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Two isostructural charge-transfer salt§ET)4[M(CN)¢][N(C2Hs)4]-2H,0 (ET = bis(ethylenedithio)-
tetrathiafulvalene and M= Cd", Fe") were synthesized, and their crystal structures, Raman spectra,
electrical conductivities, electron spin resonance (ESR), and static magnetic susceptibilities as a function
of temperature were studied. At room temperature the salts contain two crystallographically independent
ET molecules with an average chargeidd.5. Temperature dependence of the Raman spectra revealed
that a charge disproportionation gradually occurs upon cooling, because new peaks originated from the
ET* and EP grow gradually. ESR, static magnetic susceptibility, and conductivity data, supported by
band structure calculation, give us firm evidence of the phase transition from the Mott insulating phase
with the fluctuation of charge order into the long-range charge ordered phase at around 150 K. The
charge ordered ground state consists of )z Himers and (ET), dimers, where the neutral molecules
are found to be bent. The mechanism of this phase transition is discussed on the basis of crystallographic,

spectroscopic, and magnetic features at various temperatures.

1. Introduction

Charge-transfer (CT) salts based on organic donors suchi€action ¥ r

as tetrathiafulvalene (TTF) or bis(ethylenedithio)-TTF (BEDT-
TTF or ET) and their derivatives exhibit various electronic
states and physical propertiesiich as metallic conductivity
or superconductivity, Mott insulator or charge ordering
(CO)? magnetic frustratiod,and ferroelectricity.One of the
important features of CT salts is the narrow bandwidih, (
which is comparable to the on-sit&JY and inter-site V)
Coulomb repulsion energiédVhenU is larger thar\V, the
system with a half-filled band becomes a Mott insulator as
exemplified with«-(ET),Cu[N(CN)]CL.® In the case of a
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quarter-filled band system, the strong inter-site Coulomb in-
esults in a CO state as observed#ET),MM'-
(SCN) (MM’ = RbCo, RbZn, or CsZn) saltsThe CO phen-
omenon is much more interesting when it is coupled to lattice
modulation accompanied with molecular deformations. For
example, a drastic metainsulator transition occurs in (EDO-
TTF),PF (EDO-TTF = ethylenedioxy-TTF) salt associated
with the deformation of the EDO-TTF molecuile.
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In the so-calledk-phase salts the ET molecules within radiation sourceA(= 0.71073 A). Data collection was performed
conducting layers are arranged in nearly perpendicularat room temperature (RT) and 200 K for both compounds, and at
dimers, which interact with each other to yield a quasi-two- 100 K for 1 and 106 K for2. The crystal structures were solved
dimensional (Q2D) electronic structure. As a result of a With SHELXS-97 and refined with SHELXL-97 programs by full
strong dimerization in the-phase salts the electronic upper Malrix least-squares method & of the unique daté Crystal
band can be considered as effectively half-filled, although data for ): monoclinic,P2/n, Z = 2 with the following parameters

. . . L. tT =293, 200, 100 Ka = 11.276(2), 11.2307(3), 10.9798(5) A,
it should be guarter-filled according to the stoichiométty. E: 8.917(1) 8.8363(2a) 8.8047(2)),& _ 38.1§6)(6) 37.962&)

In thex-phase salts, the lowest Coulomb excitation is defined 38.579(2) A = 91.960(1), 91.934(1), 90.153(2\ = 3836(3),
as an intra-dimer Coulomb energyds) with two holes on 3765.3(2), 3729.6(4) A Ry(l > 20(1)) = 0.0511, 0.0614, 0.0727.
each ET dimer. Because the paramétgyis comparable to  Crystal data for 2): monoclinic,P2/n, Z = 2 with the following
W, «-salts can be classified as quasi-Mott-Hubbefr@heir parameters at = 293, 200, 106 Ka = 11.261(2), 11.2203(3),
transport properties are strongly dependent on subtle change$1.0498(6) Ab = 8.941(5), 8.8587(3), 8.8371(6) &,= 38.433-
of temperature, pressure, and disorder, as well as the(5). 38.054(1), 38.573(3) A3 = 91.463(5), 91.860(9), 90.142-

substitution of anions and chemical dopfhghen they are (1), V= 3868(3), 3780.5(2), 3766.6(4FARy(I > 20(1)) = 0.0403,
located at the metafinsulator boundary. 0.0412, 0.0778. The complete crystal structure data are given in

