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MOLECULAR MATERIALS CONTAINING CONDUCTING AND 
MAGNETIC SUBLATTICES : PHASE TRANSITIONS IN 
[K-(E~~N)(BEDT-TTF)~M(CN)~, 3 € I 2 0  ; M = FeIII, Corrl, CrIrr]. 

P. Le Maguerks a, L. Ouahalz a, P. Briard a, J. Evenb, M. Bertault b, L. Toupet b, 
J. R h o s  C, C.J. G6mez-Garcia C, P. Delhah C. 

a Laboratoire de Chimie du Solide et Inorganique MolCculaire, URA 1495, 
Universitk Rennes I, 35042 Rennes, France. 
b Groupe Mati&re Condende et Matkriaux, URA 804, Universitk Rennes I, 35042 
Rennes, France. 
C Centre de Recherche Paul Pascal, CNRS, Av. A. Schweitzer, 33600 Pessac, 
France. 

Abstract : We report the preparation, structural and physical investigations of BEDT-'ITF 
(ET) salts formulated P-ETsM(CN)6, 10 H20 with M = FeIII and Con' and K-[EQN] 
(ET)@(CN)6,3 H20 with M = FeIn, Coin and Crnl. The K-phase salts show two phase 
transitions at 240 K and 150 K, respectively. The frs t  structural transition, at 240 K, is 
followed by a redistribution of the charges on the ET molecules and the magnetic and 
electrical properties are explained on the basis of this phenomenon. A facile and 
convenient route for the preparation of the (&N)3M(CN)6 [R= C2H5 and C4H9) salts is 
also presented. 

A great challenge in the field of molecular materials is to synthesize new compounds 
coupling localized magnetic moments and delocalized electrons with the aim to investigate 
systems in which magnetic and conducting properties could coexist. The main reason of 
interest in the combination of localized and itinerant electrons is related to the possibility 
to create new interactions between them, in particular the so-called indirect exchange 
interaction. So through this kind of interaction and thanks to the infinite delocalization of 
the conduction electrons, one hope to create a long-range magnetic order in such 
molecular compound. 
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480 P. LE MAGUERES e t  d. 

However, the incorporation of a localized spin in a molecular conductor has been 
obtained in only a few cases1. Among them, the first one containing paramagnetic metal 
ions and exhibiting a superconducting state has been recently reported by P. Day et  al.le. 

In this context, our aim is ta obtain ET-based radical ion salts associated with inorganic 
hexacyanometalates. Indeed the x-electronic donor ET is the most widely used molecular 

precursor in the synthesis of radical cation salts exhibiting conducting and 
superconducting behaviors2. Its anionic partners, the hexacyanomctalates, can be 
diamagnetic (M = Conl) or paramagnetic (M = FeIn and Crnl) and are known to give rise 
to different kinds of magnetic interactions through the cyan0 bridges3. 

W e  have obtained two phases noted respectively P-ETsM(CN)~,  10 H2O with 
M = FelII and CoIII and K - [ E ~ ~ N ] ( E T ) ~ M ( C N ) ~ ,  3 H20 (M = FeIIIy CoIII and CrIII)If. 

We prcsent hcrc thc crystal structures as well as the d.c. conductivity, the magnetic and 
calorimetric measurements for both phases, focusing however on the K-phase salts which 

show two phase transitions at 240 K and 150 K ; in particular, the structural transition at 
240 K has been studied by X-ray analysis. A facilc and convenient route for the 
preparation of the (QN)3M(CN)6 [R= C2H5 and C4H9) salts is also presented. 

