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Abstract: (EDT-TTF-CONH,)s[ResSes(CN)s], space group R3, was prepared by electrocrystallization from
the primary amide-functionalized ethylenedithiotetrathiafulvalene, EDT-TTF-CONH, (Ei2* = 0.49 V vs SCE
in CH3CN), and the molecular cluster tetraanion, [ResSeg(CN)e]*~ (Ewz = 0.33 V vs SCE in CH3CN), equipped
with hydrogen bond donor and hydrogen bond acceptor functionalities, respectively. Its Kagome topology
is unprecedented for any TTF-based materials. The metallic state observed at room temperature has a
strong two-dimensional character, in coherence with the Kagome lattice symmetry, and the presence of
minute amounts of [ResSes(CN)e] @) identified by electron spin spectroscopy. A structural instability toward
a distorted form of the Kagome topology of lesser symmetry is observed at ca. 180 K. The low-temperature
structure is associated with a localized, electrically insulating electronic ground state and its magnetic
susceptibility accounted for by a model of uniform chains of localized S = %/, spins in agreement with the
100 K triclinic crystal structure and band structure calculations. A sliding motion, within one out of the three
(EDT-TTF-CONHy), dimers coupled to the [ResSesg(CNe)]/[ResSes(CNg)*~] proportion at any temperature,
and the electronic ground state of the organic—inorganic hybrid material are analyzed on the basis of ESR,
dc conductivity, *H spin—lattice relaxation, and static susceptibility data which qualify a Mott localization in
[EDT-TTF-CONH;]s[ResSes(CN)g]. The coupling between the metal—insulator transition and a structural
transition allows for the lifting of a degeneracy due to the ternary axis in the high temperature, strongly
correlated metallic phase which, in turn, leads to Heisenberg chains at low temperature.

Introduction

The Kagome topology is a planar, hexagonal net comprising

interest, especially f@= 1/, spins® Despite recentadvancés}®’
there are only few systems available today, among which the

triangles and hexagords? When unpaired spins are localized ~molecular saltfrMPYNN)X (m-MPYNN is m-N-methylpyri-
at the triangular corners, the prediction that these systems arefinium and X= 17, BF,~, CIO,”, etc.), a Kagome antiferro-

susceptible to exhibit a manifold of low-energy excitations

magnet where the unpaire® & 1/,) spin of any nitronylni-

directing diverse magnetic ground states generates an intensdroxide radical is ferromagnetically coupled within molecular
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(S=1) dimers?

The chemistry reported here relies on the construction of
functional, long-range ordered catiemnion interfaces by
directing hydrogen or halogen bonding interactions and express-
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ing the symmetry of the molecular precursors all the way up to  Unit-cell parameters were determined on a single crystal at several
the scale of bulk crystalline assembladeJhese principles low temperatures down to 200 K using an ENRAF-NONIUS Mach lll
govern the deliberate association by electrocrystallization of the four-circles diffractometer. Below 200 K, the intensities of the Bragg
primary amide-functionalized ethylenedithiotetrathiafulvalene, Teflections decrease dramatically as the Bragg peaks experience an
EDT-TTF-CONH (Ex2* = 0.49 V vs SCE in CHCN) and apparent broadenln.g up to the point where the determination of the
the molecular cluster tetraanion, [B&(CN)l*~ (Evs = 0.33 unit cell parameter is severely hampered. Bragg peaks are eventually

. . ) recovered gradually below 150 K; a data set was then collected at 100
12
V' vs SCE in CHCN),** equipped with hydrogen bond donor K on a STOE-IPDS diffractometer from which a satisfactory average

and hydrogen bond acceptor functionalities, respectively. Suchgiycture solution was obtained and refined (Table S1, Supporting
organic-inorganic hybrid combinations, in particular those |nformation). In that case, the H atoms were introduced, and only the
involving inorganic clustef§:'4 and extended inorganic net- Re, Se, and S atoms were refined anisotropically. Note that the
works!* are proving their interest in the field of molecular considerable increase of the mosaicity across the transition of an
conductor®® as they are delivering fascinating architectures otherwise high-quality single crystal is fully reversible as sharp, narrow

associated with singular physical properties or combination of Bragg peaks are recovered upon bringing the crystal back to room
properties. temperature. However, the data and structure refinement at 100 K are

Thus, we report the synthesis, crystal structures, and eIectronicOf lesser quality than those of the room-temperature structure. Several

band structure calculations, integrated with in-depth electron atoms show disorder and have thus been refined with isotropic thermal
spin resonance and static ,susce tibility. de conductivity. and parameters only, and the hydrogen atoms have not been introduced on
P . . ) . P Y, Y these atoms. Details of crystallographic data and structure refinement
1 Y grap

H spin—Ilattice relaxation studies of (EDT-TTF-CONJd[Res- are given in the Supporting Information.

Se&(CN)g] whose K_agome topology is unprecedented for any  gang Structure Calculations. The tight-binding calculations used
TTF-based materials. The metallic state observed at rooman extended Hekel-type Hamiltoniat® The off-diagonal matrix
temperature has a strong two-dimensional character, in coher-elements of the Hamiltonian were calculated according to the modified
ence with the Kagome lattice symmetry and the presence of Wolfsberg-Helmholz formula2® A basis set composed of doulie-
minute amounts of [R&Se&(CN)s] @), identified by electron  Slater-type orbitals for C, N, O, and S and sing|&later-type orbitals
spin spectroscopy at room temperature. A structural instability for H was used. The exponents, contraction coefficients, and atomic
toward a distorted form of the Kagome topology of lesser Parameters were taken from previous wrk.

symmetry is observed at ca. 180 K. The low-temperature Magnetic Measurements.Magnetic susceptibility measurements
structure is associated with a localized, electrically insulating Were performed on a polycrystalline sample with a Quantum Design
electronic ground state where the cluster sites are now populated”!"™S-XL SQUID magnetometer in the temperature range of-1.8