. . . the CIF file in Supporting Information. Different single crystals of
Th(_a CO phenomena in thephase salis with an effectively the same phase were measured at each temperature. Because of
half-filled band are scarce, and only a few salts are reported

10 2 'the fragility and relatively small size of the crystals, it was
such ask-(ET)4PtClk-CcHsCN'® and the triclinick-(ET)s- impossible to set properly the carbon atoms of th¢HguN+ cation

[M(CN)6][N(C2Hs)q]-3H0 (M = Cd", F€', and CH') salts™* at low temperature. The carbon atoms were isotropically refined
However, details of their physical properties and their for 2 at 106 K, whereas their coordinates and anisotropic thermal
electronic states are not well-known. To understand the CO factors were fixed fol at 100 K.

in thex-phase salts and design new functional CT salts which  The Fourier transform near-infrared (FT-NIR) Raman spectra
would give rise to novel phase transitions, we synthesized were obtained using a Bruker Fourier IFS 66 spectrometer with a
new monoclinic salts, namely;(ET)jM(CN)¢][N(C2Hs)4]* FRA 106 Raman attachment, which operates with a Nd:YAG Igser
2H,0 (M = Co" (1) and Fé' (2)). We report here the phase with a wavelength of 1064 nm. It is weII_-knO\_/vn for organic
transition from a Mott insulating phase with the fluctuation conductors that a strong electronic absorption yields the probl_em
of charge order to a CO phase associated with mO|eCU|arOf sample oyerheatmg{ and therefore, the crystals were ground into
deformations and discuss the roles of electron correlationsal powder with KBr. This powdered form allowed us to investigate

‘ e the spectra with a laser power of about 20 mW without sample
(U andV), lattice-coupled effects due to the flexibility of  geterioration. Each spectrum was accumulated over about 100 min

molecule, electrostatic interactions between donor and anion(3p00 scans). The scattered light was collected in a backscattering

layers, and spin degree of freedom in the transition. geometry; the spectral resolution was 4 émLow temperature
measurements, down to 90 K, were performed with the samples
2. Experimental Section mounted in a continuous-flow liquid-nitrogen Linkam THMS 600

cryostat (without the evacuation of the water molecules in the
Single crystals of the isostructural title salts were obtained by crystals). The cooling rate was less than 1 K mirThe X-band
electrochemical oxidation of ET in the presence of the electrolyte, ESR spectra were recorded with a JEOL JES TE-200 X-band
[N(C2Hs)a]s[M(CN)e] (M = Co" or Fé"). The crystals were grown  spectrometer equipped with a Ji cavity and Oxford ESR910
on a Pt electrode (1 mm in diameter) in a U-shape cell separatedcryostat in the temperature range of200 K with an applied
by a sintered-glass filter in a mixture of acetonitrile and dichlo- cooling rate approximately equal to 50 K* The absolute value
romethane (1:4). The single crystals were mounted on a four circle of the spin susceptibilitysspi) Was determined with reference to
diffractometer (CDFIX center of Universitée Rennes 1) equipped  the signal of CuS@5H,0, whoseyspin Value is known to be 6.00
with a CCD camera and a graphite monochromated Mo K x 106 emu g at 290 K. The sample crystal was mounted on a
flat face cut on a quartz rod, using silicone grease. The measure-
(8) (a) Ota, A.; Yamochi, H.; Saito, Gl. Mater. Chem2002, 2600. (b) ments were performed under helium gas flow, not in the vacuum,
Chollet, M.; Guerin, L.; Uchida, N.; Fukaya, S.; Shimoda, H.; to avoid the removal of the water molecules from the crystals.
Ishikawa, T.; Matsuda, K.; Hasegawa, T.; Ota, A.; Yamochi, H.; Saito, The static magnetic susceptibilityy)( measurements were

G.; Tazaki, R.; Adachi, S.; Koshihara, Science2005 307, 86.