EXPERIMENTAL SECTION 

Preparation of compounds : 
&phase : Isostructural fkphase ET salts were obtained on a platinum wire electrode by 

anodic oxydation of the organic donor ET (3  x 10-3 M) in a U-shape electrocrystallization 
cell under constant current (I = 1 pa) in the presence of the potassium salts of the anions 

(2.5 x M) as supporting clectrolytc and of 18-crown 6 (4.7 x lom2 M). A mixture of 
CH2C12 and MeOH in a 5 : 1 ratio with 20 drops of water (6 % in volume) in each cell 
compartment was used. Thick platelike single crystals were obtained for ET salts of 
[Fe(CN)d3- and [cO(CN)6l3- whereas the [Cr(CN)6I3- salts give rise to thin plates of bad 
quality. 
K-phase : Isostructural K-phase ET salts were obtaincd with the [Fe(CN)6I3-, 
[co(cN)6]3- and [Cr(CN)6I3- anions by anodic oxydation of ET (3.6 x M) under 
constant (I = 1.3 pa) in the presence of the tetraethylammonium salts of the anions 

(EtqN)3[M(CN)6], M = Feu1, CoIil, CrlI1 (1.4 x M) as supporting electrolyte. Block 
like single crystals were obtained in a mixture of CH2C12 and CH3CN in a 4 : 1 ratio. 
Synthesis of (RgN) lM(CN)LThe  synthesis of the (EtqN)3[M(CN)6] salts was 
conducted according to two ways. In the first one, reported by Masharald, a mixturc of 
tetraethylammonium perchlorate and K3[M(CN)6] is stirring in methanol under nitrogen 
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MOLECULAR MATERIALS 48 1 

during 24 hours. However this procedure involves the formation of the dangerous salt 
KClO4. So we have investigated an other procedure by synthesizing first the silver salt of 
hexacyanometalate in aqueous media before the access to the (E4N)+ salt. Thus 
Ag3[M(CN)6], M = FelI1, CoI'I, CrlI1 was prepared by mixing concentrated aqueous 
solutions of K3[M(CN)6] (20 mmol in 20 ml) and AgN03 (60 mmol in 25 ml). The 
precipitate of Ag$M(CN)6] was collected by filtration through a sintered glass filter NO4 
and washed with water. A suspension in water of Ag3[M(CN)6] (5 mmol in 50 ml) was 

then treated with an aqueous solution of tetraethylammonium iodide (15 mmol in 20 ml). 
The residual salt AgI precipitated (Ps = 8.51.10-17 mol.1-l at 25 "C in water) and was 
removed by filtration. The aqueous solution, which contained the soluble 
(Et4N)3[M(CN)6], was evaporated to dryness and finally the collected powder was 
recrystallized in acetonitrile. 

X-ray diffraction : X-ray data collections were performed on an Enraf-Nonius CAD4 
diffractometer equipped with graphite-monochromatized MoKa radiation by 8-28 scan. 
The structures were solved by direct methods and successive Fourier difference 
synthesis and were refined by full matrix least squares method with anisotropic thermal 
parameters for all non-hydrogen atoms (H-atoms included in computed positions and not 
refined). The low temperature unit cell parameters were obtained by cooling the samples 
in a nitrogen stream with a FR558SH cryostat mounted on the diffractometer. 

Physical measurements : D.c. conductivity experiments were carried out using the four- 
probe method on single crystals. Magnetic measurements were performed on 
poiycrystalline samples with a magnetometer equipped with a SQUID sensor (Quantum 
Design MPMS). ESR measurements at variable temperature were recorded on single 
crystals at X-band with a Bruker ESP 300E spectrometer equipped with a helium 
cryostat. Calorimetric experiments were performed on polycrystalline powder samples 
weighting from 20 to 30 mg encapsulated in 50 pl pans using a differential scanning 

calorimeter (Perkin-Elmer DSC7) cooled with liquid nitrogen. 

CRYSTAL STRUCTURES 

@phase : The crystal structure5 was solved for P-ETsFe(CN)6, 10 H20. It consists of 
alternating layers of ET and [Fe(CN)6I3- anions (Fig. 1). The inorganic sublattice is 
constituted by the cenuosymetric [Fe(CN)6I3- anions, situated at the origin of the cell, 
and 10 water molecules. The organic sublattice is built of two and one half 
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482 P. LE MAGUERES ct (11. 

crystallographically independent ET molecules noted A, B and C (Fig 1). These ET 
molecules form pentamerized stacks parallel to the [2,1,0] direction with the sequence 
... BAC AB... These stacks are packed in a 0-type fashion2 and form conducting sheets 
parallel to (001) plane. Strong S..S contacts are observed between ET molecules from 
neighbouring stacks (they range from 3.325(4) A and 3.617(4) A and are shorter than the 
sum of Van Der Wads radii = 3.65 A). The intrastack S..S contacts are considerably 
weaker (2 3.666(5) 8). Due to these stong side-by-side interactions, the ET molecules 
form "ribbons" in the [3.-1,Ol direction with the same sequence ... BACAB ... as that in 
the direction of the chains. From the comparison of the intramolecular C=C and C-S 
bond lengths with those of other ET molecules under different oxydation states, we can 
assume that the distribution of the charge on the ET molecules is irregular. 