. . ; - 50 K and up to 50 kOe. Experimental data were also corrected for
- RECN)g*
by the 24-electron, diamagnetic cluster tetraanion$RCN)g the sample holder and for the diamagnetic contribution calculated from

only, while its magne.tlc susceptlblllty IS sqcceSSfu”y a_CCO.unwd Pascal constants. ESR spectra were recorded on an oriented single
for by a model of uniform chains of localizesl= ¥/, spins in crystal on an X band (9.3 GHz) Bruker ESP300E spectrometer equipped
agreement with the averaged 100 K crystal structure, band with an ESR900 cryostat (3-800 K) from Oxford Instruments. The
structure calculations, ESR, static susceptibility, &ddpin— ESR conductivity was deduced from the line asymmetry using the data
lattice relaxation investigations. of Pifer and Magn@? These authors give the relationship between the
dimensionless parametér= d/o (whered is the sample thickness and
J is the skin depth) and the electrical conductivity for isotropic films.
Preparation of (EDT-TTF-CONH ;)s[ResSe(CN)g]. EDT-TTF- For moderate line asymmetries (A 2.5), we have checked that the
CONH,!! (5 mg) was oxidized in the presence of (RERe;Se(CN)g 12 simple expressiomt? = —3.54+ 4.7& —1.44¢ + 0.2¢ (wherex =
(25 mg) in a 1/1 mixture of freshly distilled acetonitrile and tetrahy- A/B) reproduces these data. We have used this expression to deduce
drofuran (12 mL). Electrocrystallization experiméfitsarried out in the electrical conductivity in the isotropic (111) plane.
two-compartment cells with platinum wireb=€ 2 cm, @= 1 mm) at
a constant current (0,8A) at 25 °C yield octahedral black crystals.
Single-Crystal X-ray Diffraction. Data were collected on an
imaging plate diffraction system (IPDS-Stdé)The structures were

solved by direct methods and refined agaiR$tusing SHELXL-97.
All non-hydrogen atoms were refined anisotropically; the H atoms were truncated octahedral black crystals belong to the rhombohedral

introduced at calculated positions and not refined. In the crystal structure sy;tem, space grougs (Table S_l’ SUPPO“'”_Q mformat'on_) in

at 293 K, one carbon atom of the ethylenedithio bridge is disordered Which the octahedral cluster anion resides orsgi@metry site

over two positions, and consequently, the hydrogen atoms on this carborwith one EDT-TTF-CONH in general position. As exemplified

have not been introduced. in Figure 1, within any hybrid (111) layer the organic radical
— : cations and mineral cluster anions are neatly intertwined to

O F e e M. Dol B2 Mo Ehomieeq o, 2373, satisfy the 3symmetry. Each cluster anion is surrounded by

(12) Yoshimura, T.; Ishizaka, S.; Sasaki, Y.; Kim, H.-B.; Kitamura, N.; Naumov,  Six centrosymmetrical dimers. Hence, the slab is deciphered as
N. G.; Sokolov, M. N.; Fedorov, V. EChem. Lett1999 1121.

Experimental Section

Results and Discussion

Hydrogen-Bonded 3Symmetry Motifs and Tubules and
Their Auto-Assembly into a Kagome Topology.The bulk,

(13) Gabriel, J.-C.; Boubekeur, K.; Uriel, S.; Batail, Ghem. Re. 2001, 101, the augmented, molecular Kagome-type topology drawn in
2037. o b A Figure 1 where (EDT-TTF-CONbh dimers are located at each

8?3 gg{gi?%%h%rh?% Fz%ozmioiehgg% 104, 5419. corner of the triangles and [R8e(CNg)] cluster anions fill the

(16) (a) Bennett, M. V.; Shores, M. P.; Beauvais, L. G.; Long, JJRAm. hexagonal voids. As expected, one hydrogen of the amide group

Chem. Soc200Q 122, 6664. (b) Naumov, N. G.; Ostanina, E. V.; Virovets,
A. V.; Schmidtman, M.; Miler, A.; Fedorov, V. ERuss. Chem. Bul2002

51, 866. (c) Baudron, S. A.; Deluzet, A.; Boubekeur, K.; BatailORem. (19) Whangbo, M.-H.; Hoffmann, RI. Am. Chem. Sod.978 100, 6093.

Commun2002, 2124. (20) Ammeter, J.; Brgi, H.-B.; Thibeault, J.; Hoffmann, Rl. Am. Chem. Soc
(17) Batail, P.; Boubekeur, K.; Fourmigud.; Gabriel, J.-CChem. Mater1998 1978 100, 3686.

10, 3005. (21) HeuZe K.; Fourmigue M.; Batail, P.; Coulon, C.; Clac, R.; Canadell,
(18) Stoe-IPDS Software manual V2.87, December 1997, STOE, Darmstadt, E.; Auban-Senzier, P.; Ravy, S/;rdme, D.Adv. Mater. 2003 15, 1251.

Germany. (22) Pifer, J. H.; Magno, RPhys. Re. B 1971, 3, 663.
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Figure 1. This projection of one single hybrid slab down [111] illustrates
how any hydrogen-bonded, molecular motif ofsgmmetry formulated,
[EDT-TTF-CONH,]e[ResSe(CN)g] (also shown in Figure 2) clicks into

six of its congeners to build an extended two-dimensional array of an
unprecedented kind. Notice the subsequent sets of six equivalent mixed
valence dimers surrounding any cluster core. The blue lines connecting the
centers of [EDT-TTF-CONH], dimers materialize the Kagome lattice.
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Figure 3. (a) A projection of the inter-Kagome layers motif. The
connectivity along [111] is realized by association into an organic tubule
of three-fold symmetry of three molecules belonging to one (111) plane
with three molecules belonging to the plane below and rotated hyNsfle

the self-complementary, cyclic hydrogen-bond seam involving siHN
and six carbonyls of six molecules build out of one single Hj:-O
hydrogen bond (H-0, 2.052 A;ON—H:---O, 169.%). Note also the two
weak hydrogen bonds-€H:++N (H-++N, 2.383 A;0C—H-*N, 156.7) and
C—H---Se (H--Se, 3.069 A;0C—H-:-Se, 146.3) by which two cluster
anions cap the opposite sets of ethylene ends of any tubule; (b) calculated
band structure for the two-dimensional Kagome donor (111) slab of [EDT-
TTF-CONHJe[ResSe(CN)g] at 293 K.T' = (0, 0), M= (a'*/2, 0) andK

= (a'*/3, @*/3) wherea' is the repeat vector of the Kagome lattice. (c)
Electronic density of states associated with the three upper bands of b.

indirect HOMO--HOMO interactions between donors of dif-
ferent (111) layers. Therefore, the relevant part of the electronic
structure of [EDT-TTF-CONHg[ResSes(CN)g] is that based

on the HOMO of the donors within any two-dimensional (2D)
Kagome lattice of donors only.

