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Abstract: A new molecular conductor, i.e., κ-(BEDT-TTF)2K+(18-crown-6)[CoII(NCS)4]·(H2O), is
semiconductive with substantial charge gap values (∆E) of 0.57 eV (measured) and 0.37 eV (calculated).
There is a full band separation despite formal average charge on BEDT-TTF of +0.5 and κ(kappa)-
type packing of BEDT-TTF dimers that favors high conductivity. X-ray crystal structure analysis
reveals complete charge ordering with full Coulomb charge on unique BEDT-TTF radical cations
A (QA = +1), while unique molecules B are uncharged (QB = 0). Geometries of A (flat) and B (bent)
differ considerably and are in accordance with the ascribing charges. Charge segregation is enhanced
by forming tight face-to-face BEDT-TTF dimers AA (QAA = +2) and BB (QBB = 0). Strongly interacting
double-charged dimers AA form “superstripes” running along a that are interleaved along b with
chains of neutral dimers BB. Peculiar extremely thick (13.7 Å) four-decker insulating anion layers cast
strong Coulomb potential onto the conductive layers predetermining charge localization in the latter.

Keywords: single-molecule magnet (SMM); charge ordering (CO); stripe order; metal-insulator
(MI) transition; molecular conductors; electrocrystallization; single-crystal X-ray diffraction (SXRD);
extended Hückel tight-binding (EHTB) calculations; four-probe conductivity measurement

1. Introduction

The investigation of single-molecule magnets (SMMs) is a very hot topic in contem-
porary science. This is explained by an extreme density of data potentially attained in
electromechanical data storage devices, where SMMs are employed for the construction of
magnetic carrier layers. Moreover, combining advances of SMMs with electrical conductiv-
ity provides a roadmap for future devices, where spins are controlled by electric current or
where the current is measured to detect of spin state change. Recently, simple compounds
of composition [K+(18-crown-6)]2CoII(NCS)4 and [Ba2+(18-crown-6)(H2O)3]CoII(NCS)4
were proven to demonstrate slow relaxation of magnetic moment, which is a key property
for the realization of an SMM state [1]. SMM properties in these materials are intro-
duced by tetrahedral cobalt dianion CoII(NCS)4

2− and the cation part serves only charge
balancing purposes.

It was of extreme interest to replace cationic sublattice by another that benefits entire
lattice by extra advantageous physical properties, such as electrical conductivity.

We used an organic single-electron donor BEDT-TTF (Bis(ethylenedithio)tetrathiafulvalene,
or, for extra brevity, ET), which is known to give conductive crystals with various an-
ions, where BEDT-TTF (ET) acts as a radical cation with formally fractional charge (most
frequently +0.5) (Scheme 1).
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Scheme 1. Structural formula of BEDT-TTF (ET). 

The crystal structure of ET salts is layered, where ET radical cation layers, responsible 
for electrical conductivity, are alternated with anionic layers, usually insulating. This spa-
tial segregation of anionic and cationic counterparts is a handy tool that allows performing 
contemporary crystal engineering approaches to introduce a variety of desired physical 
properties manipulating independently with anionic and cationic sublattices. There is a 
certain advantage of BEDT-TTF over other known organic electron donors consisting of a 
great variety of possible ET layer patterns in produced conductive salts. 

There is a well-developed rational nomenclature of known packing types for existing 
ET salts, traditionally labeled by Greek letters preceding the formula (α-, β-, δ-, θ-, κ-, etc. 
[2–4]), concerning mainly a mutual ET arrangement within the layer, which, however, 
lacks the rationales concerning structural features that are perpendicular to ET conductive 
layers. It is known that packing type of ET layers has a strong influence on the physical 
properties, such as conductivity [5]. Differently packed salts demonstrate various conduc-
tive properties, ranging from insulating up to superconductivity. 

One of the ET layer packing types attracting particular interest is a so-called κ (kappa) 
type, where neighboring ET face-to-face dimers are situated in a checkerboard order tilt-
ing by an angle that is close to 90° (Figure 1) [3]. In the current report, we update the 
rational nomenclature for ET κ-salts by thorough analysis of mutual arrangements and 
repeating motifs of ET radical cations in the dimension that is perpendicular to the layer 
expansion one. Previously, we performed a similar update for the conductive κ salts of 
another organic single electron donor—BDH (vide infra) [6]. 

It was a κ-type compound κ-ET2Cu(NCS)2 that opened an era of “high temperature” 
(Tc > 10 K) ambient pressure organic superconductivity (Tc = 10.9 K) [7]. Thanks to the 
crystal lattice softness of organic compounds, their electronic state is able to be adjusted 
by mechanical strain [8]. κ-ET2Cu2(CN)3 single crystals strained on SiO2 substrate made it 
possible to obtain an ambipolar superconducting field-effect transistor operating above 
liquid helium temperature [9]. Moreover, another ET κ-salt, namely, κ-ET2Cu[N(CN)2]Br, 
still keeps a temperature record for ambient pressure superconductivity in radical cation 
salts with the Tc onset value of 12 K [10]. Besides its robust superconductive state, a thor-
ough survey of in-plane superfluid density and microwave conductivity revealed evi-
dence for d-wave pairing and resilient quasiparticles [11]. This confirmed the non-BCS 
(Bardeen-Cooper-Schrieffer) unconventional d-wave character of the superconductivity 
state in organic charge transfer salts, which had been questioned for a long time [12–14]. 
The elusive quantum spin liquid state in organic charge transfer salts was also initially 
discovered in κ-ET2Cu2(CN)3 [15–18]. Further investigations revealed a gapped magnetic 
ground state in this quantum spin liquid candidate [19]. The latter has also finely tuned 
the superconductive dome adjustable by donor layer alloying [20]. κ-Type packing is typ-
ical not only for ET salts, but also for the structural isomer of ET — BDH (2,5-bis(1,3-di-
thiolan-2-ylidene)-1,3,4,6-tetrathiapentalene). The molecular structure of BDH is related 
to ET by a 90° rotation of all three C=C bonds [21].  
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The crystal structure of ET salts is layered, where ET radical cation layers, responsible
for electrical conductivity, are alternated with anionic layers, usually insulating. This spatial
segregation of anionic and cationic counterparts is a handy tool that allows performing
contemporary crystal engineering approaches to introduce a variety of desired physical
properties manipulating independently with anionic and cationic sublattices. There is a
certain advantage of BEDT-TTF over other known organic electron donors consisting of a
great variety of possible ET layer patterns in produced conductive salts.