(9) (a) Komatsu, T.; Matsukawa, N.: Inoue, T.: Saito, 5Phys. Soc. performed on microcrystalline samples with a Quantum Design
Jpn. 1996 65, 1340. (b) Drozdova, O. O.; Saito, G.; Yamochi, H.; MPMS-XL SQUID magnetometer with an applied field of 1 T
Ookubo, K.; Yakushi, K.; Uruichi, M.; Ouahab, Inorg. Chem2001, between 1.9 and 350 K. Because the crystals lose the water

f\l,lo(’)l?é??s't_(cl_)iqsegtr;’sgaog%’gg’g’gﬁ'&)ljltfzﬂ?fhigurg'}Tﬂ(uusgt'é K. molecules in the vacuum as mentioned above, the sample was sealed

M.; Saito, G.J. Phys. Soc. Jprl.996 65, 2987. in a quartz tube under a helium atmosphere. The electrical resistivity

(10) (a) Galimzyanov, A. A;; Ignat'ev, A. A.; Kushch, N. D.; Laukhin, V. measurement o2 was performed within the crystal plane, using
N.; Makova, M. K.; Merzhanov, V. A.; Rozenberg, L. P.; Shibaeva,

R.'P.. Yagubskii, E. BSynth. Met1989 33, 81. (b) Doublet, M. L.. the four-prpbe direct current method by attaching gold wires
Canadell, E.; Shibaeva, R. B. Phys. | Francel994 4, 1479. (15um in diameter) on a plate-like crystal (0:50.1 x 0.1 mn¥)
(11) (a) Le Maguerg, P.; Ouahab, L.; Conan, N.; Gomez-GaycC. J.; with carbon paste. Although the crystalslofvere not large enough

Delhaes, P.; Even, J.; Bertault, Msolid State Commui996 97, 27.
(b) Le Maguets, P.; Ouahab, L.; Briard, P.; Even, J.; Bertault, M.;
Toupet, L.; Ramos, J.; Gomez-GacC. J.; Delhag P.Mol. Cryst.
Lig. Cryst 1997 305 479. (c) Le Mague® P. Ph.D. Thesis, (12) (a) Otwinowski Z.; Minor, W. IrProcessing of X-ray Diffraction Data

for the accurate resistivity measurements, it showed similar results

University of Rennes 1, Rennes, 1997. (d) Ouahab, L.; Golhen, S; Collected in Oscillation ModeMethods in Enzymology, Volume
Le Hoerff, T.; Guillevic, J.; Tual, L.; HiBu, N.; Amiell, J.; Delhas, 276: Macromolecular Crystallography, part A; Carter, C. W., Jr.,
P.; Binet, L.; Fabre, J. MSynth. Met1999 102, 1642. (e) Siietlik, Sweet, R. M., Eds.; Academic Press: New York, 1997; pp-3326.

R.; Potomska, M.; Ouahab, L.; Guillevic, J. Mater. Chem2001, (b) Sheldrick, G. MSHELX 97, Program for the Refinement of Crystal

11, 1313. Structures University of Gdtingen, Gdtingen, Germany, 1997.
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(a)

Figure 1. Donor layer ofl viewed along the molecular long axis of ET (a) at RT and (b) at 100 K. Dashed lines indicate tBehtacts shorter than
the sum of van der Waals radii (3.60 A). An oval corresponds to a hole delocalized on the Y Edimer Uerr and Vg are explained in the text).

(a)
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Figure 2. Molecular structures oA—A andB—B dimers viewed along the molecular short axis of ETLia) at RT and (b) at 100 K.

with 2 according to our preliminary measurements. The resistivity present paper, we only describe the structuré, diecause
of 2 increases by approximately 10% with the evacuation of the the two salts are isostructural at each temperature.

air, though the value recovers after the leakage of sample space. . .

This indicates that the evacuation removes the water molecules in At RT, two crystallographically independent ET molecules,
the crystal and increases the resistivity. We have found that soakingnotedA and B, form two centro-symmetric dimergy—A

of the crystal in the oil (Daphne 7373) was sufficient to avoid the andB—B, in the organic layer. The two kinds of the dimers
influence of evacuation. The electronic band structure was calcu- arrange perpendicularly to each other in #ieplane, thus
lated by the tight-binding model based on the extendédkielu creating thec-type packing pattern (Figure 1). As shown in

method with singles parameters includingt-orbitals for sulfur Figure 2a, theB molecule has a slightly warped structure,
atoms!? The transfer integralg)(were assumed to be proportional whereasA is almost flat.