Figure 2. A perspective view of the 3ymmetry motif assembled via one

single N—H---N=C hydrogen bond (H-N, 2.279 A;[IN—H-+:N, 147.8). Because of the three-fold symmetry, only two different
interactions (one intradimer and one interdimer) exist. The
attached to ther-donor is engaged in a robust-¥{---N=C intradimer interaction is approximately 4 times stronger than

hydrogen bond (H:N, 2.279 A, ON—H:---N, 147.6)° with the interdimer one {413 vs —115 meV) because of the
each cluster cyanide acceptor to yield the compound 6:1 favorable overlap mode (in-between fully eclipsed and bond-
stoichiometry and the 3ymmetry motifs (Figure 2) which  over-ring) which leads to shorter<SS contacts. Thus, when
ultimately click into the Kagome pattern of dimers of Figure 1. the in-phase and out-of-phase combinations of the two HOMOs
The remaining N-H forms a hydrogen bond with the of the dimer spread into bands, the latter should remain well
carbonyl oxygen of another molecule (2.052 AN—H---O, separated. The tight-binding band structure calculated for the
169.7), and, again, the 8ymmetry is satisfied by the creation 2D Kagome lattice of donors at 293 K is shown in Figure 3b.
of a centrosymmetrical hydrogen-bonded organic tubule cappedAs expected, the six strongly HOMO-based bands (there are
by cluster anions, as depicted in Figure 3a. Thus, (111) slabssix donors per repeat unit of the lattice) appear as two distinct
are connected solely by the latter, self-complementarHN groups of three bands, the upper one of which is partially empty,
-O hydrogen bond motif of 3+ 3 molecules with no direct  depending on the actual charge of the octahedral cluster. The
overlap between the conjugated radical catiorsystems of upper group of bands exhibits the typical topology of the
successive slabs along theagis. That is, there is no direct or  Kagome lattice: two dispersive bands below a flat one with

J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005 11787
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degeneracies at th& and K pointst The corresponding 2016
electronic density of states (DOS) is given in Figure 3c. 2014 L
Remarkably, the present salt, regardless of its seemingly 2012
complex structure, provides us with a textbook example of one 2010
of the simplest 2D band structures. g -
Balancing the Organic—Inorganic Charge Transfer be- & 2008
tween Two Electron Count Limits. A key issue now is the o0 2006
actual electron count ruling the collective electronic properties 2.004
of this hybrid, molecular Kagome system. It is fixed by the 2.002
charge balance between the two redox active components. One 2000
limit, formulated [(EDT-TTF-CONH)3¢H][ResSe(CNg)C)], 400
corresponds to the case where three holes, which behaSe as
= 1/, spins, are shared by the three dimers within each unit = 360
cell, while each inorganic cluster at the center of the hexagonal § 320
motif of the Kagome lattice bears or@= Y/, spin. If one <}
assumes that the electrenlectron interactions are weak, the T 280
so-called weak coupling description, the upper set of bands in < 240
Figure 3b is half-filled, and one expects a metallic state. Note,
however, that any half-filled band system is akin to electronic 200 | .
localization?® and the material may ultimately behave as a 0 50 100150 200
magnetic insulator. In the other limit, formulated [(EDT-TTF- Angle (°)

4(e+) 4-1 Wi -

C_ONHZ)G . I[ResSey(CNe)* ], with fully reduced, 24-electron Figure 4. (Top) Room-temperature rotation pattern of théactor with
diamagnetic cluster cores, four holes are now shared by the thregne static magnetic field applied at successive angles from the [111] direction
dimers in each unit cell. The Fermi level will cross exactly at (6 = 0°) to the (111) plane{ = 90°). (Bottom) Corresponding rotation
the K point (Figure 3b), and the Fermi surface is reduced to a Pattern for the ESR line width.
point, a situation typical of a semi-metal. Hence, one expects a o ] o ) ]
strong interplay between the cluster actual redox state, theMagnetic field, a Lorentzian line is observed. Figure 4 gives
structure symmetry, and electronic properties of the material, (1€ corresponding measured rotation patterns forgtfi@ctor

Because of the cluster anions@e symmetry, the different and line width AH). Standard sinusoidal variations are then

threetrans(Re-to-Re) distances expectidor [ResSe(CNe)© ] found with extrema along and perpendicular to texi. When
would be averaged, and therefore, the present data cannothis axis is parallel to the microwave magnetic field, both the
provide structural evidence for the actual cluster anion charge Static magnetic field and the electrical microwave field are
in [EDT-TTF-CONH]¢[ResSa(CN)gl. Then, the CN vibration located in the conducting (111) plane. The characteristics of
mode was measured on a KBr pellet by infrared spectroscopythe ESR line are then independent of the details of the crystal
at 2105 cm?, a value which compares well with that (2104 orientation, a neat illustration of the crystal symmetry. As
cm-1)12 observed for [PPAuResSe(CNe)] and differs signifi- exemplified in Figure 5, this line has a Dysonian shape at room
cantly from the signature of this mode at 2126 @énfort6a temperature, and its asymmetry is crystal-size dependent, close

[PPh]s[ResSe(CNg)]. This indicates that a large majority of to A/B = 1.8 for the particular Sample iIIustratgd |n Figurées.
the cluster sites are occupied by the diamagnetic 24-electron’NOte that the fact that a Dysonian behavior is essentially
cluster tetranion. Note, however, that the accuracy of the observed when the microwave electric field is located in the

experiment does not preclude the existence of small amounts(111) plane emphasizes the 2D character of the electrical
of paramagnetic clusters, [R3a(CNg)® . conductivity as it reveals an intralayer conductivity much larger
Single-Crystal Electron Spin ResonanceX-band electron  than along the [111] direction. _ _ _
spin resonance experiments were then carried out on single AS illustrated in Figure 5 (top), this Dysonian behavior
crystals of [EDT-TTF-CONH{[ResS&(CN)g] aligned in the changes dramatically with temperature. The line asymmetry A/B
magnetic field. Note that the presence of any small amounts of first increases when cooling and finally decreases below 200
[ResSe(CNe)@ )] ought to be readily detected since its K. The line becomes Lorentzian within the experimental error
resonance is expected@gt= 2.512425far from theg = 2.0090 below 150 K. As mentioned in the experimental part, the
signal observed for EDT-TTF-CONH in (EDT-TTF-CONH)s- electrical conductivity can be readily deduced from the line
AsFs or (EDT-TTF-CONH),ReQ..2 asymmetry A/B for isotropic samples of simple shapes. We
One single resonance line is observed for any orientation of EXPECt by symmetry an isotropic electrical conductivity in the

the crystal. When the 8xis is perpendicular to the microwave (111) plane, and we have used the data obtained by Pifer and
Magnc? to deduce the electrical conductivity in this plane.
(23) Giamarchi, TChem. Re. 2004 104, 5037. However, the crystal shape is complicated in our case, and the
(24) (a) Bennett, M. V.; Beauvais, L. G.; Shores, M. P.; Long, JJRAm. L R g '

Chem. Soc2001, 123 8022. (b) Larina, T. V.; Ikorskii, V. N.: Vasenin, determination of absolute values remains difficult. Thus, we

Mg ‘J\hggggj'foéxér';églzagfgos‘g 4'\_‘-T?];S%S;irt‘r'g?s'5f-ir\é3:':3950{061’{;/7- E. have chosen to normalize these ESR data to the dc conductivity

K. ’ (see the following section). The result is shown in Figure 6a,
(25) We also have measured the ESR spectrum of a single crystal o {IRef where two different crystals were used to cover the whole

