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ABSTRACT 

Electrocrystallization of the BEDT-TTF organic donor in the presence of the [Fe(ClCNAn)3]
3− 

tris(chlorocyananilato)ferrate(III) paramagnetic anion in different stoichiometric ratios and solvent 

mixtures afforded two different hybrid systems formulated as [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O 

(1) and [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN (2). Compounds 1 and 2 present unusual 



structures without the typical segregated organic and inorganic layers, where layers of 1 are formed 

by Λ and Δ enantiomers of the anionic paramagnetic complex together with mixed-valence BEDT-

TTF tetramers, while layers of 2 are formed by Λ and Δ enantiomers of the paramagnetic complex 

together with dicationic BEDT-TTF dimers and monomers. Compounds 1 and 2 show 

semiconducting behaviors with room temperature conductivities of ca. 6 x 10-3 S cm−1 (ambient 

pressure) and 10-3 S cm−1 (under applied pressure of 12.1 GPa) respectively, due to strong 

dimerization between the donors. Magnetic measurements performed on compound 1 indicate 

weak antiferromagnetic coupling between high-spin FeIII (SFe = 5/2) and mixed-valence radical 

cation diyads (BEDT-TTF)2
+• (Srad = ½) mediated by the anilate ligands, together with an important 

Pauli paramagnetism typical for conducting systems.  

 

1. INTRODUCTION 

Magnetic molecular conductors are a challenging class of multifunctional materials of 

special interest in contemporary material science, since coexistence or even interplay between 

delocalized π-electrons and localized d-electrons can lead to unusual and peculiar phenomena such 

as magnetic field-induced superconductors, magnetoresistance effects, magnetic field- switchable 

conductors etc., with technological applications in molecular electronics and spintronics.1 

Molecular π–d systems exhibit a variety of types of electron transport (conducting, semiconducting 

and insulating) which can be finely tuned by the π–d interactions and, therefore, by a wise choice 

of both the organic donor, carrier of conductivity, and magnetic counter ions, carriers of magnetic 

properties (ferro-, ferri-, antiferromagnetism). Among the organic donors, the BEDT-TTF 

molecule,1d-e,2 along with its selenium derivatives, is the most successful donor which has 

produced the majority of known superconductors and several charge-transfer salts showing 

different conducting states (conducting, semiconducting, etc.). Tetrahedral and octahedral 

mononuclear complexes, such as [MX4]
n- (M = FeIII, CuII; X = Cl, Br)3 and [M(ox)3]

3- (ox = 

oxalate),1e,4 respectively, have been reported as the most relevant charge-compensating magnetic 

anions used to construct magnetic molecular conductors; another important milestone has been 

achieved by using bimetallic oxalate-based layers of the type [MIIMIII(ox)3]
- (MII = Mn, Co, Ni, 

Fe, Cu; MIII = Fe, Cr),5 showing a peculiar honeycomb packing pattern. Recently metal-complexes 

containing derivatives of the 2,5- dihydroxy-1,4-benzoquinone-3,6- disubstituted, hereafter called 



anilates, have been prepared by some of us and studied extensively,6 because they have a 

delocalized moiety that can mediate magnetic interactions between metal centers coordinated to 

the ligand. Moreover these ligands, being redox-active, can form organic radicals which should 

lead to strong spin coupling with paramagnetic species. Anilato-based metal complexes are also 

versatile building blocks for constructing functional and multifunctional luminescent7 or 

conducting/magnetic molecule-based materials.8-10 Recently, by combining the BEDT-TTF 

organic donor, carrier of conducting layers, with the tris(chloranilato)ferrate(III) [Fe(Cl2An)3]
3− 

anionic magnetic complex,6b a series of magnetic molecular conductors with different donor/anion 

stoichiometric ratio have been obtained.9a,9d Furthermore, a complete series of chiral conductors 

with the chiral donor TM-BEDT-TTF11 and a chloranilate-bridged heterobimetallic network was 

reported by Mercuri, Avarvari et al.12 Since the presence of different substituents at the 3,6-

positions of the anilate molecule can lead to the modulation of the π−π stacking, intermolecular 

halogen-bonding, hydrogen-bonding and dipolar interactions, we set out to use non-symmetric 

chloro-cyananilato based anionic complexes in molecular conductors where the variation of the 

ligand substituents should play a paramount role on the structural and physical properties of the 

obtained materials. Note that some of us reported on the use of the chlorocyananilato monoanion 

