility
coming from this sublattice. This study shows that in the region
where the inorganic anion is ESR silent (3200 K) the
susceptibility is, within experimental error, temperature inde-
pendent. This TIP may be attributed to a Pauli-type paramagnet-
ism that comes from the delocalized electrons of the organic
sublattice?® This result indicates that the spins do not behave
as localized in the organic part, in agreement with the electronic
structure analysis, which indicates that in this 2D structure the
(BET-TTR,)" radicals are strongly interacting.

The appearance in the spectrum of the signal coming from
the inorganic anion at low temperatures modifies both the line
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(depending on the rotation angle) when the magnetic field is
out of this plane (Figure 9, bottom). This Dysonian shape is
typical of radical salts with high conductivity values and agrees
with the fact that the best developed face of the single crystal
is parallel to thebc plane. Moreover, the angular dependence
of the g factor and line width of the ESR signal indicates a
much smaller anisotropy when rotating the single crystal around
the a* axis (keeping the magnetic field parallel to the layers)

than when the rotation is done around the other two axes (Figure
9, bottom), in agreement with the expected behavior for the
2D donor layers in a kappa phase. As expected, the largest value
of the g factor andAHp, were found when the magnetic field

is parallel to thea* axis, which runs almost parallel to the long

2000 4000 6000 8000 10000 axes of the BET-TTF molecules.
H(G) The magnetic properties 02 indicate that this salt is

diamagnetic. This result is in full agreement with the chemical

composition and structure of the compound. In fact, the
[Fe(CN)NOJ?~ anion is diamagnetic, and the diamagnetism in
the organic sublattice is consistent with the presence of spin-
paired (BET-TTR)?" dimers. After correcting the susceptibility
data from the diamagnetism of the sample, the magnetic
properties show a constant and very weak paramagnetic

contribution of y,T = 0.009 emu K mot! in the entire
3200 3300 3400 3500 temperature range (Figure 8), which corresponds to a total
amount of paramagnetic impurities of 0.024 spins/mol (i.e., one
isolated BET-TTF radical every approximately 80 donor

molecules). As shown by ESR, this paramagnetic contribution
comes from isolated BET-TTFimpurities. Thus, a weak and
) narrow signal centered @ = 2.0067 withAH = 16 G is

] 293K
et et

PR

-

observed at room temperature whose intensity increases when
decreasing temperature following a Curie law.

Conclusions

AH (G)

The use of the donor molecule BET-TTF with the octahedral
anions [Fe(CNJ®~ and [Fe(CN3NOJ]%~ has given rise to two
new radical salts formulated agBET-TTF)y(NEt),[Fe(CN)]

0 30 60 '90" 120 150 180 (1) and (BET-TTF)[Fe(CN)NO]-CH,Cl, (2). Even if both
8¢ anions are very similar in shape and size, these two salts present
Figure 9. (top) ESR spectra of a single crystal of the satBET- very different stoichiometries, packing motifs, and oxidation

TTF)4(NEW).[Fe(CN)}] (1) at different temperatures showing the states of the organic radicals. Thus, saftonstitutes the first
appearance of the anion signals at low temperatures. (center) ESRknown kappa phase of the BET-TTF donor, whereas 2alt
spectrum of a single crystal of sdltwhen the magnetic field is parallel presents an original structure where the anions occupy the

to thebc plane showing the Dysonian signal coming from the BET- . - :
TTF radical. (bottom) Angular dependence of the line widthi( empty tunnels formed by dimers of organic molecules. These differ-

symbols) andg factor (filled symbols) for a single crystal of sait ences can be attributed on one side to the different anionic
when it is rotated around tre (circles),b (squares), and (rhomboids) charge and on the other side to the different synthetic strategy
axes. Inset: crystal orientation for the three rotations. used for each salt. Thus, the use of low-soluble salts of the anion

gives rise to high oxidation states$ 1) in the organic donor of

width and theg values associated with the organic sublattice salt2 as a consequence of the high applied potentials during
(Figure 9, top). Thus, upon cooling a polycrystalline sample, the electroxidation of the donor. When using a very soluble
the line width decreases from 40 G at room temperature to reachsalt of the anion, the oxidation state of the donor in &altas
a minimum value of 15 G at 100 K, and below this temperature much lower (1/4). The electronic spectra confirm the presence
it broadens to reach a line width of ca. 60 G at 20 K and 130 of a mixed valence state in the organic donors of gathat
G at 4 K. In a similar way the factor shows a constant value  gives rise to a high room-temperature conductivity in contrast
of 2.009 from room temperature down to 100 K and sharply with the low value for salg, where all the donor molecules are
increases to 2.011 below this temperature. completely oxidized. The thermal variation of the static magnetic

Finally the ESR spectra also provide useful information on susceptibility of saltl suggests the presence of a small Pauli
the high electron delocalization in Thus, the room-temperature  type paramagnetic contribution at high temperatures coming
ESR spectrum of a single crystal shows a Dysonian line (Figure from the electronic delocalization in the organic sublattice. This
9, center) with A/B~ 1.7, centered afj = 2.0038-2.0044, contribution is confirmed by the dynamic susceptibility obtained
with a peak-to-peak line widthH,p) of 26—29 G (depending from the thermal variation of the ESR spectrum. Salts
on the rotation angle) when the magnetic field is parallel to the diamagnetic, in agreement with the X-ray structure (that shows
plane of the organic donord¢ plane), and a symmetrical line  a strong dimerization in the organic sublattice) and with the
centered atg = 2.0038-2.0093 with aAHp, = 26—40 G diamagnetic nature of the anion.
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