There is a well-developed rational nomenclature of known packing types for existing
ET salts, traditionally labeled by Greek letters preceding the formula (α-, β-, δ-, θ-, κ-,
etc. [2–4]), concerning mainly a mutual ET arrangement within the layer, which, however,
lacks the rationales concerning structural features that are perpendicular to ET conductive
layers. It is known that packing type of ET layers has a strong influence on the phys-
ical properties, such as conductivity [5]. Differently packed salts demonstrate various
conductive properties, ranging from insulating up to superconductivity.

One of the ET layer packing types attracting particular interest is a so-called κ (kappa)
type, where neighboring ET face-to-face dimers are situated in a checkerboard order tilting
by an angle that is close to 90◦ (Figure 1) [3]. In the current report, we update the rational
nomenclature for ET κ-salts by thorough analysis of mutual arrangements and repeating
motifs of ET radical cations in the dimension that is perpendicular to the layer expansion
one. Previously, we performed a similar update for the conductive κ salts of another organic
single electron donor—BDH (vide infra) [6].

It was a κ-type compound κ-ET2Cu(NCS)2 that opened an era of “high temperature”
(Tc > 10 K) ambient pressure organic superconductivity (Tc = 10.9 K) [7]. Thanks to the
crystal lattice softness of organic compounds, their electronic state is able to be adjusted
by mechanical strain [8]. κ-ET2Cu2(CN)3 single crystals strained on SiO2 substrate made
it possible to obtain an ambipolar superconducting field-effect transistor operating above
liquid helium temperature [9]. Moreover, another ET κ-salt, namely, κ-ET2Cu[N(CN)2]Br,
still keeps a temperature record for ambient pressure superconductivity in radical cation
salts with the Tc onset value of 12 K [10]. Besides its robust superconductive state, a
thorough survey of in-plane superfluid density and microwave conductivity revealed
evidence for d-wave pairing and resilient quasiparticles [11]. This confirmed the non-BCS
(Bardeen-Cooper-Schrieffer) unconventional d-wave character of the superconductivity
state in organic charge transfer salts, which had been questioned for a long time [12–14].
The elusive quantum spin liquid state in organic charge transfer salts was also initially
discovered in κ-ET2Cu2(CN)3 [15–18]. Further investigations revealed a gapped magnetic
ground state in this quantum spin liquid candidate [19]. The latter has also finely tuned the
superconductive dome adjustable by donor layer alloying [20]. κ-Type packing is typical
not only for ET salts, but also for the structural isomer of ET—BDH (2,5-bis(1,3-dithiolan-2-
ylidene)-1,3,4,6-tetrathiapentalene). The molecular structure of BDH is related to ET by a
90◦ rotation of all three C=C bonds [21].
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Figure 1. Various patterns of charge distribution over BEDT-TTF molecules packed into orthogonal
ET dimers (denoted by large circles) within conductive layers. Simplified projection along long
molecular axis of BEDT-TTF. (a) Mott antiferromagnetic insulator state (distinct spins exemplified
by upright and upside-down arrows in small circles) [22]. (b) Intradimer charge-ordered (CO) state.
(c) Interdimer CO state.

Moreover, the κ-arrangement is dominant in conductive BDH salts. Unlike ET salts,
the electronic state of κ-BDH salts is less dependent from the employed anions and the great
majority of κ-BDH salts are stable metals [6]. This less correlative behavior of κ-BDH salts,
on the one hand, benefits the family by an abundance of highly conductive compounds
with various paramagnetic anions, leading to the lack of superconductivity and other
peculiar electronic states on the other.

Strong electronic correlations hosting in ET-salts give rise to various types of electronic
instabilities [23], in turn providing a plethora of various physical phenomena besides un-
conventional superconductivity and quantum spin liquid [24–26]. Among them are colossal
magnetoresistance, Mott criticality [27–30], Mott metal-insulator (MI) transition [31–33],
ferroelectricity, multiferroicity [34], and charge ordering (CO) [35]. The latter has attracted
much attention recently, both from the fundamental point of view and possible further
applications. As an example, CO-driven ferroelectricity was proposed in ET charge transfer
salts of various packing types [36], such as κ-ET2Cu[N(CN)2]Cl [34] and α-ET2I3 [37–40].
Recently, it was found that CO phenomena play important role in the complex conductivity
behavior of chiral molecular conductor based on the methylated ET (BEDT-TTF) donor
analogue—κ-[(S,S)-DM-BEDT-TTF]2ClO4 [41].

However, CO phenomena were mainly observed and deeply investigated in ET
θ-phase [42]. These instances are most notably exemplified by the family members of
θ-ET2MM’(SCN)4 (M = Rb+, Tl+, Cs+; M’ = Zn2+ or Co2+) [43,44], where electronic prop-
erties are mainly governed by monoanions M. Remarkable examples of CO due to in-
termolecular interactions leading by Coulomb forces are θ-ET2RbZn(SCN)4 [45] and θ-
ET2RbCo(SCN)4 [46]. These isostructural salts are characterized by the spatial pattern
called “stripe order”, where ET radical cations of different ionicity form parallel chains [47].
In this particular case, horizontal stripes alternating along axis c are realized. These salts ex-
hibit a first-ordered MI structural phase transition below TMI = 200 K from I222 to P212121
space group accompanied with 2c superlattice formation. Above the phase transition point,
there is only one independent ET radical cation with the charge Q = +0.5; however, below
TMI, two crystallographically unique ET molecules, A and B, with the ionicity estimated
from the molecular shapes as Q = +0.8 to +1.0 (A) and Q = 0 to +0.2 (B) were sensed along
with the sudden drop of conductivity.