[HClCNAn]– in BEDT-TTF-based conducting radical cation salts,10c yet no examples containing 

a [M(ClCNAn)3]
n– anion complex have been reported to date. We describe herein two 

chlorocyananilate-based compounds formulated as [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O (1) and 

[BEDT-TTF]5 [Fe(ClCNAn)3]2·2CH3CN (2) obtained by electrocrystallization, together with their 

in-depth crystal structures analysis and physical properties. 

 

2. RESULTS AND DISCUSSIONS 

Synthesis. The tris(chlorocyananilato)ferrate(III) complex [PPh4]3[Fe(ClCNAn)3]
6c and the 

BEDT-TTF donor were combined in electrocrystallization experiments, by using different 

solvents and current density (see Experimental Section). Two different hybrid systems formulated 

as [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O (1) and [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN (2) were 

obtained as reported in Scheme1. These systems mainly differ in the donor/anion ratio of 4:1 and 

5:2 phase in 1 and 2 respectively, which, along with the different crystallization solvent molecules 

present in the structures, influence the crystal packing motif exhibited by the BEDT-TTF 

molecules and the resulting physical properties (vide infra).  



 

Scheme 1. BEDT-TTF organic donor (D), [Fe(ClCNAn)3]3−anionic complex (A) and experimental conditions used 

for the synthesis of compounds 1 and 2. 

 

Crystal Structures. The crystal structures of the two hybrid systems consist of tris-anilate anionic 

Fe complexes and BEDT-TTF donors with different oxidation states. As a result of the different 

electrocrystallization solvents used, 1 crystallized with water molecules (three per formula unit 

according to the SQUEEZE program), while 2 contains two acetonitrile solvent molecules in its 

crystal structure. In both systems the metal complexes exhibit octahedral FeO6 coordination 

geometry, with the FeIII ion surrounded by three ClCNAn2- chelating ligands. They are therefore 

chiral anions, yet both Λ and Δ enantiomers are present in the crystal structures. The magnetic 

anions are relatively isolated as shown by the Fe···Fe distances of ca. 9.32 Å and 11.77 Å for 1 

and 9.95 Å and 11.04 Å for 2 (Figure S1). In 1, one of the anilate ligands presents a structural 

disorder, since the chloro and cyano substituents are equally distributed over the two positions, as 

usually observed in chlorocyananilate coordination polymers.10d The molecular structure of the 

anionic complex in 2 is represented in Figure 1.  



 

Figure 1. Structure of the tris(chlorocyananilato)ferrate(III) anionic complex (Δ enantiomer) in 2. 

 

The metal−oxygen bond distances in compounds 1 and 2 vary in the 1.987(4)−2.034(5) Å range 

(Table 1) and are similar to the distances observed in the corresponding BEDT-TTF radical cation 

salt with the homosubstituted chloranilate complex.9a  

 

Table 1. Fe−O Bond Distances (Å) for the Anionic Complex in Compounds 1 and 2 

Bonds Distances (Å) 

 1 2 

Fe-O(1) 2.022(8) 2.006(4) 

Fe-O(2) 1.999(10) 2.022(3) 

Fe-O(5) 1.997(10) 2.027(3) 

Fe-O(6) 2.014(11) 1.987(4) 

Fe-O(9) 2.022(8) 2.034(5) 

Fe-O(10) 2.000(12) 2.015(4) 

Average 2.009 2.015 

The C−O bond distances are influenced by the coordination to the metal center. The oxygen atoms 

coordinated to the metal have C−O distances slightly longer than those of the peripheral oxygen 

atoms, which show a major double bond character. 

Compound 1 crystallizes in the monoclinic space group P21/c. The asymmetric unit contains four 

independent BEDT-TTF donor molecules (labeled as A, B, C and D) for one [Fe(ClCNAn)3]
3− 

complex (Figure S2).  