Se(CNg)]. Because of the important line width, accurate measurements X K . .

are possible at low temperature only. For example, at 30 K, a nearly temperature range (as the simple expression given in the

isotropic signal is recorded with= 2.50 and a line width of 340 G. This experimental part implies moderate values of A/B). A metallic

temperature is probably optimum for this determination as the ESR line o .
becomes asymmetric at lower temperature. behavior is first observed upon cooling. Then, a sharp decrease

11788 J. AM. CHEM. SOC. = VOL. 127, NO. 33, 2005
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Figure 5. (Top) Temperature dependence of the asymmetry A/B of the ESR line when both the static magnetic field and the ESR electric field are applied
in the (111) plane (the resonance line is shown at selected temperatures). (Middle) Temperature dependenctactbthehen the magnetic field is

applied along the [111] direction. (Bottom) Temperature dependence of the ESR line width when the magnetic field is applied in the (111) plas)e (full do
and along the [111] direction (full triangles).

of the in-plane electrical conductivity is observed below 200 between two different regimes between 150 and 200 K and the
K, suggesting the occurrence of a metalsulator phase existence of a phase transition.

transition. Since the shape of the line is changing with
temperature in this orientation, a more accurate determination
of the line width andg factor was conducted (Figure 5) with
the static magnetic field applied along thexds, an orientation
where the line remains symmetric at any temperature. A large

decrease of the line widtAH, associated with an important X i
variation of theg factor, is observed between 200 and 150 K. running parallel to the most developed crystallographic plane

A saturation of bottg and AH is found to occur below 150 K (7100) or (010), as shown schematically in the Supporting
even if some minute temperature dependence remains bemv\)nformatlon._T_hese two geometries allow measuring t_he e_Iectn-
50 K. Finally, the temperature dependence of the spin SusCep_cal conductivity along two almost perpendicular directions,
tibility is given in Figure 7. ESR and SQUID data are consistent essentially parallel and perpendicular to the isotropic plane (111),
(the ESR data was normalized using the room-temperatureespectively. Electrical contacts between the platinum wires (20
SQUID value), and both indicate a clear increase of the 4m in diameter) and the crystal surface have been prepared with
susceptibility below 200 K which saturates below 100 K. The a graphite paste. Note that the as-grown crystal surface became
low-temperature part of the curve can be assigned to the poorly conducting in time with the contact resistance reaching
presence of minute amounts of magnetic impurities. Taken a few tens to hundreds of kiloohms, while after the surfaces
together, these magnetic data are strong indication of a crossovewere polished, the contacts resistance decreased down-to 20

dc Electrical Conductivity. Transport measurements proved
to be quite challenging because of the crystal surface sensitivity,
the electronic anisotropy, and the complex shape of the crystals.
They were performed down B~ 80 K by using the standard
four-point dc method with a constant current of 10 or 130
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9 ———m—————— of contacts. The room-temperature conductivity was found to
[ () o o o ] be caoqin~ 3 Q1 cmtin a direction almost parallel to the
isotropic crystallographic plane (111) and oga1; ~ 0.1 Q71
cm~tin an almost perpendicular direction. Despite our efforts
[ to optimize the measurements, we never obtained the high-
6 ] temperature metallic behavior revealed by ESR in the (111)
[ 1 plane. Instead, we found a semiconducting variation of the
conductivity whose activation energy is small, of the order of
27 meV. However, the dc and ESR data become consistent
[ ] below 130 K where a semiconducting behavior is found with a
2+ 6 - common activation energy of about 70 meV. Thus, the surface
[ . 1 sensitivity and the likely presence of small amounts of defects
0& N 009098. L] as a result of polishing are presumed to preclude the measure-
50 100 150 200 250 300 ment of the intrinsic in-plane conductivity at high temperature.
Therefore, only the ESR data is shown in Figure 6b for that
T (K) orientation. Note that we have used the low-temperature dc data
8_--"1'---1"'----"|- A B B to normalize the ESR curve in Figure 6. This gives a room-
b) temperature conductivity value of @1 cm, i.e., 2.6 times
6 r unt" larger than the dc estimation. The typical temperature depen-
i dence of the perpendicular resistivity is also given in Figure
4 - 6b. In this case, the absolute value is larger, and we expect this
I result to be intrinsic. This semilog plot also gives an S-shape,
L confirming the analysis deduced from ESR data. Note that the
L o * activation energy is the same in both orientations in the low-
oL o temperature phase.

e Taken together, ESR and dc data strongly suggest the
occurrence of a metainsulator phase transition between 150
and 200 K. Low-temperature X-ray antH spin—Ilattice

. A A I PSP I U R relaxation experiments were then performed to probe this

0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 assumption and will now be discussed successively.

/T (Kl) A Triclinic Structure at 100 K. Consistent with its metal

Figure 6. (a) Electrical conductivity deduced from the ESR line asymmetry. insulator phase transition, single-crystal X-ray data collected

The absolute value was obtained by normalization with the low-temperature ON (EDT-TTF-CONH)s[ResSey(CN)g] revealed a triclinicP1
dc data. Open and full symbols correspond to two different crystals; (b) structure at 100 K (Figures 8 and 9) whose asymmetric unit

semilog plot of the resistivity parallel (full dots, ESR data) and perpendicular ~qntains one cluster anion and three independent EDT-TTF-
(full squares, dc data) to the conducting (111) planes. Note the activated CONH, molecules, all in general position. As exemplified in
behavior at low temperature, with similar values of the activation energy. ! .g p . N p
Figure 8a, the conformation and orientation of one out of the
0008 77— three independent dimers is now found to differ from the other

0.007 M two.
’ X-ray diffuse scattering experiments gave evidence, collected
0.006

in the Supporting Information, for the presence of split Bragg
0.005 reflections at low temperature consistent with the appearance
’ of domains and the observed large increase in crystal mosaicity.
0.004 Investigations of the structural phase transition by temperature-
0.003 dependent X-ray powder diffraction experiments are currently
0.002
0.001

o (S.cm™®

In (p)

2 — ommnnce o 00“‘...