While widely presented in 3/4-filled θ-salts, in the κ-family, where the upper band
is usually half-filled, the CO phenomena are very rare, and only a few compounds
have been reported. Until recently, only two structures of this type were known—κ-
ET4PtCl6·PhCN [48,49] and κ-(ET)4[M(CN)6][Et4N]·2H2O (M = CoIII, FeIII) [50–52]. Their
structure is rather complex: the phase transition includes the deformation of the molecule
and the coupling to the anions; accordingly, details of their physical properties and their
electronic states are not well known. Electronic correlations and coupling to the lattice
vibrations undoubtedly play a major role in CO behavior. Thus, attempts of synthesizing
of new κ-compounds with various types of CO states deserve additional efforts.

For insulating κ-phase, there are three possible ways to distribute positive charges
over ET dimers and the resulting electronic states (Figure 1):

1. Mott state; ET radical cations are equally charged.
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2. Intradimer CO; the charge is localized on one ET per dimer. This charge can be fixed
or fluctuating.

3. Interdimer CO; two charges are located on one dimer (one charge per one ET), while
another dimer is left uncharged.

Due to the lack of appreciable charge disproportionation in most of the commonly
studied Mott insulators and quantum spin liquid compounds, a family of dimerized ET
compounds has drawn particular attention, the κ-ET2Hg(SCN)2X series, where X = Cl−,
Br−, I−, which was introduced 30 years ago by Lyubovskaya et al. [53–55]. Revisited
quite recently, κ-ET2Hg(SCN)2Cl demonstrated CO transition at 30 K, where the metal–
insulator transition is linked to the magnetic order [56,57]. Afterward, MI transition at
80 K due to CO was shown for the isostructural salt κ-ET2Hg(SCN)2Br [58,59]. Resilient
quantum fluctuations of spin and electric dipole degrees of freedom were found in κ-
(BEDT-TTF)2Hg(SCN)2Br down to the lowest measured temperatures [60]. The electric
dipoles presumably created by intradimer charge imbalance forming fluctuating intradimer
CO state that is not detectable by crystallographic means [61]. No pronounced structural
changes concomitant to the electronic phenomena were discovered for these cases.

In contrast, κ-(ET)4[M(CN)6][Et4N]·2H2O salts demonstrated a transition at around
150 K from a Mott insulating phase with the fluctuation of charge order to a interdimer
CO phase associated with drastic conformational deformations of two crystallographically
independent ET molecules with an evenly distributed charge of +0.5 to the charge-ordered
ground state containing a (ET0)2 bent and a (ET+)2 flat face-to-face dimers built solely from
independent ET-s [50].

In the current report, we present conductive radical cation salt κ-(BEDT-TTF)2CoII(NCS)4
[K+(18-crown-6)]·(H2O) (1), possessing magnetic CoII centers and demonstrating robust
interdimer CO state. Preliminary magnetic measurements revealed some signs of an SMM
state. Additional experiments are underway.

2. Materials and Methods
2.1. Electrocrystallization

Electrocrystallization of the charge transfer salt (1) was performed in conventional two-
compartment H-shaped cells with Pt wire electrodes at constant current and temperature
(25 ◦C). In total, 100 mg of preformed electrolyte [K+(18-crown-6)]2CoII(NCS)4 obtained
by the published procedure of [1] and 20 mg of BEDT-TTF were dissolved in 30 mL of
1,2-dichloroethane containing 3 mL of 96% ethanol. The resulting solution was transferred
to the cathode compartment of the cell under Ar conditions. The obtained solution was
distributed between the two compartments of the cell. Constant current of 0.4 µA was
used for three weeks to give well-shaped black single crystals in the form of elongated
plates. Crystals were harvested from anode, rinsed by a mother solution and initial solvent
mixture and used for conductivity and X-ray measurements.

2.2. X-ray Diffraction and Structural Analysis

X-ray diffraction analyses for a single crystal of salt 1 were carried out on a CCD
Agilent Xcalibur diffractometer with an EOS detector (Agilent Technologies UK Ltd.,
Yarnton, Oxfordshire, UK). Data collection, determination, and refinement of unit cell
parameters were carried out using the CrysAlis PRO program suite [62]. X-ray diffraction
data at 100(1) K were collected using MoKα (λ = 0.71073 Å) radiation.

The structure was solved by the direct methods using SHELXT and refined against all
F2 data [63]. The positions and thermal parameters of non-hydrogen atoms were refined
isotropically and then anisotropically by the full-matrix least-squares method. Positions
of hydrogen atoms were obtained from difference Fourier syntheses and refined with
riding model constraints using SHELXL [64]. All calculations were performed with the
ShelXle program package [65]. Figures were prepared using programs SHELXLe and
Mercury [66]. Searching in the CCDC database and retrieving structures were performed
using ConQuest [67].
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The X-ray crystal structure data have been deposited with the Cambridge Crystal-
lographic Data Center, with reference code CCDC 2130914 (1).

2.3. Calculation of Transfer Integrals and Band Structure

The extended Hückel tight binding (EHTB) method with the effective one-electron
potential was applied for band structure calculations using a freeware program package,
CAESAR [68]. Computing the off-diagonal matrix elements, Hij = 〈χi |Heff|χj〉, was
performed by the modified Wolfsberg–Helmholz weighted scheme [69]. Double-ζ Slater
orbitals for C and S atoms, and single-ζ Slater orbitals for H atoms were employed to treat
the valence electrons explicitly. The exponents (ζi and ζi’), contraction coefficients (ci and
ci’), and atomic ionization potentials Hii were taken from previous work [70].

2.4. Resistivity Measurements

Four platinum wires were attached using carbon paint to the conductive surface
of a single crystal. Constant current was applied to the outer wires and voltage drop
was detected on the inner wires. Conductivity was measured from room down to liquid
nitrogen temperature. Room temperature resistance and resistivity were 1.8 KΩ and
3 Ω·cm, respectively. Sample size was 1.4 × 1 × 0.03 mm.