The unusual crystal packing of 1 consists of hybrid organic-inorganic layers formed by repeating 

units of D-A-B-C BEDT-TTF molecules along the a axis intercalated by [Fe(ClCNAn)3]
3− 



complexes of both chiralities as shown in Figure 2. Very short S···S  contacts (3.29–3.61 Å) less 

than the sum of the van der Waals radii (3.65 Å) are present between the B and C molecules which 

form strong dimers (Figure 3). 

 

 

 

Figure 2. Crystal packing of 1 in the bc plane (top) and the ba plane with A, B, C and D labels (bottom). Solvent 

molecules are omitted for clarity. 

 

 

Figure 3. S∙∙∙S interactions (Ǻ) in 1 shorter than the sum of the van der Waals radii (3.65 Å) :S4A-S28D 3.62, S16B-

S24C 3.48, S13B-S21C 3.46, S14B-S22C 3.29, S11B-S19C 3.61, S12B- S20C 3.36. 



 

The role of the intermolecular interactions is crucial in templating this type of hybrid organic-

inorganic molecular packing since the anionic complexes establish Cl···S and N···S interactions 

with the BEDT-TTF molecules (Figure 4).  

 

 

 

Figure 4. DABC BEDT-TTF molecules surrounded by metal complexes in 1. Solvent molecules are omitted for 

clarity. Intermolecular Cl···S (violet) and N···S interactions (blue) lower than the sum of the van der Waals radii 

between the BEDT-TTF molecules and the ClCNAn ligands are highlighted (Å). Cl2-S17C 3.51, Cl2-S23C 3.60, 

Cl2B-S19C 3.44, Cl2-S23C 3.60, Cl2-S29D 3.50, N3-S21C 3.59, N3-S13B 3.53. 

 

Analysis of the bond distances has been carried for each BEDT-TTF molecule following 

the procedure described by Day et al.13 The results of the empirical equation Q = 6.347 − 7.463δ, 

relating the charge Q to the parameter δ defined by δ =(b + c) − (a + d), where a−d represent 

averaged values of C=C and five-membered-ring C−S bonds, are reported in Table 2. The 

calculated Q value of the cationic part of compound 1 is +3, as expected from the sum of the charge 

calculated for each of the four BEDT-TTF donor molecules present in this salt (Table 2). 

 

Table 2: Bond Distance Analysis and Selected Bond Distances (Å) for the BEDT-TTF Donor Molecules in 1 

  A B C D 

a 1.378(22) 1.366(20) 1.425(20) 1.356(16) 

b 1.710(16) 1.720(14) 1.706(14) 1.724(11) 

1.748(15) 1.737(14) 1.706(14) 1.729(11) 

1.742(14) 1.724(13) 1.716(13) 1.743(11) 

1.717(14) 1.711(13) 1.702(13) 1.729(11) 

c 1.756(14) 1.726(14) 1.750(14) 1.707(12) 

1.747(14) 1.745(13) 1.767(14) 1.740(13) 

1.759(13) 1.723(16) 1.726(14) 1.756(13) 



 

1.763(13) 1.745(14) 1.752(13) 1.723(11) 

d 1.344(18) 1.324(20) 1.354(20) 1.345(18) 

1.329(20) 1.381(20) 1.334(18) 1.350(18) 

δ=(b+c)-(a+d) δ 0.771 0.739 0.687 0.759 

Q= 6.347-7.4638∙δ Q 0.59 0.82 1.21 0.68 

The values of central C=C and internal C–S bond lengths confirm that B and C molecules, 

associated in strong dimers, bear a charge of +1, whereas D and A molecules are present in a 

mixed-valence state. 

The BEDT-TTF molecular packing in compound 1, along with the mixed-valence state of donorsA 

and D bearing 0.59 and 0.68 positive charge, respectively, are in principle favorable for 

delocalization of the charge, in agreement with the electron transport properties (vide infra). 

Compound 2 crystallizes in the triclinic centrosymmetric space group P–1. The asymmetric unit 

consists of two (A and B) and half (C) independent BEDT-TTF molecules (indicated as A−C in 

the Figures and discussion), one [Fe(ClCNAn)3]
3− anionic complex and one acetonitrile solvent 

molecule (Figure S3), thus providing the formula [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN. The 

crystal packing of 2 shows a pseudo-segregation of organic and hybrid organic-inorganic layers 

(Figure 5). 