to the corresponding overlap integra® 6f the highest occupied

molecular orbital (HOMO) of the ET molecules< —¢S, ¢ = 10 Although absolute values of the charges on the ET
ev). molecules cannot be estimated from the comparison of the
bond lengths according to the usual empirical fornitilas
3. Results and Discussion a result of the rather poor accuracy of X-ray structural

analysis, the central<€C bond lengths are almost the same,

3.1. Crystal Structures.Crystal structures df and2 were 1.370(5) A forA and 1.372(5) A foiB (Table 1), indicating

analyzed at 295 K (RT), 200 K, and around 100 K. In the

(13) Mori, T.; Kobayashi, A.; Sasaki, Y.; Kobayashi, H.; Saito, G.; Inokuchi, (14) Guionneau, P.; Kepert, C. J.; Bravic, G.; Chasseau, D.; Truter, M. R.;
H. Bull. Chem. Soc. Jprl984 57, 627. Kurmoo, M.; Day, P.Synth. Met1997, 86, 1973.
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Table 1. Selected Bond Lengths (A) in Molecules A and B in 1 and 2 k. +0.7
at RT and Low Temperatures® YA
C Upper
C L7 1 N Ep ’,/‘ \ ? band
e =P
i © [T 1 | LI kes--d-----
[ \ X o . -\><
N /V Lower
M / N L] band
a b c d .07
1 (295 K) A 1370 1734 1745  1.346 rycc x VM T DOS
B 1.372 1.738 1.749 1.352 Figure 3. Calculated Fermi surface, band dispersion, and density of states
1(100 K) A 1.390 1.717 1.737 1.355 (DOS) of 1 at RT.
B 1.347 1.757 1.766 1.331
2 (295 K) A 1.373 1.746 1.761 1.345 a R = b Ry s
B 1371 1746  1.759  1.345 @ e ”,SE(TET?W ® vyET")| |V,Z,UE:ET35+)
2(106 K) A 1.403 1.719 1.740 1.363 £ (ETO)) lj,,z(m«))
B 1350 1759 1761  1.342 |,,3(ET0,5+) Vo (ETOS)
ETO [ref 15a] 1.319 1.757 1.753 1.331 = 2 sk 90K
ETOS* [ref 15b] 1.360 1.732 1.744 1.340 g g
ET* [ref 15¢] 1388 1720 1737 1345 s 120K 2 105K
< 140 K| E
a Average values are used fby ¢, andd (see scheme after title). The = 60K N 145K
corresponding values for ETETO-5", and ET" are given for comparison. a VJ\//\/\MW g 185K
|5 =
= N = //AL_
200 K = 215K
that A andB have the same mean chargeded.5 and thus %@ N
both A—A andB—B dimers areS = 1/2 radicals. iggi ///\\215
Along thec-axis, the ET layer alternates with an inorganic P o et
. ) . T 1200 1300 1400 1500 1600 1700 1200 1300 1400 1500 1600 1700
layer, which consists of Co(Ck) anions, N(GHs), Wavenumber / cm’! Wavenumber / cm”

Cat'(?ns! and kD mOIeCU!eS- The CO(CW _an'qn lies on Figure 4. Temperature dependence of the FT-NIR Raman spectra &f (a)
the inversion center, while the N{Bs),™ cation is ordered  and (b)2. (ET) is described in the text.

on the twofold axis. The anions are connected to each other

along theb-axis, through short intermolecular atomic contacts ET layers, and an average chargetdf/2 per ET leads to a

between their terminal N atoms and water molecules-(N  half-filled upper HOMO band. The Fermi surface has a 2D

O = 2.881(7) A vs sum of van der Waals radii of 3.07'8).  feature with hole-pockets centeredXaand electron-pockets

The successive chains along theaxis form channels in  centered atC(V), which is closely similar to that of

which the N(GHs)4* cations are accommodated (see Figure «-(ET)sPtCk:CeHsCN.' It is worth mentioning that this salt

SP5 in Supporting Information). behaves as a Mott insulator when the electron correlation is
At 200 K, the crystal system, space group, and molecular taken into account. Indeed, such calculations give no Fermi

shapes ofA andB are essentially the same as those at RT. surface for the present salts in the CO state. This is clear

The central &C bond length is 1.355(9) A foA and evidence of the importance of the electron correlation in these

1.357(9) A forB, indicating thatA and B bear the same  SYyStéms.

charge ¢0.5) as at RT. 3.3. Raman SpectraTemperature dependence of FT-NIR
At 100 K, moleculeB remarkably deforms as the neutral R@man spectra of salisand2 within the frequency region

ET moleculel’” whereas moleculéd remains almost flat  ©f C=C stretching vibrations are displayed in Figure 4. Note