3. Results and Discussion
3.1. Crystal Structure

Radical cation salt 1 has the stochiometric formula κ-(BEDT-TTF)2K+(18-crown-6)
[CoII(NCS)4]·(H2O) that crystallizes in the triclinic space group Pı̄, with two crystallo-
graphically independent BEDT-TTF (A and B) molecules, double-charged [CoII(NCS)4]2−

anion, and potassium K+ cation coordinated by a 18-crown-6 ether and a water molecule.
The latter crystal lattice components form bulky single charged anion {K+(18-crown-
6)[CoII(NCS)4]·(H2O)}− that counterbalances a single positive charge distributed over
A and B radical cations. The structure of 1 is layered, where conducting radical cation
layers are intervened between complex insulating anion layers (Figure 2a). Within the con-
ductive layers, BEDT-TTF radical cations A and B are packed by the so-called κ (kappa) type,
where centrosymmetrical face-to-face dimers AA and BB are situated in a checkerboard
order (Figure 2b).
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Figure 2. (a) Crystal structure of salt 1 κ-(BEDT-TTF)2K+(18-crown-6)[CoII(NCS)4] along the a axis.
Carbon is dark gray, hydrogen is light gray, sulfur is yellow, oxygen is red, nitrogen is light blue,
potassium is violet. (b) Conducting BEDT-TTF radical cation layers of salt 1 packed by κ-type.
Crystallographically unique BEDT-TTF radical cations are denoted by color: A (green), B (blue).

Conductive organic and insulating inorganic layers alternate in the sequence [I-II-
III-III-II-I-]∞ along axis c (Figure 2a), where I is a conducting radical cation BEDT-TTF
organic layer, II is an anion layer, composed of double-charged anions Co(NCS)4

2−, and
III is a K+(18-crown-6)·(H2O) non-conductive cation layer that decreases the charge of
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the former double-charged anion by one. Thus, the anion layer is organized similar to a
pancake, where two positively charged K+(18-crown-6)·(H2O) layers III are situated inside
this anionic [-II-III-III-II-] assembly. Anions Co(NCS)4

2−, forming layers II, are rendered
to its periphery, residing in a close proximity to the BEDT-TTF radical cations A. That serves
as an additional factor elevating the local Coulomb potential favoring charge localization
in the conductive layers.

Such a complex organization of anion layers ends up with an anion layer thickness
of 13.8 Å, which is the second highest value reported in the literature for layered BEDT-
TTF salts (Table 1). It is worth mentioning that all compounds with record thicknesses of
anion layers incorporate 18-crown-6 into the layer structure 1–3, 5. Interestingly, both top
leaders demonstrate even more similarity containing potassium K+ ion coordinated by
crown ether and a water molecule. The anion layer thicknesses of circa 10 Å and above
for crown-containing compounds, leaving behind values that are found in the compounds
with huge chalcohalide rhenium clusters and Keggin polyoxoanions 6, 7. The only salt
among compounds with the extreme anion thickness that does not contain 18-crown-6
(4), in fact, resembles crown-containing structures with a huge amount of included water
molecules that replace crown ether for coordinating alkali sodium ions Na+.

Table 1. Layer parameters for BEDT-TTF salts with the thickest anion layers (upper part) and
κ-salts demonstrating charge-order (CO) phenomena (lower part, with superconductive κ-salt 13
as a reference). ∆E reflects the values of the measured charge gaps for dielectric compounds; for
metallic compounds, temperatures of phase transitions to insulator (TMI) or superconductive (Tc)
state are listed. The compounds are arranged in descending order of the thickness of the anionic
(insulating) layer.

Compound Name wAn wCat sep 1 pntr ∆E (meV) Refs.

(2) α-(BEDT-TTF)10(18-crown-6)6K6[Fe(C2O4)3]4(H2O)24 17.2 16.2 15.7 1.4 105 [71]
(1) κ2-(BEDT-TTF)2K+(18-crown-6)[CoII(NCS)4]·(H2O) 13.7 16.2 11.8 1.9 570 2

(3) β′′-(BEDT-TTF)2[(H2O)(NH4)2M(C2O4)3]·18-crown-6 3 12.7 14.7 12.5 0.2 (Tc 2.7, 1.8 K) [72–74]
(4a) α′′′-(BEDT-TTF)9[Cr(C2O4)3]8Na18(H2O)24 10.6 13.9 12.3 −1.7 66 [75]
(4b) α′′′-(BEDT-TTF)9[Fe(C2O4)3]8Na18(H2O)24 10.6 13.9 12.3 −1.7 77 [71]

(5) β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]2[(H3O)2(18-crown-6)]·5H2O 4 9.7 14.6 9.5 0.2 (TMI 190, 240 K) [76,77]
(6) α2-(BEDT-TTF)8[PNi(H2O)W11O39]·2H2O 7.5 16.4 5.3 2.2 100–150 [78]

(7) β′′-(BEDT-TTF)4Re6Se5Cl9·[guest] 5 6.2 14.1 4.0 2.2 (TMI 50, 90 K) [79]

(8) κ2-(BEDT-TTF)4[M(CN)6][N(C2H5)4]·2H2O 6 5.0 16.1 3.1 1.8 281 [50]
(9) κ1-(BEDT-TTF)2B(CN)4 4.4 15.3 2.6 1.8 140 [80]

(10) κ1-(BEDT-TTF)4[OsNOCl5]·C6H5CN 4.1 15.1 2.1 2.0 100 [81]
(11) κ1-(BEDT-TTF)2TaF6 3.3 15.8 1.5 1.8 120 [82]

(12) κ1-(BEDT-TTF)2Hg(SCN)2Cl 3.3 15.8 2.3 1.0 (TMI 30 K) [56]
(13) κ-(BEDT-TTF)2Cu[N(CN)2]Br 0 12.4 2.4 −2.4 (Tc 12 K) [10]

1 see Appendix A; 2 this work; 3 M = Rh, Cr, Ru, Ir; 4 M = Cr, Ga; 5 guest = DMF, THF, dioxane; 6 M = Co, Fe.

It seems to be a plausible approach using 18-crown-6 for the expansion of the interlayer
dimension by increasing the anion layer thickness. It is widely believed that separation
between conducting layers is a key parameter that has to be adjusted to increase the maxi-
mum value of superconductive critical temperature (Tc), which stagnates for decades [83].
The highest ambient pressure Tc for organic superconductors Tc = 12 K (13) has remained
unsurpassed since 1990 [10]. However, the presence of crown ether in the reaction media
does not guarantee inclusion of crown ether into the composition of the anion layers (in
fact, the inclusion is rarely observed).