FIGURE 1 : Crystal structure for P-ET5Fe(CN)e, 10 H20. Only the anions along 

the [2,1,0] direction have been represented. Circles in grey are water molecules. 
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MOLECULAR MATERIALS 483 

K-phase : The crystal structures were solved for nearly all the compounds : K - ( E ~ N ) E T ~  
M(CN)6,3 H 2 0  (M = Conl, FeIa, @I1) at room temperature and K-(EUN)ET~M(CN)~, 

3 H20 (M = FeIq CrIII) at low temperature (Table 1). 

TABLE 1 : Crystal and refinement data for K - ( E ~ ~ ) E T ~ M ( C N ) ~ ,  3 H20, M = 

FeIn, Coin and Crrrr at 300 K and 115 K. 

Fern co= Crm 

300K 115K 
PT 

8.949(2) 17.628(8) 
14.254(7) 14.14(1) 
21.482(4) 21.417(9) 
88.18(3) 89.01(7) 
11 1.53(2) 110.29(3) 
127.89(4) 128.41(7) 
1941(2) 3779(7) 
1 2 
1.656 1.700 
4164 4128 
(n = 6) (n =4)  
0.052 0.044 
0.079 0.0671 

300K 115K 300K 115K 
PT PT 

8.945(2) 17.56(2) 8.967( 1) 17.687(9) 
14.234(3) 14.180(5) 14.251(5) 14.13(1) 
2 1.48 2( 6) 2 1.397 (9) 2 1.57 8( 3) 2 1.45 l(9) 
88.1 l(3) 89.42(7) 89.15(2) 88.84(5) 
1 1  1.73(2) 109.94(5) 110.81(1) 110.25(4) 
127(68) 128.87(5) 127.87(2) 128.33(7) 
1940( 1) 1962(1) 3805(6) 
1 2 1 2 
1.659 1.635 1.685 
331 1 4095 2537 
(n = 6) (n =6) (n= 3) 
0.058 0.068, 0.062 
0.08 1 0.107 0.080 

The room temperature crystal structure shows layers of anions and organic 
molecules alternating in the c direction. The centrosymetric hexacyanometalates are 
situated at the origin of the cell. The trianions are connected along the a and b axis via 
several oxygen bridges from water molecules creating cavities in which disordered 
cations (Et4N)+ are located. The organic sublattice is built of two crystallographically 
independent molecules, noted A and B, which are arranged in two different kinds of 
dimer with a ring-to-double bond overlap in each dimer, giving rise to the first K-phase 
ET salts involving a trianion. The intermolecular S - S  distances are very similar in both 
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484 P. LE MAGUERES Y I  ul. 

dimers. They range from 3:340(3) A and 3.661(3) A in the three salts and are shorter 
than the intradimer ones. 

The low temperature unit cell parameters have been determined on single crystals 
for K-(EQN)(ET)~M(CN)~, 3 H20 (M = FeIT1, CoIII and CmI) and studied in the range 
300-1 15 K (Fig 2). In all cases, we observed a reversible doubling of the a parameter at 
about 240 K which remains unchanged down to 115 K. 

l8 - 
16 - - 

4ooo 

- 3500 

- 3000 
- 2500 

'0 0 0 ~ 0  0 0 0 0 0 o o o a  

- 0  88-0 0 8 8 0 0.8- 

8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
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120 140 160 180 UK) 220 210 260 280 

a(A) 14 m o o  o - 
12 - 
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FIGURE 2 : Evolution of the cell parameters between 300 K and 115 K for K- 

(EUN)ET~FC(CN)~, 3 H20. 
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MOLECULAR MATERIALS 485 