(Figure 2b) as at RT. The centraHC bond lengths show that the spectral features of the two salts are almost identical.

the distinct difference between the molecules (1.390(9) A At 297 K, salt1 exhibits a distinct band at 1465 ci

for A and 1.347(8) A foB). This is strongly indicative of accompanied with a shoulder at about 1495 €rAccording

the charge disproportionation betwe&rmndB such as ET to the structural analysis at RT, these bands can readily be

and E, respectively, which will be discussed below with ascribed tovs(ET**") and vo(ET*®"), respectively, even

the Raman spectra. The possible pattern of CO is shown inflough the latter one seems to overlap with th¢ET)

Figure 1b. Compared to the RT phase, the crystal systemba”d?g The observation of a very weak and broad shoulder

and the space group are unchanged, and no superlattice i&ttributed tovs(ET") at around 1420 cnt indicates the
observed in botH. and?2. existence of a small number of ETholecules even at RT.

Whereas the spectral features remain almost invariant
down to 260 K, the bands attributed tg(ET") at around
1450 cmt! and v3(ET") at around 1410 cnt become
pronounced below 230 K. In particulary(ET?>") and
v3(ET%5") bands remain even at low temperature (200 K).
This propensity is seriously inconsistent with the structural

3.2. Electronic Band Structure. The band structure df
at RT, which is based on calculations excluding electron
correlation, is given in Figure 3. The HOMO bands
substantially split because of the dimerized structure in the

(15) (a) Kobayashi, H.; Kobayashi, A.; Sasaki, Y.; Saito, G.; Inokuchi, H.
Bull. Chem. Soc. Jpri986 59, 301. (b) Mallah, T.; Holis, C.; Bott,

S.; Kurmoo, M.; Day, P.; Allan, M.; Friend, R. Hl. Chem. Soc., (18) (a) Kozlov, M. E.; Pokhodnia, K. I.; Yurchenko, A. Spectrochim.

Dalton Trans.199Q 3, 859. (c) Triki, S.; Ouahab, L.; Grandjean, D.; Acta 1989 45A 437. (b) Moldenhauer, J.; Horn, Ch.; Pokhodnia, K.

Fabre, J.MActa Crystallogr.1991 C47, 645. I.; Schweitzer, D.; Heinen, |.; Keller, H. Synth. Met1993 60, 31.
(16) Bondi, A.J. Phys. Chem1964 86, 441. (c) Wang, H. H.; Ferraro, J. R.; Williams, J. M.; Geiser U.; Schluter,
(17) Guionneau, P.; Chasseau, D.; Howard, J. A. K.; Day,ABta J. A.J. Chem. Soc., Chem. Commui994 1893. (d) vietlik, R.;

Crystallogr.200Q C56, 453. Lapinski, A.; Ouahab, L.; Yakushi, KC. R. Chim.2003 6, 395.
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the charge does not occur abruptly, but it is gradually
pronounced below 260 K, showing that the fluctuation of
charge order develops gradually upon cooling. At 90 K,
almost no appearance of the band attributegs(BT°5") at
around 1470 cmt allows us to assign the band at around
1500 cn! exclusively tovs(ETO) instead ofvo(ET?®). The
Raman spectrum made of the intemsgET™"), v3(ET™), and
v3(ETO) derived from ET and EP is in agreement with the
crystal structure analysis of the CO phase at 100 K.

3.4. ESR MeasurementsAt RT a single ESR signal with
a Lorentzian shape was observed foat g ~ 2 along all
measured directions. The principal values are determined as
01 = 2.0090,9; = 2.0045, andy; = 2.0036, and the axes
are in agreement with the crystallographic axes*, and
a*, respectively, within the experimental error. The ESR
00 susceptibility §spir) at 300 K is 1.7x 102 emu mot*? of
formula unit (8.5x 10~* emu mot? of (ET), dimer). In the
1 temperature range of 280 to 220 jin @long thea*-axis
. decreases upon cooling and reachesx1.00 2 emu moi?
per formula unit at 200 K (Figure 5).

300 The gradual decrease gf,» down to 200 K would arise
T/IK either from antiferromagnetic interactions between the

Figure 5. Temperature dependence of (a) peak-to-peak line witiH,§) ﬂu-ctuatlr-\g. elgctrons in the (E)-P+)2 dlm_ers qr from gradual

and (b) ESR susceptibilitygéir) for 1 (circles) and? (triangles), applying spin annihilation by charge disproportionation from (ET),

the static field along the*-axis. + (ETO5*), to (ETH), + (ET9),, where the latter two species

15 are originally spin-singlet. Peak-to-peak line width of the

signal (AHpp) remains almost constant down to 150 K,

indicating a localized spin system.