x (emu/mol)

under way in our laboratories. As shown in Figure 9, one dimer
is fully oxidized and formulated [EDT-TTF-CONjf*, the
other two mixed-valence dimers, [EDT-TTF-COMM, re-
] maining essentially unaffected across the phase transition.
e e e Because of the loss of the three-fold axis the pureyonor
0 50 100 150 200 250 300 sublattice is now associated with three different intradimer and
T (K) interdimer interactions. The intradimer transfer integrals of
Figure 7. Temperature dependence of the spin susceptibility (open dots: dimers A, B, a_nd Care CaICUIat_ed to M13’+587’ a_nd+414
SQUID measurement; full triangles: ESR data). The ESR data have beenMeV, respectively. The three interdimer transfer integrals are
normalized to the 300 K SQUID value. The continuous line is the fittoa —131,—112, and—119 meV. Let us remind that the intradimer
uniform chain of!/, spins augmented of a Curie component, as discussed gnd interdimer transfer integrals for the high-temperature phase
in the text. are+413 and—115, respectively. Thus, whereas the interdimer
interactions do not change very strongly, one of the three
30 Q. Therefore, the most developed crystal faceslq0) or intradimer interactions, that associated with dimer B, becomes
(010), were systematically polished prior to installing the set noticeably stronger. Although the relatively low quality of the
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Figure 8. (a) Projection of the 100 K crystal structure down onto the layer shown in Figure 9. Note that the three types of dimers A (symbolized by a blue
ball in its center), B (cyan ball), and C (darker cyan ball) are all different in this triclinic distortion of the former rhombohedral system. Nbte affset

and singular conformation of the fully oxidized dimer B. (b) Calculated band structure for the distorted 2D Kagome donor (111) slab of [EDT-TTF-
CONH,]e[ResSe(CN)g] at 100 K.T" = (0, 0),X = (a'*/2, 0), Y = (0, b'*/2), M = (a'*/2, b'*/2) andS= (-a'*/2, b'*/2) wherea' andb' are the repeat vectors

of the distorted Kagome lattice. (c) Electronic density of states associated with the three upper bands of (b).

structure would make an in-depth analysis of the origin of these HOMOs of the donors in dimers A and C. Thus, it is clear that
variations not reasonable, it is clear that the increase in the dimer B is associated with at2charge, whereas dimers A and
intradimer interaction B is associated with the fact that the two C are associated with atlcharge. We are now ready for a
molecules have moved to the point where this dimer is now discussion of the relationship between the evolution of the
half-eclipsed (see Figure 9), leading to very favorable S structure and ground state of (EDT-TTF-CON¥ResSes(CN)g|
orbital interactions. which we now address from the point of view of the resonance
The calculated band structure for the distorted Kagome lattice of the *H sites in the solid state.
at 100 K is shown in Figure 8b. As for the high-temperature  'H spin—lattice relaxation in [EDT-TTF-CONH ;]¢[Res-
structure, the six bands are separated in two groups of threeSe(CN)g]. The'H sites have been shown to be good probes of
bands because the intradimer interactions are considerablythe molecular motion in molecular conductdfand generally
stronger. However the three bands of a group are separated bypeaking, solid-state NMR proved to be very efficient in
energy gaps because of the loss of the three-fold axis. The DOSunraveling the intricate physical properties of the low dimen-
associated with the three upper bands is reported in Figure 8c.sional organic conductor8:?® We have therefore studied the
Analysis of the nature of the wave vectors for different points resonance of protons located on the ethylene groups in [EDT-
of the Brillouin zone clearly ShOWS' that t,he upper F’anq originates (26) To avoid a large distortion of the line shape, this study was made with a
almost completely from the antibonding combination of the small single crystal. We have checked that the resonance line has a larger
HOMOs of the two donors in dimer B. In contrast, the remaining (., asymmetry for bigger crystals.

T i R . i ) Wzietek, P.; Mayaffre, H.;"d#eme, D.; Brazovskii, SJ. Phys. | France
two bands originate from the antibonding combination of the 1996 6, 2011.
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Figure 9. The symmetry of the Kagome net in the rhombohedral room-temperature structure (a) is broken in the triclinic structure at 100 K (b). The
distortion essentially results from a molecular motion and a net change of conformation, shown in Figure 8, of dimer B (cyan sites), in response to the
localization of one extra hole on any of these sitasseemingly slight local adjustment associated with singular long-range cooperative structural and
electronic effects. Note that the slipped pattern of intra-dimer overlap of dimers A (c) and C is essentially unaffected by the transition wisilédjlimer

now half-eclipsed which makes for a stronger intradimer HOMIBOMO interaction. The transition leaves only one single direction of 1D uniform chains

of spins?/,, materialized by the parallel solid blue lines (b); charge ordering has occurred along the two broken cyan line din@etierialized by two

slightly different tones of cyan in (s)where A* (or C*) and B** alternate.

TTF-CONH]g[ResS&(CN)g]. NMR experiments have been s72 190=7 x 10 s, andE, = 2700 K. Note that a similar
conducted on one single crystal in a standard NMR pulsed activation energy has been reporteddeET),Cu[N(CN),]Br.2”
spectrometer at different magnetic fields (9.3, 2, and 1 T) in The motion-induced relaxation, although dominant above 200
the temperature domain 326 K. The H relaxation data K (especially at low fields), becomes negligible at lower
displayed in Figure 10 show quite interesting temperature- and temperatures when the relaxation is temperature independent.
field-dependent events. First, a field-dependent relaxation peakThe low-temperature contribution can then be ascribed to a
is observed between 200 and 300 K; then, the relaxation is foundrelaxation of hyperfine origin between electrons and nuclear
to become independent of temperature but is still field dependentspins. Furthermore, it is seen that the low-temperature relaxation
between 2 and 9 T, and finally, a low-temperature peak takes rate is field dependent at high fields (above 2 T).
place whose position is also strongly field dependent. The intermediate temperature regime (60 < 175 K) can

The high-temperature relaxation peak is very reminiscent of be compared to the behavior of tA&l relaxation in one-
the peak observed in thiH relaxation study performed on dimensional (1D) organic compounds such as (TMTBF)r
k-(ET)2Cu[N(CN)]Br, a 2D organic compound containing (TMTTF),PF; under pressuré® However, in the latter, the
ethylene groupd’ Hence, similar interpretations are very likely. protons belong to Cilgroups which are known to provide
At high temperature, the position of the (@klgroups at the several relaxation peaks in temperature due to the classical and
end of the EDT molecules fluctuates with a thermally activated the quantum rotations of GHyroups. But outside the temper-
correlation time. Consequently, the relaxation time of the protons ature domains in which the relaxation is dominated by motion,
of the (CHy)2 groups is induced by the dipolar coupling between 1/T; is temperature independent as observed for (TMIBF)
protons when the nuclear Larmor frequency is comparable with at 1 bar or (TMTTF)PF under 13 kbar.
the frequency of these fluctuating dipolar couplings. Following  The behavior of the relaxation reinforces the physical picture
the standard BPP thedfythe resulting relaxation rate reads, derived from the crystal structures and electronic band structure
calculations and the transport, ESR, and susceptibility studies.
A temperature independent contribution tdlis expected for
the case of strong 1D antiferromagnetic (AF) fluctuations, as
suggested by the early calculations of Hone and Pigt&sr

a ith t = Ea
— 5 W ‘L’—‘COGXH(—T

1T, O
Yt o,

whereEa is the activation energy for the motion of the (QH (28) Wazietek, P.; Creuzet, F.; Bourbonnais, Crpdee, D.; Bechgaard, K.; Batail,

groups ana characterizes the amplitude of the dipolar coupling P.J. Phys. | Francel993 3, 171.