 

Figure 5. Crystal packing of 2 in bc plane. Solvent molecules are omitted for clarity. 

 



The hybrid organic-inorganic layer consists of BEDT-TTF dimers (AA) surrounded by metal 

complexes of opposite chirality in the bc plane establishing Cl···S and N···S interactions (Figure 

6). The organic donor layer is unusual and consists of B and C molecules arranged almost 

perpendicular to each other: B molecules interact in face-to-face manner forming strong dimers 

(BB) (Figure 7a,) while the C molecules, which are almost perpendicular to B, interact laterally. 

Intra- and inter-layer interactions between donor molecules are highlighted in Figures 7a-c, S4-S5. 

 

 

Figure 6. AA and BB dimers and interactions of donors with complexes in 2 (top); representation of three consecutive 

hybrid layers with interlayer Fe···Fe distances (bottom left) and π-π interactions in one hybrid layer (bottom right). 

Donor molecules A, B, C and complex are highlighted in red, green, violet and blue respectively. The dashed lines 

represent the intermolecular π-π interactions (pink), C-H···S interactions (orange), Cl···S and N···S interactions 

(yellow). C···S: 3.732(17) Å, Cl···S: 3.980(5) Å, N···S: 3.481(10) Å. Solvent molecules are omitted for clarity.  



 

 

 
 

a 

  

b 

 
 

c 

Figure 7. a-c) Zoom pictures highlighting the interactions in the BEDT-TTF layer in 2. Intra- and inter-layer S···S 

contacts are highlighted. Face-to-face interactions are highlighted in A-A blue, B-B green; side-to-side interactions 

between B-C in dark blue, A-B in pink, A-A in violet, A-C in orange.  

 



The central C꞊C and internal C−S bond lengths values (Table 3) confirm that the A and B 

molecules bear charges of +1, whereas C molecules are over-oxidised (charge +2). 

 

Table 3. Bond Distance Analysis and Selected Bond Distances (Å) for the BEDT-TTF Donor Molecules in 2. 

 

 

 A B C 

a 1.387(9) 1.391(8) 1.447(8) 

b 1.709(6) 1.721(8) 1.695(5) 

1.720(6) 1.717(6) 1.680(6) 

1.701(6) 1.714(8)  

1.722(4) 1.718(6)  

c 1.743(9) 1.745(6) 1.728(7) 

1.728(8) 1.740(8) 1.707(6) 

1.724(9) 1.727(6)  

1.728(8) 1.734(8)  

d 1.343(1) 1.360(1) 1.369(8) 

1.346(1) 1.348(1)  

δ=(b+c)-(a+d) δ 0.71 0.709 0.589 

Q= 6.347-7.4638∙δ Q 1.03 1.05 1.95 

 

Noteworthy, under the same experimental conditions, i.e. the BEDT-TTF organic donor, CH2Cl2 

and CH3CN solvents, when the [PPh4]3[Fe(Cl2An)3] salt was used instead of 

[PPh4]3[Fe(ClCNAn)3], different radical cation salts were produced with 3:1 and 5:1 ratios donor 

to complex,9a as highlighted in Table 4. It is therefore clear that intermolecular interactions such 

as Cl···S and N···S contacts play a paramount role in the crystal packing of compounds 1 and 2. 

 

Table 4. Comparison of radical-cation salts obtained by using [PPh4]3[Fe(ClCNAn)3] and [PPh4]3[Fe(Cl2An)3] 

in CH2Cl2 and CH3CN solvents. 

Solvent BEDT-TTF (D) 

[PPh4]3[Fe(ClCNAn)3] (A) [PPh4]3[Fe(Cl2An)3] (A) 

this work D:A Ref. 9a D:A 

DCM [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O (1) 4:1 BEDT-TTF]3[Fe(Cl2An)3]·3CH2Cl2·H2O 3:1 

ACN [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN(2) 5:2 δ-[BEDT-TTF]5[Fe(Cl2An)3]·4H2O 5:1 



 

Magnetic Measurements. The magnetic properties of 1 in the form of MT versus T plot [M 

being the magnetic susceptibility per one iron(III) ion] are shown in Figure 8. At room 

temperature, MT is 5.23 cm3 mol-1 K. Upon cooling, MT exhibits a practically linear decrease 

until ca. 80 K and below this temperature it decreases abruptly to reach 3.0 cm3 mol-1 K at 1.9 K. 