The yspin Value decreases abruptly at around 150 K as a
consequence of the formation of long-range CO, in which
both dicationicA—A and neutraB—B dimers should be
spin-singlet. The abrupt change of the signal is in contrast
with the gradual spectral change in the Raman spectra. This
inconsistency cannot be explained at present but may be
L . related to the different time scale or frequency in ESR and
Raman measurements. The ESR intensity below 150 K

200

100

AHyy / Oe

<o

ad

—
T

Zspin / 1073 emu mol-!
o

=

<

—
=3

X7/ emu K mol™!
=)
L

0.00 T 2('}0 : 3('}0 follows the Curie-Weiss law with 5% ofS = 1/2 spins,
/ which cannot be attributed to the conventional defects in CT
I’k solids (<19%). Alternately, (E5%), dimers with theS= 1/2

Figure 6. Temperature dependence 0f in 1 (circles) and2 (triangles)

in an applied field of 1 T. spins left behind by CO might contribute to the ESR signal

at low temperatures. It is safely concluded that over 95% of

analysis at 200 K, which revealed the presence of onRFET  the ET molecules in the crystal is in the CO phase below
molecules in the crystal. This inconsistency might be 150 K.
explained by the fluctuation of charge order and/or the phase Salt2 behaves slightly differently from (Figure 5). The
separation, although it should be taken into account that yspin value of 3.2x 103 emu mof* per formula unit at 300
grinding of crystals might influence their properties, for K substantially exceeds that bfand even that expected from
example, yielding some smearing of the CO over a wide an uncorrelated tw& = 1/2 spins system (2.5 103 emu
temperature range. mol~?* of formula unit). We think that the exceptionally large

Assuming the phase separation of CO and RT phasesyspinis associated with the—d couplings between ET radical
occurs at around 200 K, the slight difference in the unit cell cations and Fe(CNj~ anions through short intermolecular
between the two phases would bring about a change in thecontacts (H-N = 2.450(6) A forB at RT in 2). Between
profile in each Bragg spot, for example, a splitting. However, 300 and 200 K, the ESR intensity df continuously
no such splitting was observed at 200 K in the X-ray decreases, corresponding to the successive development of
diffraction measurements. Thus it is plausible that the the fluctuation of charge order upon cooling as in the case
fluctuation of charge order already occurs even at RT and of 1. A loss of intensity through the transition at 150 K was
grows extensively below 260 K, resulting in the coexistence also observed in a similar mannertpalthough the change
of ET*, ET®5", and EP. The gradual decrease of the band was more gradual. The line width is almost temperature-
v3(ETO5") below 150 K indicates that a subtle & remains independent down to 150 K, where it then begins to increase
in the CO phase. A notable point is that the redistribution of sharply as in saltl. Below 30 K, a distinct signal ac-
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companied with a hyperfine structure appears, and its
intensity increases with decreasing temperature (Curie-like
behavior). This signal is unambiguously assigned to tHe Fe
spins of Fe(CNj anions, because it seems that the angular
dependence resembles that of'Fpins in K[Fe'" (CN)g].*°

3.5. Static Susceptibility Measurements.The static
susceptibility §) of the microcrystalline salt is 1.5x 1073
emu mol? per formula unit at 300 K, which is very similar
to that estimated from the ESR signal. Upon coolipd,
gradually decreases down to around 200 K (Figure 6),
corresponding to the development of the fluctuation of charge
order. An abrupt drop at 150 K can rationalize the formation
of long-range CO. Below 150 KT is almost constant and
the concentration of spins is estimated to be 5% of 1/2
spins.

The y of 2 at 300 K (4.0x 1072 emu mof? of formula
unit) is in fairly good agreement with a sum @f(1.5 x
103 emu mol? per formula unit) and KFe"(CN)g] (2.3
x 10°% emu mol per formula unit). For T, a gradual
decrease at around 250 K and abrupt drop at 150 K
correspond to the development of the fluctuation of charge

order and a phase transition to a CO phase, respectively, as

in the case ofl (Figure 6). Below 150 Kgd-spins of F& (S
= 5/2) mainly contribute to the susceptibility.