The geometries of A and B differ considerably. In radical cation A atoms C1–C6
and S1–S4 of inner tetrathiafulvalene (TTF) core and four peripheral sulfur atoms S5–S8
that are involved into intramolecular electron exchange are nearly planar that is a usual
case for partially or fully charged ET radical cation (Figures 3 and 4). However, in a
neutral ET molecule, conjugation through these atoms elevates intramolecular free energy.
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Separation of the TTF core atoms C11–C16 and S9–S12 and outer atoms S13–S16 in the
molecule B into three almost planar tetrathiaethylene (TTE) fragments brakes through the
conjugation system, lowering molecular free energy. The interplanar angles between TTE
parts that characterize molecular bending constitute are 21.32◦ and 14.02◦, which exceed the
values found in the structure of neutral ET donor, giving 13.4◦ and 12.1◦ correspondingly
(Figure 3) [84]. This is to be considered as an independent indication of molecule B
charge neutrality.

Additionally, the ET molecular charge state can be evaluated by the bond lengths
in the TTF core that are indicative of the charge degree in this family of ET (BEDT-TTF)
compounds. Charge Q of the two BEDT-TTF molecules in the title salt to be calculated by
the formula Q = 6.347–7.463*δ, where δ = (b + c)− (a + d), b and c are the averaged values of
the C-S bond lengths, while a and d are the averaged values of the C-C bond lengths of the
TTF core (Scheme 1) [85]. Conversely, each ET molecule in the dimer AA carries a charge
of +1 (QA = 0.96(2)), and thus, a cumulative charge +2 per dimer (ET)2

2+, while the other
BEDT-TTF molecule B and the corresponding dimer BB is neutral (ET)2

0 (QB = 0.14(3)).
This suggests a full-charge separation scenario further enhanced by dimerization.
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tetrathiafulvalene, formed by replacing one of the ET terminal ethylene group with 1,4-
dioxane ring) [86]. 

Overlapping of planar parts of ET radical cations inside the dimers AA and BB is 
essentially the same. Inside dimers AA radical cations A are displaced longitudinally by a 
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larger with the additional tiny shift along the molecular short axis (Figure 4a,c).  

Within the conductive layers, centrosymmetrical dimers AA and BB are organized 
into [AA-AA-AA-]∞ and [BB-BB-BB-]∞ ladder-like chains expanding along the a axis, 
where the mean planes of incorporated ET molecules are parallel. This segregation is not 
recognizable in a common projection presented in the Figure 1b. However, side views of 
AA-AA and BB-BB chains provide irrefutable evidence of markedly different geometry of 
the chains AA and BB (Figure 5).  

The mutual arrangement of BEDT-TTF radical cations and their dimers in conductive 
layers is of paramount importance for understanding the electronic properties of BEDT-
TTF conductive salts, which are essentially two-dimensional (2D) in nature [5]. The widely 
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Figure 3. B molecular bending. Mean planes drawn through planar TTE parts: C11, C12, S9–S12
(TTE0, central); C13, C14, S9, S10, S13, S14 (TTE1, left); C15, C16, S11, S12, S15, S16 (TTE2, right).
The legend in the upper left corner lists the atoms selected to draw the mean plane of TTE1 sub-
unit depicted by the red semi-transparent plane drawn through the listed atoms. See Figure 4 for
atom numeration.

One terminal ethylene group of A is disordered with the occupancies of 0.85/0.15
(Figure 4e). A peculiarity of this disorder is that not only are the terminal ethylene groups
disordered, but so are the sulfur atoms that bear the ethylene group. Disordering parts other
than terminal ethylene group is rare but not unique case for ET salts and related compounds.
For example, in the salt β-(DOET)4CuBr4·PhCl, the entire annealed dioxane ring is disor-
dered (DOET is acronym of (1,4-dioxanediyl-2,3-dithio)ethylene-dithiotetrathiafulvalene,
formed by replacing one of the ET terminal ethylene group with 1,4-dioxane ring) [86].

Overlapping of planar parts of ET radical cations inside the dimers AA and BB is
essentially the same. Inside dimers AA radical cations A are displaced longitudinally by a
length of central BEDT-TTF C=C bond. The displacement inside dimers BB is just slightly
larger with the additional tiny shift along the molecular short axis (Figure 4a,c).
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Figure 4. Atom numbering scheme for unique organic molecules A and B and intradimer arrange-
ment for dimers AA and BB in the salt 1. Disordered atoms are numbered by a prime scheme—C9′, 
C10′, S7′, S8′. Occupancies are 0.85/0.15. (a) Dimer AA, top view; (b) Dimer AA, side view; (c) Dimer 
BB, top view; (d) Dimer BB, side view; (e) Dimer AA, long-through view, ellipsoids probability 50%; 
(f) Dimer BB, long-through view, ellipsoids probability 50%. 

Figure 4. Atom numbering scheme for unique organic molecules A and B and intradimer arrangement
for dimers AA and BB in the salt 1. Disordered atoms are numbered by a prime scheme—C9′, C10′,
S7′, S8′. Occupancies are 0.85/0.15. (a) Dimer AA, top view; (b) Dimer AA, side view; (c) Dimer
BB, top view; (d) Dimer BB, side view; (e) Dimer AA, long-through view, ellipsoids probability 50%;
(f) Dimer BB, long-through view, ellipsoids probability 50%.
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Within the conductive layers, centrosymmetrical dimers AA and BB are organized into
[AA-AA-AA-]∞ and [BB-BB-BB-]∞ ladder-like chains expanding along the a axis, where the
mean planes of incorporated ET molecules are parallel. This segregation is not recognizable
in a common projection presented in the Figure 1b. However, side views of AA-AA and
BB-BB chains provide irrefutable evidence of markedly different geometry of the chains
AA and BB (Figure 5).
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The mutual arrangement of BEDT-TTF radical cations and their dimers in conductive
layers is of paramount importance for understanding the electronic properties of BEDT-TTF
conductive salts, which are essentially two-dimensional (2D) in nature [5]. The widely
accepted rational nomenclature of ET salts refers only to the projection of the conductive
layers along the ET molecular long axis (Figure 2b) [3]. The nomenclature normally grasps
the electronic property essentials of the materials under investigation.