This plot is as expected for a spin sextet (SFe = 5/2) and a spin doublet (Srad = ½) with a weak 

antiferromagnetic coupling together with an important Pauli paramagnetism, this last accounting 

for the linear dependence of MT in the high temperature region. The zero-field splitting of the 

high-spin iron(III) is expected to be very small and then, the sharp decrease observed in the low 

temperature range of 1 has to be attributed to a relatively weak antiferromagnetic interaction 

between the local spins (the metal ion and the radical). 

 

Figure 8. Thermal variation of the MT product for 1: (o) experimental; (__) best-fit curve through eq (1) (see text).  

 An inspection of the crystal packing of 1 shows the occurrence of 

a…DABCFe(III)DABCFe(III)DABC… stacking along the crystallographic a axis. As the analysis 

of the bond distances (see above) shows that the crystallographically independent BEDT-TTF 

molecules bear a charge of +0.53, +0.90, +1.17 and +0.59 for A, B, C and D respectively, from a 

magnetic viewpoint compound 1 can be viewed as couples of a magnetically interacting spin sextet 

[iron(III)] and spin doublet (DA pair) which are connected through the diamagnetic BC pairs along 

the a axis. By neglecting the magnetic coupling through the diamagnetic BC pair, the magnetic 



data of 1 were analyzed through the Hamiltonian of eq (1) which describes the magnetic interaction 

between a spin sextuplet (SFe = 5/) and spin doublet (SDA = ½), an extralinear contribution 

corresponding to a temperature independent Pauli-like paramagnetism (TIP), typical of conducting 

systems being also considered: 

H = -JSFe
.Srad + gH(SFe + Srad)      (1) 

 In this expression, J is the magnetic coupling and g is the average Landé factor which is assumed 

to be identical for the iron (III) ion and the radical. Least-squares best-fit parameters are J = -

2.020(4) cm-1, g = 1.990(2) and TIP = 2.10(3) x 10-3 cm3 mol-1. The calculated curve (solid line in 

Figure 8) matches well the experimental data in the whole temperature range investigated. The 

weak antiferromagnetic coupling between the iron(III) an the radical from the DC pair which 

occurs in 1 is mediated by the - interaction involving the BEDT-TTF donor molecule and the 

anilate ligand of the anionic complex. As far as the value of the TIP parameter is concerned,it is 

of the order of those previously reported for other molecular conducting radical cation salts,14  and 

in ”-(BEDT-TTF)5[Fe(C5O5)3]
.3H2O (C5O5

2- = croconate dianion),15 (BDH-

TTP)6[Fe(C5O5)3]
.CH2Cl2

16 and (ET)6[Fe(C6O2Cl2)3]
.3/2H2O

.1/2CH2Cl2 (C6O4Cl2
2- = chloranilate 

dianion)9a,d as well as in other members of the ET4[(H3O)M((C2O4)3]
.S (C2O4

2- = oxalate dianion 

and S = solvent) family.1a,b,4d,17 Alternatively, the magnetic data can be reproduced by ruling out 

the magnetic interaction between the iron(III) and the DA pair [that is J = 0 cm-1 in eq (1)] and 

introducing a Weiss parameter  as T-. In this mean-field approach, we obtain a  value of -

1.374(7) K with the same values of g and TIP from the previous analysis but resulting in a poorer 

quality of the fit. 

Unfortunately, the very small amount of compound 2 obtained precluded any accurate magnetic 

susceptibility measurements. However, from the analysis of the crystal structure one can infere 

that the donors will be essentially magnetically silent since A and B form strong dimers while C 

is a diamagnetic dication, therefore the magnetism should be dominated by the paramagnetism of 

high-spin FeIII (S = 5/2) ions.   