It should be noted that the ESR and static magnetic
susceptibility, which are good probes for the electron
correlation, ofl and?2 lie in the range of 7.58.5 x 10*
emu mof?! per ET dimer at RT, and the values are
intermediate between those of typical Mott insulators such
asf'-(ET)X (X = ICl; and AuC}; 9.3-10 x 10* emu
mol~1)2° and the metallic compourH(ET),Aul; (3.4 x 1074
emu mot?).2

3.6. Conductivity Measurements.Figure 7a shows the
temperature dependence of resistivijgy for 2. RT conduc-
tivity is abou 1 S cni?l, andp is almost invariable in the
temperature range of RT to 280 K. The relatively poor
conductivity and large paramagnetic susceptibility, in spite

of the calculated Fermi surface, allows us to assert that the

salt is on the insulator side of the Mott-Hubbard criterion as
in k-(ET).Cuw(CN); and «-(ET),Cu[N(CN)]CIL.%6 It was
found that bothe-(ET),Cu(CN); and «-(ET),Cu[N(CN),]-

Cl exhibited similar conductivity (27 S cm* at RT) with
higher activation energy for conductios, (= 0.012-0.05
eV)?22and smallefspin values (4.5-5.5 x 10~ emu mot?

per ET dimer at RT}:2® Although the largespin values for

1 and2 suggest that the electron correlation is much stronger,
the negligiblee, values indicate that the electronslrand

2 are more itinerant in nature than thosexefET).X (X =
CWy(CN)z;, CU[N(CNY]CI). The nearly temperature indepen-

(19) Baker, J. M.; Bleaney, B.; Bowers, K. Broc. Phys. Socl956 B69,
1205.

(20) Yoneyama, N.; Miyazaki, A.; Enoki, T.; Saito, Bull. Chem. Soc.
Jpn.1999 72, 639.

(21) Talham, D. R.; Kurmoo, M.; Day, P.; Obertelli, D. S.; Parker, I. D;
Friend, R. H.J. Phys.1986 C19, 383.

(22) Williams, J. M.; Kini, A. M.; Wang, H. H.; Carlson, K. D.; Geiser,
U.; Montgomery, L. K.; Pyrka, G. J.; Watkins, D. M.; Kommers, J.
M.; Boryschuk, S. J.; Crouch, A. V.; Kwok, W. K.; Schirber, J. E.;
Overmyer, D. L.; Jung, D.; Whangbo, M. thorg. Chem199Q 29,
3272.

(23) Miyagawa, K.; Kawamoto, K.; Nakazawa, Y.; KanodaRys. Re.
Lett. 1995 75, 1174.
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dent behavior of resistivity above 280 K may be explained
by the presence of the fluctuation of charge order (mixing
of ET®S", ET", and EP) which exists even at RT as
confirmed by Raman spectrum (Figure 4), because the inter-
dimer Coulomb repulsion prevents each carrier from being
localized on a dimer. The temperature dependence of
d(In p)/d(T~2) shows an increase below 280 K upon cooling
(Figure 7c), indicating the development of the fluctuation
of charge order as shown in the Raman spectra. The magnetic
susceptibility also decreases below about 280 K. The peak
in d(In p)/d(T~1) at 265 K corresponds to the inflection point
of the magnetic susceptibility as shown in Figure 7b,
indicating the rapid development of the fluctuation of the
charge order.

3.7. Mechanism of the Phase Transitionin thex-phase
salts with strong dimerization of donor molecules, the
intradimer on-site Coulomb repulsidhs plays an essential
role to stabilize the Mott insulating state, where the (&),
dimer forms a uniform 2D array (Figure 1). On the other
hand, the Coulomb interaction between the neighboring
dimers /) favors the CO between dimers. It was argued
theoretically that thec-phase may show various ground
states; AF, CO, and paramagnetic states, depending on the
long-range Coulomb interactidhA At RT, a (ET°5"), dimer
is surrounded by the six nearest neighboringXE}, dimers.

(24) Imamura, Y.; Ten-no, S.; Yonemitsu, K.; TanimuraJYChem. Phys.
1999 111, 5986.
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Figure 8. Intermolecular contacts between anions, cations, Arehd B
molecules. Dashed lines indicate-NH and H--H intermolecular contacts
shorter than 3.0 A.