However, in some particular cases, it is necessary to consider the longitudinal dis-
placements of ET radical cations, which are imperceptible in the aforementioned projection.
Furthermore, we explore the common κ-type package in terms of “indentation” modifiers.
The indents resulting from the intralayer ET radical cation longitudinal displacements
naturally manifest themselves in the projections perpendicular to the one presented in
Figure 2b (Figure 6).
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for salts 9–11.

There is a two-step indent of 1.4 Å each (giving a cumulative indent of 2.8 Å) along the
c dimension in the structure of organic layers expanding in ab plane (Figure 6a). This feature
originates from an angular displacement (tilting) of neutral BB dimers within conductive
layers. The placement of double-charged AA (ET)2

2+ dimers inside the conductive layers
repeats the arrangement that takes place in superconductive ET salts with Cu[N(CN)2]X
(X = Cl, Br, CN) and Cu(NCS)2 anions, where no longitudinal shifts in the placements
of ET dimers within the layer were observed (Figure 5c) [7,10]. The misfit of the BB-
chain subsystem is a consequence of the highly non-planar bent nature of molecule B that,
despite similar organization of AA and BB dimers, sensibly increases effective volume
and decreases symmetry of BB building block introducing extra spatial requirements for
neutral BB (ET)2

0 dimers.
The same double-indent feature is observed in the salt κ2-(BEDT-TTF)4[M(CN)6]

[N(C2H5)4]·2H2O (8). Interestingly, the packing modes of BEDT-TTF molecules inside
cation (conductive) layers look absolutely identical in salts 1 and 8. However, anion (insu-
lating) layers are markedly different, which breaks the otherwise possible isostructurality
of salts 1 and 8 (Table 1). No other salts with the same κ-subtype were found by scrutinous
analysis of the current version of the CCDC database (CSD v.5.43).

The structures of 1 and 8 were compared at T = 100 K. At this temperature, both
salts demonstrate completed charge order with a positive charge located on one of two
independent BEDT-TTF molecules. Structure 8 experiences phase transition around 150 K.
Above 150 K in structure 8, the charge is delocalized that is reflected by convergence of
inner geometries of BEDT-TTF molecules, though A and B remain crystallographically
independent [50]. That suggests to us that structure 1 is also predisposed to the same phase
transition. However, taking into account the increased dielectric nature of 1 (∆E = 570 meV
in 1 vs. 281 meV in 8, where ∆E is a width of the bandgap), the phase transition point of 1
is expected to be observed at temperatures higher than RT (room temperature).

Another notable example of charge-ordered κ-salt is κ1-(BEDT-TTF)2Hg(SCN)2Cl (12).
In 12, the indented character of BEDT-TTF κ-layers also takes place. A single-indent feature
with a value of 2.5 Å in 12 (Figure 6b) is considered less disruptive for smooth distribution
of the Coulomb potential through conductive layers than 2.8 Å cumulative double-indent
of salts 1 and 8 (Figure 6a), implying a reduced intervention of counter-charged anion layer
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in 12. The latter is reflected by a sufficiently reduced value of anion-to-cation penetration
parameter (pntr = 1.9 Å in 1 and 1.8 Å in 8, Table 1). Indeed, salt 12 demonstrates higher
conductive properties than 1 and 8. It is metallic down TMI = 30 K, where it experiences
an abrupt charge-order metal-insulator transition [56]. Below TMI, strong charge fluctua-
tions survive, which prevents charge localization on separate BEDT-TTF molecules, as in
structures 1 and 8, and hence, the appearance of pronounced structural changes in 12 [60].
Structure of 12 below 30 K, as well as above, shows only one crystallographically unique
BEDT-TTF molecule that is an average of rapidly oscillating BEDT-TTF molecules with the
different charge states. However, being unrecognized by a crystal structure analysis, the
CO state of 12 below 30 K was rigorously confirmed by optical measurements [87].

It is important to emphasize that the aforementioned family of superconductive κ-
salts, including κ-(BEDT-TTF)2Cu[N(CN)2]Br (13) with the highest up to date Tc = 12 K
for molecular conductors at ambient pressure, have no indents in layered structure of
conductive BEDT-TTF κ-layers (Figure 5c). This uniformity is probably a requirement for
a smooth distribution of Coulomb potential casting by anions that prevents Cooper pair
breaking, saving the superconductive state. Analysis of the data presented in Table 1 allows
us to conclude that the increase of the conductive properties in the row 1 < 12 < 13 directly
correlates with the decrease of the BEDT-TTF layer thickness (wCat) 16.2 Å > 15.8 Å > 12.4 Å
(Table 1). The row reflects the fact that the sparse ET layers in 1 become significantly denser
in 13, taking an intermediate value in single-indent salt 12 and other single indented salts
9–12. The values for indented salts are close one another while the value for non-indented
salt 13 is remarkably smaller. The latter can be speculated as the extremal (no κ BEDT-TTF
salts with smaller wCat value were found in CCDC database) and, probably, optimal value.

Based on the aforementioned observations, we propose to update the rational nomen-
clature of ET κ-salts using subscripts reflecting the number of indents. Two additional
subtypes κ1- and κ2- were recognized inside the parent κ-type. Table 1 has already been
updated with this scheme. We propose to keep the symbol for the unindented (κ0 in this
numeration) as unmodified—namely, κ (see Supporting Information Figures S1 and S2 for
a graphical representation of the indentation of salts 9–11, listed in Table 1).

It is useful to summarize some general tendencies and key parameters playing an im-
portant role in the realization of high conductivity or superconductivity, which manifested
in the data of Table 1:

1. Small value of conductive cation layer thickness—wCat. The lower the value, the
denser the conductive layer and the stronger intermolecular integrals. This pro-
vides effective intermolecular electron transfer, increasing intralayer carrier mobility.
Otherwise, a sparse ET-layer structure reflects presence of indents and other inhomo-
geneities, hindering free carrier mobility.