The crystal structure at 115 K was solved for the FeIII and CrIII salts (Fig. 3). In 
both cases, the origin of the cell is displaced along the a direction so that the anions are 
now situated close to (1/4, 0, 0). Moreover, the (Et4N)+ cations show a great 
orientational disorder which is not solved even at low temperature. The organic sublattice 
is built of four crystallographically independent ET molecules, libelled A, B, C and D, 
forming four kinds of dimers. The interdimer S-S distances range from 3.176(5) A and 
3.635(5) A and the shortest intradimer S-S distance is 3.503(6) A. From the 
intramolecular bond lengths determined by X-ray data, we can estimate that at room 
temperature both different ET molecules bear a charge of +0.5 whereas at 115 K one of 
the four different molecule is completely ionized, one other is neutral and the two last 
keep a charge of +0.5. Thus, the structural transition occuring at about 240 K is 
accompanied by a redistribution of the charges on the ET molecules, as already described 
in a few cases in other ET radical ion salt&, and is characterized by the coexistence of the 
organic molecules in three different oxidation states at low temperature. We assume that 
this charge redistribution is a dismutation in which two dimers [ET+0.5]2 built with 
mixed valence ET radicals at room temperature change in one neutral dimer [E@]2 and 
one other containing two completely ionized molecules [ET+1]2 at low temperature 
(scheme 1). 

,. 

n 

cc: a 

FIGURE 3 : Organic sublattice for K- (E~N)ET~M(CN)~ ,  3 H20 (M = FeIII and 

CrlI1) at 115 K. 
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486 P. LE MAGUERES et al. 

t 
f +1 +I +0.5 +0.5 +0.5 4.5 0 0  

SCHEME 1 ; Redistribution of the charges on the crystallographically independent 
dimers for K-(EW)ET&I(CN>~ (M = FeIrI and Crrrr) between 300 K and 115 K. 

@-phase : The FeIII and CorlI salts are semi-conductors with room temperature 
conductivites of 0.02 S.cm-l and 0.5 S.cm-l respectively. The values of the normalized 
spin susceptibility calculated from the E.S.R. spectra as well as those of the molar 
paramagnetic susceptibility remain unchanged in the temperature range 4.2 - 300 K for 
both salts. This behavior independent of the temperature, also called Paali-type 
paramagnetism, is characteristic of conduction electrons and show the absence of 
significative magnetic interactions between the organic and inorganic sublattices. this is 
confirmed by the magnetic moment of the Ferrl salt which corresponds to the sum of the 
contributions of the paramagnetic [Fe(CN)6I3- anion with that of the organic sublattice. 

K-phase : The electrical measurements of single crystals of the CoIII, FeIII and CrIII salts 
reveal a semiconducting behavior for the three salts (6300K = 10 S.cm-1, = 0.2 S.cm-1 
and = 0.15 S.cm-' respectively for M = Coxn, FeIn and CrrrI). The thermal dependence 
of the normalized resistance of the ColI1 salt show a slop change in the semiconducting 
behavior at 240 K and 150 K. For the two other salts, the measurements have been 
carried out up to about 220 K only but they indicate a significant increase of the 
normalized resistance from 250 K. 
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MOLECULAR MATERIALS 481 

The ESR spectra were carried out on single crystals for Coul and FelI1 salts. The 
values of the normalized spin susceptibility and the linewidth calculated from the ESR 
spectra reveal for the Corn and FeIn salts two transitions at about 240 K and 150 K. 

The thermal dependance of the molar paramagnetic susceptibility has been studied 
on the Fe1I1 compound and show the occurence of two transitions at about 240 K and 
150 K (Fig. 4). However, the intensity of the transition at 150 K depends on the cooling 
rate of the sample, the transition at 240 K remaining unchanged. Thus, when the sample 
is cooled to 5 K and then warmed slowly from 5 K to 300 K, the transition at 150 K is as 
intense as the one at 240 K if the cooling has been slow. But it is very less intense - and 
even absent - if the sample has been quenched at 5 K. This behavior induces the 
appearance of a large hysteresis for the transition at 150 K. The magnetic moment of the 
FeIII salt corresponds to the sum of the contributions of the paramagnetic [Fe(CN)6l3- 
anion with that of the organic sublattice. This result demonstrates the absence of 
significative magnetic interactions between the organic and inorganic counterparts. 