= : (29) Miyagawa, K.; Kanoda, K.; Kawamoto, Zhem. Re. 2004 104, 5635.
betweertH nuclei. Flg_ure 10 also shows the fit of thefidata (30) Abragam, A.The Principles of Nuclear MagnetisnClarendon Press:
to the BPP theory with the set of parametars= 4.3 x 1(° Oxford, 1961.
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Figure 10. Temperature dependence of the proton spattice relaxation rate, Tf, measured at different magnetic field®)(1 T, (®) 2 T, and @) 9.3
T. (Inset) Linear fit of T2 versus T in the low-temperature region for tHe= 2 T data.

the case of Heisenberg chains of sp8¥s %/, or in the strong
coupling limit of the half-filled band Hubbard model;Ti/reads
A?/Jin the low-temperature limit (witd ~ t#U in the Hubbard

relaxation rate remains in the regineer < 1 down to 5 K
while this is no longer true at 9.3 T whereT1/reaches its
maximum between 10 and 12 K, which signals the situation

model). This value is indeed strongly enhanced with respect to wsz = 1. Having said that, we should make another comment

the case of a delocalized electron gas wheflg II T/Er A%/
Er. Furthermore, the frequency dependence ghdlow 200 K

here. Frequency (field) dependent relaxation is generally
expected when the characteristic frequencies of the system

provides additional information. The frequency dependence is approach the Larmor frequency. This is often seen in relaxation
the signature of a low dimensional spin motion. This has been caused by fluctuations in the vicinity of a conformational

widely studied in the case of 1D conduct&rand also in 1D
Heisenberg chain®:3* A frequency dependence in the form,
1/T; O H12 is expected from the long time dependence of the
spin—spin correlation functions which decays suchtd¢€ ast
— o0 in one dimension leading to a divergingiiasH — 0. In
real systems the divergence offilasH — 0 is cutoff by the
existence of an interchain spin couplindy, removing the 1D
character of the spin motion. Thus, the present NMR experi-
ments have provided the important confirmation for the exist-
ence of weakly coupled Heisenberg chains below 200 K.

At low temperature a steep rise ofT1/is observed without
any peak downa5 K at 1 and 2 T buwith a sharp peak around

ordering, because the characteristic time of fluctuations between
two metastable configurations diverges at the freezing point.
As for spin fluctuations, however, such an analogy is too naive
because then we are rather in the limit where all frequencies of
the system are much higher tham. In this case, NMR
relaxation operates essentially in a region of “white noise”
corresponding to the zero frequency limit of the spectrum, and
T, is independent of the frequency. This is usually the case for
magnetic transitions because the electronic frequencies are so
high that they never reach the regimer = 1, even within a
critical region. For example, we do not observe any field
dependence in the Ty peak at a spin density wave (SDW)

12 K at 9.3 T. As molecular motions can be ruled out at such ;ansition in 1D organic On the other hand, such a depen-

low temperatures, the upturn of the relaxation can be ascribedgence is often seen in “glassy” transitions because these exhibit
to a slowing down of AF fluctuations. These magnetic fluctua- 4 proad range of fluctuation time scales extending to very low
tions induce in turn a nuclear spin relaxation via the modulation frequencies. Accordingly, when a SDW transforms to a spin
of the hyperfine electron-nucleus coupling. Although the AF glass, a huge field dependefis observed. The situation is

fluctuations have a proad spectrum, the physips of the phen,om'somewhat similar in frustrated spin systethg herefore, we
enon can be qualitatively captured by a BPP-like approach, i.e.,

assuming a single correlation time. Hence, at low fields, the

(35) Clark, W. G.; Hanson, M. E.; Alavi, B.; Moulton, W. G.; Kuhns, P.; Reyes,
A. Synth. Met1999 103 2166-2167.

(36) a) Nomura, K.; Kubota, H.; Kotomizu, M.; Hanajiri, T.; Nakatsuji, S.;
Yamada, J.Synth. Met.2003 19-21, 133-134. (b) Matsunaga, N.;
Hosokawa, Y.; Iwasaki, H.; Nomura, K.; Takasaki, S.; Yamada, J.;
Nakatsuji, S.; Anzai, H.; Nakamura, T.; Takahashi, T.; SaitoJ Ghys.
1V 1999 9, Pr10-243.

(31) Hone, D. W.; Pincus, FPhys. Re. B 1973 7, 4889.

(32) Soda, G.; Jeme, D.; Weger, M.; Alizon, J.; Gallice, J.; Robert, H.; Fabre,
J.-M.; Giral, L.J. Phys.1977, 38, 931.

(33) Boucher, J. P.; Ferrieu, F.; Nechtschein, Rhys. Re. B 1974 9, 3871.

(34) Borsa, F.; Mali, MPhys. Re. B 1974 9, 2215.
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might believe that this compound presents some signs of 0.012 r r .

magnetic frustration.

If we attempt a power law analysis of the relaxation, a square 001 L e |
root divergence of T, can be fitted at low temperature (see . *
insert of Figure 10). However, if any finite ordering temperature £ (.008 - . i
exists it should be very low (of the ordef d K or less). Such :

a low ordering temperature would compare fairly well with the 0.006 L N i
long-range ordering observed at 0.49 K in T&hglven in chain

and interchain coupling constants of 65 and?K), respectively, 0.004 L i
for [EDT-TTF-CONH]s[ResSe(CN)g). A

Note finally that proton relaxation does not allow for a direct 0.002 L i
investigation of the electron localization on account of the large
contribution due to the ethylene motion occurring precisely in ot e., .. ) )
the same temperature domain. However, it is of interest to note 100 150 200 250 300
that the experimental relaxation rate above 300 K (Figure 10) T (K)

is always lower than thr_e prediction from a BPP contrlpu_tlon Figure 11. Evolution of the numben(T) of [ResSe(CN)s¥] clusters

plus the constant hyperfine term of low temperature. This is an per mole as the temperature is lowered, as determined from ESR data. The

indication for a decrease of the hyperfine contribution moving continuous line is the fit to a square root temperature dependence, as

to high temperatures which is in line with the decrease of the discussed in the text.

electron spin correlation time, = h/J (WEg) below (above)

200 K. A similar, albeit less accurate determinatiom(f) is possible
Analysis of the ESR of the High-Temperature, Rhombo- from a line width analysis providing the temperature dependence

hedral Phase.The fact that one single resonance is recorded of AH for each magnetic ion is knowi:3° In our case, the

above 180 K is an indication that the signal is an admixture of cluster line width is too large to be measured above 100 K. A

organic and inorganic spins resonances. The observation of arcrude analysis can be made doing a linear extrapolation of the

hybrid resonance qualifies the existence of some amounts oflow-temperature data, yielding a valuerg®) also of the order