Transport Properties and Band Structure Calculations. The conductivity measurements in 

compound 1 show room temperature conductivity between 2 × 10-4 and 8 × 10-4 S cm−1. The 

resistivity increases as the sample is cooled down in agreement with a semiconducting behavior, 

 = 0exp(Ea/kT) with an average activation energy Ea of 164 meV (Figure 9, left). Compound 2 



also shows semiconducting behavior at ambient pressure with r.t. conductivity of 1.8  S cm−1 

and Ea of 2483 K (214 meV) (Figure 9, right). Then, temperature dependence of the resistivity 

under high pressure was measured only for compound 2. The r.t. resistivity and Ea decrease with 

pressure, while the compound shows semiconducting behavior at all measured pressures. At 12.9 

GPa the room temperature conductivity was 10-3 S cm−1 and Ea 92 meV (1068 K). 

  

Figure 9. Temperature dependence of the electrical resistivity ρ for single crystals of compounds 1 at ambient pressure 

(left) and 2 under various pressures (right). 

 

In order to correlate the electron transport properties with the crystal structures, tight-binding band 

structure calculations have been performed on both salts 1 and 2. The repeat unit of the donor 

sublattice of the [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O salt 1 contains sixteen BEDT-TTF donors, 

i.e. four DA dimers and four BC dimers. As shown at the right of Figure 10, the HOMO splitting 

of the two different dimers is considerably different; that for dimer BC is almost twice larger, as 

expected from the shorter S…S contacts shown in Figure 3. The calculated band structure for the 

full donor sublattice of 1 is shown in Figure 10. The sixteen bands appear as four groups of four 

bands (because there are four dimers of each type in the repeat unit)  and each group is associated 

with a given type of dimer as noted with different colors in Figure 10. As expected, the highest 

and lowest groups of bands are associated with the BC dimers. Taking into account the 

stoichiometry and the 3– charge of the anion the bands of Figure 10 must contain 12 holes. The 

four upper bands located on the BC dimers are empty and consequently these dimers must bear a 

2+ charge, in agreement with the results of Table 2. According to Figure X the four remaining 

holes must be accommodated in the DA dimer levels. Although a situation where the two upper 



bands are empty could be considered, this is extremely unlikely. The two pairs of bands are very 

flat so that the electronic repulsions will favor an electronic localization. Note that the HOMO 

levels splitting for the DA dimers is quite substantial (~ 0.6 eV). This indicates that (DA)+ dimers 

with one hole in the antibonding combination of the two HOMOs should be quite stable whereas 

double occupation of this level in half of the dimers, as needed if the two lower levels are fully 

occupied, would be very unfavorable. In addition, a double occupation of the two lower bands 

would implicate the occurrence of two different types of DA dimers which would be at odds with 

the crystal structure. We thus conclude that the four DA levels must be singly occupied so that 

both donors A and D have an average +1/2 charge, in agreement with the results in Table 2. 

 

 

Figure 10. Calculated band structure for the donor lattice of [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O  where  = (0, 0, 0), 

X = (a*/2, 0, 0), Y = (0, b*/2, 0)   and Z = (0, 0, c*/2). The red/black bands are those localized in the BC/DA dimers, 

respectively. The splitting of the HOMO levels for dimers DA and BC are also indicated. 

 

Note that (i) the four bands associated with the upper HOMO level of the DA dimers appear as 

split into two pairs, and (ii) the lower HOMO level of the DA dimer occurs at somewhat lower 

energy than the set of four bands originating from such level. This means that there are modest but 

non negligible interactions (i) between the pairs of DA dimers clearly visible in Figure 2 and (ii) 

between DA and BC dimers. However the bands of Figure 10 are very flat, which means that these 

interactions remain localized in the lattice. Consequently any interaction between the unpaired 

electrons of the DA dimers should occur through the anion. As noted above (see Figure 2) both the  

DA and BC dimers are very well oriented to interact with the anilate ligand of the anion so that the 

unpaired electrons of the anion and the DA dimer certainly should interact in 1. Since the 



calculations show that some BC character mixes into the DA dimer orbitals, it could well be that 

such interaction somewhat propagates along the a-direction. 