1,4 

1.3 
L 1.2 
h 

2 1.1 

$ 1.0 

7 0,9 
* 0.8 

0,7 
0 5  

r .  

100 150 200 250 300 100 150 200 250 
T (K) T (K) 

a b 

FIGURE 4 : Temperature dependence of the product (xm.T) for compound K- 
(Et@)ET4Fe(CN)6,3 H20 when the sample has been previously quenched at 5 K 
(a) and when it has been smoothly cooled from 300 K to 5 K (b). 

Several consecutive decreases and increases of temperature have also been carried 
out for the CoIII salt with a slow cooling rate. This time, we have only observed the 
transition at 150 K whereas the ESR measurements have shown two transitions at 150 K 
and 240 Klf. 

Finally, Different Scanning Calorimetry measurements were performed between 
125 K and 300 K for the FeIr1 and CoIL1 salts. For both salts, the transition are 
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488 P. LE MAGUERES et ul. 

characterized by endothermic peaks. The peaks are mainly observed at about 150 K and 
are attributed to a first-order transition and the calculated enthalpies are 1.5 J g l  and 
0.4 J . g 1  respectively for the Coin and the FelI1 salts. 

In the K-phase salts, the decrease in the static and ESR susceptibilies occuring in 

both transitions corresponds approximately to the loss of the half of the magnetic 
contribution from the organic sublattice at room temperature. The fvst transition at about 
240 K could be relatcd to the dismutation of two ET dimers [ET+o.5]2 in one neutral 
dimer [ E e l 2  and one other completely ionized [ET+I]2 (see scheme 1). The neutral 
dimer do not have any magnetic moment and we can assume the existence of a singlet 
ground state in the completely ionized ET molecules. So the magnetic contribution comes 
from the two other crystallographically independent ET radicals which are partially 
oxidized (p = 0.5). The second transition has not been evidenced by X-ray study ; 

however, the DSC measurements show a very clear endothermic peak characteristic of a 
first-order transition suggesting that this transition might also be accompanied by a 
structural modification. 

DISCUSSION AND CONCLUSION 

The combination of inorganic hexacyanometalate anions with the organic donor ET has 
led to new hybrid molecular materials in which localized magnetic moments and itinerant 
electrons coexist. We have obtained two phases, noted P-ETSM~CN)~, 10 €320 with M = 
FeI" and CoIII and K-(EQN)ET4M(CN)6. 3 H 2 0  with M = Con', Fel" and CrlI1. All 

these compounds are semiconductors and do not reveal any significant magnetic 
exchange between the organic and inorganic sublattices. This situation is attributed to the 
inhomogeneous repartition of the charges on the ET molecules in the K-phase as revealed 

by the crystallographic data. Indeed the irregular repartition of the charges, which may be 
due to the strong electrostatic interactions produced by the high charges of the 
hexacyanometalate anions, induces a progressive charge localization when the 
temperature is lowered and accounts for the decrease in the d.c. conductivity values. In 
consequence, we assume that the weak delocalization of the conduction electrons 
prevents any significative interactions between the itinerant .x-electrons and thc localized 

magnetic moments of the paramagnetic hexacyanometalate anions. 
Indeed these K-phase salts can be considered as lamellar compounds madc with 

alternate organic and inorganic layers. In such quasi 2-D systems specific electronic 
instabilities, inducing either a superconducting state or a magnetic ground state, have 
been already discovered. But we have shown here that structural distortions giving rise to 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
1:

49
 2

1 
A

ug
us

t 2
01

2 



MOLECULAR MATERIALS 489 

new surstructures are competiting with these instabilities. These structural phenomena are 
reminiscent of the polytypes observed in inorganic lamellar compounds and open the way 
to new molecular systems with combined periodicities. 

Acknowledpme nt We thank Dr. T. Mallah, LCMT- URA 419, Universik? Pierre et 
Marie Curie, Paris VI, for a generous gift of K3Cr(CN)6. 
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