Table 2. Shortest Intermolecular Distances (A) between Anions or
Cations and A and B Molecules at RT and Low Temperatures

1(RT) 2(RT) 1(100K) 2 (106 K)
anion~A  N3--H10 2582 2579  3.032 3.053
N3+H9  3.175 3.294  2.844 2.880
N2:+H9 2704 2751 2797 2.816
anion~B  N3-HI12 2387 2389 2507 2.573
N4--H19 ~ 2.666 2676  2.765 3.447
cation--A  H24--H2 2541 2563  2.495 2.650
H21--H2 2506  2.610  3.075 2.880
H24--H1 2966  3.021  3.117 3.342
cation-B  H1l--H24 2,673 2.683  2.821 2.913
H1l--H23 2,929 2871 2776 2.492
H21--H20  2.723 2700  2.439 2.460
H24--H19 2.789 2786  2.601 2.783

Therefore, the Coulomb energy per unit cell is roughly
estimated as \&. On the other hand, there are only two
nearest neighboring (E), dimers for a (ET), dimer in the
CO phase, and (), dimers do not contribute td/y.

Chem. Mater., Vol. 19, No. 10, 2G361

of freedom vanish in the CO phase with spin-singlet ground
state. It is also considered that the flexibility of the donor
molecule and the presence of discrete anions with highly
negative charge are responsible for the large charge differ-
ence betweer (ET") andB (ETP) in the CO phase. The
significant deformation of neutr& exerts an effect in some
way that leads to the HOMO level & lower than that of

A by 0.25 eV, giving rise to the charge disproportionation
betweenA andB.

The most interesting feature in the present salts is the
gradual development of the fluctuation of charge order. Such
a behavior indicates the competition of the two phases. It is
plausible that the intra-dimer Coulomb interaction is com-
parable to the inter-dimer Coulomb interaction in these salts.

Conclusion

The two new CT SaltS-(ET)4[M(CN)G][N(C2H5)4] <2H,0
(M = Cd" and Fé') were synthesized, and their crystal
structures and physical properties were investigated. The salts
are isostructural to each other and contain two kinds of
dimerized molecules in the conductiag-plane. At RT, the
two crystallographically independent ET molecules possess
an equivalent charge af0.5 and behave as Mott insulators.
The temperature dependence of Raman spectra revealed that
the CO occurs very gradually. The crystallographic studies
performed at different temperatures provide us with further
confirmation of the charge disproportionation at low tem-
peratures. The magnetic susceptibility decreased gradually
with decreasing temperature in accordance with the gradual
CO. In addition, we observed the abrupt change in the ESR
susceptibility and the line width at 150 K, indicating a

Therefore, the Coulomb energy per unit cell is evaluated as transition from a Mott insulating phase with the fluctuation

Uerr + 4V4 in the CO state. The competing effectldf; and
Vg would be essential for the fluctuation of charge order and
the phase transition.

We should also consider the role of electrostatic interac-
tions such as doneranion and doner-cation interactions
in the phase transition. BecauseandB are crystallographi-

of charge order to a long-range CO state. Coulomb interac-
tion plays the essential role in determining the physical
properties including conducting, optical, and magnetic
properties. The electrostatic Coulomb potentials of the
counter components in the inorganic layer are necessary to
give the different environments for the crystallographically

cally independent, it is apparent that the distances to theindependent ET molecules. This effect and the flexibility of

inorganic components are not the sameX@ndB, resulting

in different Coulomb potential$® The shortest intermolecu-
lar distances oA andB with M(CN)e*~ and (GHs)4N™ are
given in Table 2 and Figure 8. One can notice in particular
that (i) the distances between the M(GN)anion andB
increase whenT decreases, (i) the distances between
(C:Hs)4NT and A increase whem decreases, and (i) the
distances between §8s),N* and B decrease whenrl

the ET molecule are directly related to the pattern of CO,
which is composed of a bent E@imer and a flat ET dimer.

The competition betweebles and Vy is essential for the
fluctuation of charges and the peculiar phase transition. The
above-discussed features are correlated and cooperative, that
is, the molecular degree of freedom is combined with the
electronic correlation in the low dimensional system, and
thus unusual physical properties and phase transition are

decreases. These three structural changes show clearly thai€nerated in these CT salts.

the Coulomb potentials are modified through the phase
transition and contribute to the stabilization of the CO phase.
Actually, the stripe pattern of CO, which is parallel to the
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