The donor sublattice of the [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN salt 2 contains AA and BB 

dimers and C monomers. As shown at the right of Figure 11, the HOMO splitting of the two 

different dimers is again strong and noticeably different; that for dimer AA is almost twice larger 

due to the better orientation and shorter S···S distances. As a consequence the two levels based on 

the AA dimers lead to the upper and lowest bands of the donor sublattice of 2 (Figure 11). The 

upper HOMO based orbital of the BB dimer and the HOMO of the C monomer have very similar 

energies. Because of this fact and the short contacts between B and C donors noted in Figure 7a 

and b, the two orbitals interact leading to the two bands with mixed B and C character noted B+C 

in Figure 11.  In view of the stoichiometry and the 3– charge of the anion, the bands of Figure 11 

must contain 6 holes so that the three upper bands are empty. Consequently, dimers AA and BB as 

well as monomer C must have a 2+ charge, in agreement with the results of Table 3. Since there 

is a large band gap (~0.6 eV) separating the fully empty and filled bands the donor lattice of salt 2 

must be magnetically silent. 

 

 

Figure 11. Calculated band structure for the donor lattice of [BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN  where  = (0, 

0, 0), X = (a*/2, 0, 0), Y = (0, b*/2, 0)   and Z = (0, 0, c*/2). The splitting of the HOMO levels for dimers AA and BB 

as well as the HOMO of C are also indicated. 

 

3. CONCLUSIONS 

Two radical cation salts based on BEDT-TTF and [Fe(ClCNAn)3]
3− tris(chlorocyanilato) 

ferrate(III) anionic complex have been prepared by electrocrystallization, by using CH2Cl2 for 1 



and CH3CN for 2. In CH2Cl2, a 4:1 donor:anion salt 1 was obtained,containing mixed-valence and 

+1 oxidation states for the donor, while in 2, with a 5:2 donor:anion ratio, radical cations and 

dicationic donors coexist.  The role of Cl···S and N···S intermolecular interactions on the crystal 

packing of compound 1 and 2 is also highlighted. 1 and 2 compounds present unusual donor−anion 

segregation and both are semiconductors. Applying high pressures of up to 12.9 GPa in the case 

of 2 allowed to increase the conductivity by two orders of magnitude.The thermal behavior of the 

MT product of 1 is quite interesting and corresponds to a spin sextet (SFe = 5/2) and a spin doublet 

(Srad = ½) with a weak antiferromagnetic coupling together with an important Pauli paramagnetism 

of the order of those previously reported for other related molecular conducting radical salts.  

 

As perspective, BEDT-TTF-based radical cation salts where the tris(chlorocyananilato)ferrate(III) 

anion is replaced by its Br or, in particular, I analogues at the 3,6 positions of the anilato moiety 

will be prepared, in order to perform a systematic study on the influence of the electronic nature 

and strength of the intermolecular interactions (including halogen bonding), due to the different 

halogen substituents, in affecting the crystal packing and, subsequently, the corresponding 

physical properties. The influence of electron-donating substituents in tuning the electron density 

of the anilato moiety will be also investigated. Of special interest would be the use of chiral donors 

in order to possibly select only one coordination stereochemistry around the metal center and also 

to combine chirality with conducting and magnetic properties.18 

 

EXPERIMENTAL SECTION 

General Considerations. TPPh3[Fe(ClCNAn)3] was synthesized as previously reported.6c BEDT-

TTF (Zentek, TCI) was used as received. Electrocrystallization was performed using HPLC grade 

solvents (Termofisher Scientific Alfa-Aesar) previously dried under alumina and degassed with 

argon. 

Synthesis. [BEDT-TTF]4[Fe(ClCNAn)3]·3H2O (1). Two CH2Cl2 solutions of the precursors 

TPPh3[Fe(ClCNAn)3] and BEDT-TTF were prepared and respectively placed in the cathodic and 

anodic compartments of an H-shape electrocrystallization cell. Black blocks of single crystals of 

1 were obtained on the anode electrode by appling a current density of 1 μA cm−2 at room 

temperature over a period of three weeks.  



[BEDT-TTF]5[Fe(ClCNAn)3]2·2CH3CN (2). Black plates of single crystals of 2 were obtained 

in a similar experiment, by changing the CH2Cl2 solvent with CH3CN and applying a current 

density of 3 μA cm−2 over a period of two months. 