2. A small value of anion-to-cation penetration coefficient—pntr. This obviously decrease
the Coulomb disturbance of radical cation conductive layers by negative potential
field of the anion layer.

3. However, the interplay of charge uniformity and charge separation within conduc-
tive layers remains the major factor that rules the conductive properties of ET salts.
Thus, a full charge separation scenario realized in salts 1 and 8 predetermines their
semiconductive properties, whereas superconductive salt 13 is characterized by even
distribution of charge over conductive ET layers. This marked difference in conduc-
tive properties takes place despite the fact that all aforementioned salts retain a κ-type
arrangement of conductive ET layers, which generally favors high conductivity.

As will be seen in the next section, the majority of the transfer integrals are within
the chains with only minor connectivity between the chains. This is to be interpreted as
an essentially quasi-one-dimensional (q1D) nature of charge transport in salt 1. This is
in a marked contrast with the aforementioned superconductive κ(kappa)-salts (e.g., 13),
where conductive layers are highly isotropic, which leads to a quasi-two-dimensional (q2D)
electronic structure.
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3.2. Electronic Structure

The electronic band structure calculated by means of the extended Hückel tight-
binding (EHTB) approach is a convenient and straightforward way to gain some insight
into the relationship between crystal structure and transport properties. The results of the
calculations for salt 1 based on the crystal structure geometry, neglecting electron–electron
correlations, are summarized in Figures 7 and 8 and Table 2.
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Scheme 1. Structural formula of BEDT-TTF (ET). 

 

 
Figure 7. (a) Transfer integrals (TI) network in salt 1 for single conductive organic ET layer in the
projection along long molecular axis of ET (ab plane). The line thicknesses reflect the TI values, while
colors reflect the TI symmetry. The lines for TI between neutral ET molecules (B-B type) are dignified
with double strokes. The corresponding values of the TI are listed in Table 2. (b) Selected superstripe
bounded by two adjacent chains built from neutral ET dimers. Positively charged dimers are selected
by circles. Charges are shown by numbers and ‘+’ sign. For clarity, only in-chain TI are shown.
(c) Fragment of the conductive layer projected along the ET long axis within the ab plane.
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Figure 8. (a) The Fermi energy (Ef = −8.25 eV) level is depicted by the lower horizontal dashed line.
Upper dashed line represents the bottom of the lowest empty zone. Coulomb bandgap ∆E = 0.37 eV
is shown by the double-headed arrow. (b) Band structure of the chains AA (positive, blue) and BB
(neutral, red) calculated independently from each other prior to the hybridization.
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Table 2. The transfer integrals between BEDT-TTF molecules in salt 1.

Transfer Integral Energy (meV)

b1 622.5
b2 174.3
b3 −301.6
b4 160.8
p1 −157.4
p2 2.9
q1 −115
q2 −8.6

It can be immediately seen from Table 2 that the major effect is a very strong dimer-
ization of positively charged radical cations A (transfer integrals b1). Secondarily, double-
charged AA units are compiled into chains by the strongest inter-dimer transfer integrals
b2. Similarly, with lower energies of the transfer integrals involved, neutral BB-chains are
organized. Taken independently, BB-chains hardly provide reasonable pathway for carrier
transport, even implying activation mechanism. That is a direct consequence of charge
neutrality of the incorporated ET-units and, hence, very large energy gap between upper
occupied and lower empty intrachain bands. The adjacent AA- and BB-chains are coupled
mainly by p1 and q1 integrals with near-zero p2 and q2 integrals (Table 2, Figure 7). These
observations reveal a square lattice for salt 1.

Band structure demonstrates medium-to-low dispersion along axis b (Figure 8a). This
is in the contrast with the very high dispersion along axis a. Band structure of chains AA
and BB taken independently provides qualitatively similar picture (Figure 8b). One should
keep in mind that the lowest empty band for neutral BB-chains is formed from BEDT-TTF
LUMO levels, and subsequently, lies far above the picture energy scale. Conversely, the
lowest empty band for charged AA-chains is formed from BEDT-TTF HOMO levels, and
thus, it is accessible for activation transport. The main effect of the hybridization of upper
occupied bands of AA- and BB-chains is raising of the Fermi level, which in turn reduces
activation energy ∆E. This indicates relatively low coupling of AA- and BB- chains in the
square lattice and axis a as a preferrable direction for current flow, imposing presumably
q1D conduction architecture.

This arrangement is reminiscent of the horizontal charge order stripes found in the
charge-ordered θ-ET salts (e.g., θ-ET2RbCo(SCN)4) [46]; however, in this particular case,
vertical charge-order stripes are formed. The difference between horizontal and vertical
stripe orders is in the symmetry of transfer integrals driven by the interplane angle be-
tween adjacent ET-s in the chain. The mean planes of incorporated ET-s are inclined (for
simplicity—orthogonal) in the former and parallel in the latter [35,47]. Assuming an en-
hanced level of charge separation in salt 1, comparing with θ-salts, the chains of BEDT-TTF
AA dimers with the charge +2 running along axis a are named superstripes in the current
work. The resulted spatial pattern of charge ordering is a stripe alternating along axis b.

The band structure proposes an activation transport, where the carriers are injected from
the fully occupied upper band of BB-chains to the empty upper band of AA-superstripes.
The calculated value of the charge gap is 0.37 eV (Figure 8). This is about 1/3rd below
(0.57 eV, see next section) the measured value. Usually, EHTB calculations tend to over-
estimate the actual gap value as a real structure with actual imperfections/inclusions
providing doping centers and carrier shortways is not taken into account [88]. However,
in this particular case, underestimation of the gap value serves as a sign of the presence
of persisting electronic correlations that often lead to opening of the Mott gap in formally
3/4th filled upper band for ET compounds with +0.5 charge per ET radical cation [89].