[ResSey(CNg)E)7] at room temperature. Since only one single of a few percent at 300 K and decreasing quickly when cooling.

line is present, the contributions of the organic and inorganic This is already evident in Figure 5 as the temperature depen-

spins to the resonance are coherently mixed. A quantitative dence ofAH mimics that observed fay(T).

analysis of this admixture can be made in the case a Lorentzian The square root dependence of the dens(fy of inorganic

line, that is, in our case, when the magnetic field is applied paramagnetic objects can be explained using simple arguments.

along the 3axis®®39The most accurate analysis concernsghe  Independently of the details of the phase transition mechanism,

factor which is expected to be temperature independent for bothits diminution reflects an inherent instability of the system whose

the organic and the inorganic species. Theqéctor reads: symmetry is broken and implies the existence of an order

parameter, callet¥l in the following. In this context, the number

9(M) = X(MGorg + (L = X(T))Ginorg (1) of [ResS&(CNg)®*], n, plays the role of a secondary order
where parameter coupled tvl through a coupling term of the form:
_ 2
X(T) = Xorg(T)/( Xorg(T)+ Xinorg(T)) AF = AM“n 3)
Reasonable values aggy = 2.00902! andginorg = 2.52425 where/ is a coupling constant (positive as the equilibrium value
The organic and inorganic contributions to the spin susceptibility Of n vanishes in the low-temperature phase).
are separated by exacting the sygx(T) + Zinorg(T) to the AboveTc, the average value ®fl is zero, but the average of

experimental spin susceptibility. As the inorganic cluster spins M? [M20) remains relevant. The simplest (mean field) ap-
should behave like localized spins, we expect their magnetic Proximation consists of the substitution af for:4°
susceptibility to follow a Curie law, i.e¥inorg(T) = 0.375T )

emu moft. With these assumptions, the density of inorganic AFye = 270 (4)
paramagnetic objects read@) = Tyinorg(T)/0.375 (Figure 11)
and amounts to ca. 1% of [Ree(CNg)®)] at room temper-
ature. Moreover, this number decreases rapidly upon cooling,
and the paramagnetic clusters become undetectable within the®Ve"

In the above expressioh[M2[plays the role of an effective,
temperature-dependent energy for anysE(CNg)©)*]. More-
the mean field approximation givés:

experimental error in the low-temperature phase. The temper- T—T\V
ature dependence observed i) suggests a critical effect M2O= K[l — ( T C) 7] (5)
due to the presence of the structural phase transition. For
example, the solid line in Figure 11 is a fit based on: whereK is the value of2Cat Te.
I"I(T) = a«/T - TC (2) (38) Carrington A.; McLachlan, A. DIntroduction to Magnetic Resonance
Harper and Row: New York, 1966.
H — — (39) Such an analysis was made, for example, for TTF-TCNQ: Tomkiewicz,
with & 0.001 andTC 180 K. Y.; Taranko, A. R.; Torrance, J. B2hys. Re. Lett. 1976 36, 751.
(40) See, for example, Chaikin, P. M.; LubensKy C. Principles of Condensed
(37) See, for example, Hamad, I. J.; Trumper, A. E.; Wzietek, P.; Lefebvre, S.; Matter Physics Cambridge University Press: New York, 1998.
Manuel, L. O.cond-mat0501146. (41) Prost, J.; Barois, R. Chim. Phys1983 80, 65.
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E-Ef (K) Figure 13. Calculated spin (Pauli) susceptibility at 300 K as a function of

. ) . the relative amounts of [RB&(CNg)®)] clusters.
Figure 12. Zoom of the electronic density of states close to the Fermi [RE&(CNe)™"]

energy for the high-temperature phase (continuous line) and low-temperature t t t t
phase (dotted line). In both cases, the Fermi energy corresponds to a band
filling of four holes (two electrons) per unit cell. _O D O D O_ (a)
Finally, the effective energy of any [R8&(CNe)@)*] varies Ea & 2 & &
like: d
T-T\w? e(k)
G(T) = €. KA ?

The latter is introduced in the Boltzmann law to yieli¢I) & x kd (b)
as a first order il and for temperatures close Te: \/
n(T) =n,+aT - TY" @)

This expression is consistent with the experimental datg if _O [m O [w O_ (©)

is very small.
Below the Structural Phase Transition.As the number of

[ResSe(CNg)@)] is negligible in the low-temperature phase, (d)

the Fermi level has been positioned accordingly, that is assuming _( | > [t} <D [tl\ < | )_

four holes on each set of three dimers, [EDT-TTF-COGNH  Figyre 14, (a) Simple 1D model describing the electronic properties below
(Figure 12). The important point is the existence of a gap of the structural phase transition; (b) corresponding 1D band structure; (c)

about 900 K at the Fermi level. It is tempting to associate this ground S(ﬁ;e fot = 8 andU =h0? (d) ground sta;edfor= 0 a”déJ > A
gap with the observed temperature dependence of the electricafeneroy difference between the site energies of dimers A and C).

conductivity. However, the sp_in SL_Jscep_tibiIity is npt activated |ine in Figure 7 gives the best fit to a Heisenberg spin chain
belowTc, and the band approximation fails to explain the whole ith Jlks = —65 K, introducing 6% of non interacting spiffs

set of data. As usual for organic conductors, this decoupling {q account for the low-temperature Curie t&il.

between charge and spin degrees of freedom is the result of g analysis is entirely consistent with the presence in the

i i i 42 . .
sizable electrorrelectron interaction$®42The latter affect the structure at 100 K of uniform parallel rows where two kinds of

value of the room-temperature spin susceptibility. Using the nonequivalent mixed valence dimers, [(EDT-TTF-COA],
high-temperature density of states, we have calculated its valugjzpeled A and C, alternate (Figure 8). These discrete chains,

when electron interactions are ignorédFor the expected  yaerialized by the solid red lines in Figure 9, are well apart in
amounts of [ReSe(CNe)® ], the value of the spin susceptibil- e |attice as they are interspersed between fully oxidized,
ity is ca. 4 times smaller than the experimental one (compare diamagnetic dimers, [(EDT-TTF-CON$32*], labeled B in
Figure 13 to Figure 7). This Pauli value remains too small even Figure 9, and inorganic cluster anions. Note that along any 1D
when _exploring unphysical band fillings, that is, for di_fferent, chain, dimers A and C are different but connected by a unique
meaningless electron counts. The observed large spin suscepgangfer integrat, hence the simplified model drawn in Figure

tibility is the manifestation of significant electron interactidis. 144 Distinct sites energiesy(andec) have been introduced to
In fact, the low-temperature spin susceptibility data can be fairly yiscriminate between A and C.

well described in the strongly localized limit. The continuous

The corresponding 1D band structure is given in Figure 14b,
whereea = A/2 andec = — A/2. We effectively obtain a gap

(42) Baudron, S. A.; Avarvari, N.; Batail, P.; Coulon, C.; @le, R.; Canadell,
E.; Auban-Senzier, Rl. Am. Chem. So2003 125, 11583.