X-ray Crystallography. Data collection was performed at 150 K on an Agilent Supernova 

diffractometer with Cu Kα (λ = 1.54184 Å). Single crystals of 1 and 2 were mounted on a glass 

fiber loop using a viscous hydrocarbon oil to coat the crystal and then transferred directly to the 

cold nitrogen stream for data collection. The structure was solved by direct methods with the SIR97 

program and refined against all F2 values with the SHELXL-97 program using the WinGX 

graphical user interface. All non-hydrogen atoms were refined anisotropically, and hydrogen 

atoms were placed in calculated positions and refined isotropically with a riding model. The 

program SQUEEZE from PLATON was used for 1 to determine the nature of the disordered 

solvent molecules. The void space of 378.8 Å3 containing 127 electrons/cell indicates the presence 

of 3 molecules of water that have been inserted in the formula. Table 5 details the crystallographic 

data and structure refinement results.  

Table 5. Crystallographic data for compounds 1 and 2 

 1 2 

Empirical formula C61H38Cl3FeN3O15S32 C48H23Cl3FeN4O12S20 

Fw 2241.06 1651.10 

Crystal color black black 

Crystal size (mm3) 0.20 * 0.10 * 0.08 0.20 * 0.15 * 0.10 

Temperature (K) 150.00(10) 150.00(10) 

Wavelength (Å) 1.54184 1.54184 

Crystal system, Z Monoclinic, 4 Triclinic, 2 

Space group P21/c P-1 

a (Å) 18.2791(10) 13.8508(5) 

b (Å) 21.9785(10) 14.5382(6) 

c (Å) 22.4369(11) 18.3072(7) 

 90 67.487(4) 

 111.722(6) 79.770(3) 

 90 61.563(4) 

V (Å³) 8373.9(7) 2994.6(2) 

ρcalc (g.cm-³) 1.778 1.831 

μ(CuKα) (mm-1) 10.334 10.338 

θ range (°) 2.602–72.810 2.613-73.623 

Data collected 35680 23006 

Data unique 16234 11621 

Data observed 12151 9812 

Number of 1015/58 811/9 



parameters/restraints 

R(int) 0.0631 0.0472 

R1(F),a I > 2σ(I) 0.1474 0.0765 

wR2(F2),b all data 0.3942 0.2109 

S(F2),c all data 1.071 1.069 
aR1(F) = ΣǁF0|-|FCǁ/Σ|F0|; bwR2(F2) = [Σw(F0

2-FC
2)2/ΣwF0

4]1/2; cS(F2) = [Σw(F0
2-FC

2)2/(n+r-p)]1/2. 

 

Single Crystal Conductivity. Conductivity measurements were performed on several needle-

shaped single crystals of 1 in the temperature range of 300−100 K. To perform the electrical 

contacts, gold wires were attached directly to the crystals with silver paint. Two-probe DC 

measurements were performed applying a constant voltage in the range 0-2V and measuring the 

current using a Keithley 6487 Picoammeter/Voltage Source. Low temperature was provided by a 

homemade cryostat equipped with a 4 K pulse-tube.  

Four-probe DC measurements were performed for compound 2 by using a diamond anvil cell 

(DAC). A rectangular shape of single crystal (0.17 × 0.06 × 0.03 mm3) was used for ambient 

pressure measurement, and a size of 0.16 × 0.04 × 0.02 mm3 single crystal was used for high-

pressure measurements. The crystals were attached by four 5 μm gold wires with gold paint. A 

culet size 0.7 mm diamond anvil and Daphne Oil 7373 was used as the pressure-transmitting 

medium. A tension annealed stainless still (SUS301) was used as metal gasket. The pressure was 

determined by the shift of the ruby fluorescence R1 lines at room temperature. The Cryocooler 

helium compressor system (Sumitomo Heavy Industries, Ltd.) was used for cooling DAC with 

cooling rate of 1.5K/min. The KEITHLEY 224 Programmable current source and 182 Sensitive 

digital voltmeter were used for all measurements. 

 

Computational Details. The tight-binding band structure calculations were of the extended 

Hückel type.19 A modified Wolfsberg-Helmholtz formula was used to calculate the non-diagonal 

H values.20 All valence electrons were taken into account in the calculations and the basis set 

consisted of Slater-type orbitals of double- quality for C 2s and 2p, S 3s and 3p and of single- 

quality for H 1s. The ionization potentials, contraction coefficients and exponents were taken from 

previous work.21 
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