(43) Details of calculations are available in ref 42. (45) The coupling between a pair of parallel adjacent spinsag the fit was
(44) Torrance, J. B.; Tomkiewicz, Y.; Silverman, B. Bhys. Re. 1977, B15 made imposingy = 2 and introducing a diamagnetic componggf = —
4738. 1.1 x 102 emu/mol.
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at the Fermi level, of amplitudd, as only the lower band is  in several series of 2D organic conductors at the Mott
filled; thus, this simplified band model also predicts a diamag- transition?6-48 We therefore suggest that the phase transition
netic ground state. accompanying the sliding motion within one out of the three
Further Discussion of Electron Interactions in the One- ~ dimers in [EDT-TTF-CONH]|¢[ResSe(CN)g] is also a Mott
Dimensional Low-Temperature Phaseln thet = 0 limit, the localization. Here, the mechanism of the phase transition relies
ground state (foea > ) is depicted in Figure 14c. The two ON a competition between electrealectron interactions (which
holes are localized on the most favorable site (C with our energy Promotes the localization, i.e., the low-temperature phase) and
choice); the ground-state energy per pair@ amounts to-A, entropy which favors the high-symmetry phase. It illustrates
and this state is diamagnetic. The first excited state of a pair the benefit of having engaged such unique, mineral and
A—C is obtained by allowing one hole on each dimer (see Figure molecular redox cluster anions as the net entropy gained by
14d), and its energy is 0. Thus, transfer of one hole from C to Mixing a few [ReS&(CNg)®7] between many more of the
A costs the energyA. To discuss the effect of electron Same, isosteric and isostructural fBey(CNg)*7], certainly plays
interactions, one has to consider a finite valu&Jothe on-site an important role, as illustrated in Figure 11 where the number
Coulombic repulsion. Thus, the energy per pair @ for the of [Reﬁ_SQS(CNG)(s_)']_ is rapidly changing withT when ap-
previous ground state (Figure 14c), which implies double proachlng the transition Femper.ature. Finally, the softness of
occupancy, becomés — A, while the energy of the state shown the hybrid mole(_:ular Ifittlce WhICh allows for the change of
in Figure 14d remains the same. The energy difference betweerdimer conformation (Figure 9) is therefore also an important
these two states becomas- U, and the state shown in Figure ~Parameter.
14d becomes the ground state as sood ABecomes larger than
A. As the band structure calculation gives a small gapy
0.07 eV, we expect to be in this case, considering the values of From the point of view of the design, crystal engineering,
U usually found in organic solids (typically 0.4 e¥A.lt is and chemistry of conducting and magnetic molecular materials,
therefore reasonable to find experimentally that the low- the foregoing results demonstrate the interplay between the
temperature phase is paramagnetic. However, the electronicsliding motion within one out of three (EDT-TTF-CON}
configuration displayed in Figure 14d represents the situation dimers, coupled to the [RB&(CNs)C)]/[ResSe(CNe)*]
of a half-filled band (with one carrier per site (dimer)). The proportion at any temperature, and the electronic ground state
data below 200 K have shown that the paramagnetic stateof the organie-inorganic hybrid material. In this context, it may
corresponds to a 1D Heisenberg chain in which the carriers arebe interesting to prevent the metahsulator and structural phase
localized by the existence of strong correlations. They are also transitions from occurring and stabilize the Kagome topology
in agreement with the fit of the spin susceptibility data, shown (i.e., the high-temperature rhombohedral phase) down to very
in Figure 7, which models the magnetism of the low-temperature low temperatures, perhaps by enhancing the electron entropy
phase in terms of a uniform chain of spins. Hence, the gap of by increasing the bandwidth or manipulating the band fiftthg
ca. 1000 K derived from EPR and transport data can be ascribecby introducing a controlled, larger, yet small number of

Conclusion

to a Mott localization. [EDT-TTF-CONB¢[ResSe(CN)g] is a
material in which the value dfl is of the order of the electron
bandwidth calculated in Figure 3b. In addition, the introduction
of a finite value oft signals the existence of antiferromagnetic
interactions between the dimers (of the ordet?df)), but the

isostructural and isoelectronic™3cluster anions, such as
[ResOsSg(CN)g]*~.%0

A rich low-dimensional physics emerges from the integrated
ESR, static susceptibility, dc conductivity, ahd spin—lattice
relaxation studies of this novel compound, as it has provided a

strong 1D character of the magnetic lattice suppresses thenew system among 2D organic conductors in which a structural

existence of any magnetic phase transition down to low
temperature.

Comments on the Nature of the Phase TransitionThe
transition from a 2D conducting electronic regime to a 1D
insulating electronic ground state occurs in synchronicity with
a structural transition which goes along with the sliding motion
of the molecules within one dimer only. In the process, full

charge delocalization among the sets of three equivalent, mixed-

transition is accompanied by a Mott localization below ca. 200
K. What makes the Mott localization of [EDT-TTF-CON[Res
Se(CN)g] so unique is the coupling between the mefakulator
transition and a structural transition allowing the lifting of a
degeneracy due to a ternary axis in the high-temperature,
strongly correlated metallic phase leading, in turn, to Heisenberg
chains at low temperature.

Furthermore the sequence bad metabaramagnetic insula-

valence slipped dimers of the conjugated Kagome net (Figurestor— antiferromagnetic correlations is quite similar to the
land 9a), transforms into a pattern of charge ordering along behavior ofk-(ET);Cu[N(CN)]CI in the pressure regime <

the two broken cyan lines of Figure 9 which connect one fully
oxidized, now essentially eclipsed (Figure 9c) dime#s ®ith

any of the two, essentially unaffected, slipped mixed valence

dimers A" and C* (Figure 9b). In a sense, the transition breaks
the conjugated, extendedsystem and distorts the lattice (Figure
9). Hence, the four holes present in the unit cell at low

300 bar*851 Hence, we can anticipate a strong sensitivity of
the Mott localization under pressure, an issue of great relevance

(46) See ref 24 as well as (a) Seo, H.; FukuyamaSihth. Met2003 133—
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R7679.
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of stripes as the segregation of the charges occurs along lines(so) Tulsky, E. G.; Crawford, N. R. M.; Baudron, S. A.: Batalil, P.; Long, J. R.

materialized by the solid and broken lines along three different
orientations in Figure 9, and is reminiscent of the one observed
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