3.3. Electrical Resistivity

Curve for normalized in-plane resistance measured along axis a (direction of max-
imum conductivity) of salt 1 is presented in Figure 9. The salt demonstrates semicon-
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ductive type of R(T) dependence from ambient temperature (297 K) down to measured
temperatures. Room temperature resistivity is 3 Ω·cm that is a usual value for semicon-
ductive ET salts with formal +0.5 charge per BEDT-TTF radical cation (e.g., recent δ0-
(BEDT-TTF)2(TaF6)0.43(PF6)0.57 has ρ = 2–6 Ω·cm [90], and α′-(BEDT-TTF)2[Cr(C2O4)2(2,2′-
bipy)]·CHCl2CH2Cl has ρ = 2 Ω·cm [91]). However, the measured value for the charge gap
retrieved from fitting the linear part of the Arrhenius plot was 0.57 eV (Figure 9, inset). This
high value of the charge gap is characteristic of BEDT-TTF conductive salts containing only
single-charged (BEDT-TTF)+ radical cations (e.g., β-(BEDT-TTF)TaF6 has ∆E = 0.55 eV [92]).
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The formal charge in salt 1 is +0.5 per BEDT-TTF molecule that implies a quarter- or
half-filled upper band and metallic type conductivity if neglecting electron-electron (e-e)
correlations. However, in salt 1, full charge segregation between two crystallographically
unique molecules A and B as well as spatial separation of charged +1 (A) and neutral (B)
BEDT-TTF-s provides crystal and electronic structures more resembling cases of salts where
only single-charged organic donor radical cations are presented (see above). The latter also
possess fully occupied upper band and demonstrate activated type conductivity with the
Coulomb energy gap [92].

4. Conclusions

Single crystals of conductive charge-transfer radical cation salt κ1-(BEDT-TTF)2CoII

(NCS)4[K+(18-crown-6)] (1) possessing magnetic CoII centers was synthesized by means of
anodic electrooxidation of BEDT-TTF in solution. Its crystal, electronic, and band structures
as well as electrical conductivity have been thoroughly examined.

The thickness of anionic insulating layers of salt 1 is almost a record among all reported
BEDT-TTF layered salts owing to the unique pancake-like four-decker architecture. Two
inner sublayers of K+ monocations coordinated by bulky crown ether 18-crown-6 are
canted by two outer sublayers of dianion Co(SCN)4

2−. Due to the elevated anion layer
(insulating) thickness, effective separation of radical cation (conductive) layers reaches a
value of 11.8 Å.

Radical cation layers responsible for conductivity are built by κ-type, where two
crystallographically unique ET molecules A, charged positively, and B, neutral, form face-
to-face dimers AA2+ and BB0 arranged in a checkerboard pattern. Crystallographically
independent ET-s are markedly distinct not only by intramolecular bond lengths but also
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by conformation. Positively charged ET+ radical cation A is flat, while neutral molecule B
is bent.

A new type of charge ordering (CO) pattern, i.e., vertical superstripes, has been
detected: strongly dimerized single-charged ET radical cations (ET)2

2+ (AA) are regarded
as single units forming a stepwise chain running along axis a in the manner when plain
parts of all incorporated ETs are parallel. Positively charged chains are alternating along
axis b with neutral ones composed from (ET)2

0 (BB) dimeric units. The suffix super stands
for a duplication of charge located on the repeating single unit of the chain and subsequent
enhancement of all effects concerning charge ordering.

The ground state of salt 1 is the interdimer CO state. Transfer integrals for AA dimers
are far stronger than the others. In turn, AA dimers are combed in superstripes by the
strongest out-of-dimer transfer integrals. Moderately coupled superstripes form a square
lattice. However, by the sum of factors, its electronic dimensionality is closer to q1D
than q2D.

EHTB calculations indicate full band separation with a Coulomb gap value of 0.75 eV.
It overestimates the measured value of 0.57 eV by about 30%, which is consistent with
EHTB intrinsic limitations. This high value of measured charge gap is reminiscent of salts
containing single charged ET+ only, rather than the salts with a +0.5 ET formula charge.

In the current report, we update the rational nomenclature for ET κ-salts, which
regards mainly the 2D projection of the conductive layer along the long axis of ET, by
thorough analysis of mutual arrangements and repeating motifs of ET radical cations in
the dimension that is perpendicular to the layer expansion one. Two additional subtypes
κ1- and κ2- were recognized inside the parent κ-type, where subscripts denote the quantity
of indents modifying ET layers in the perpendicular dimension. The symbol for the
unindented (κ0 in this numeration) layer is left unmodified—κ. Salt 1 belongs to the
κ2-type.

Indentation is directly connected to the conductivity. Thus, unindented κ-ET2Cu
[N(CN)2]Br is a superconductor with the highest Tc = 12 K among radical cation salts
at ambient pressure. Moreover, κ1-ET2Hg(SCN)2Cl is a metal down to 30 K, where it
experiences MI transition, which, however, is easily suppressed by the application of a
moderate hydrostatic pressure of 0.7 kbar [58].

Although conductive ET κ-layers of salt 1 is a replica of that for salt κ2-(BEDT-
TTF)4[M(CN)6][N(C2H5)4]·2H2O (8), no semi-metallic part was observed on the resistivity
curve, and it is insulating down from ambient temperature, semi-metallic or metallic be-
havior could be observable at elevated temperatures. High temperature measurements are
planned for the future.
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//www.mdpi.com/article/10.3390/cryst13101504/s1, Figure S1: Side projection of radical cation
(conductive) layers of salts 9–11 visualizing indents modifying ET layers in the direction that is
perpendicular to the direction of layer expansion [S1–S3] (or [93–95] in the main list). New annotation
scheme—κN, where N is the number of indents applied. Different colors denote unequivalent
molecules. Hydrogens are hidden for clarity. Figure S2: Side view of the radical cation (conductive)
layers of salts 9 and 11 with uncut cell vectors.
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Appendix A

The definitions of the new terms introduced in Table 1 are as follows:
wAn = thickness (width) of the anion layer;
wCat = thickness (width) of the radical cation layer;
sep = separation between cation layers;
pntr = interpenetration of anion and cation layers.
Thickness (width) of the anion or cation layer (wAn/wCat) is defined as a difference

in coordinates along the layer separation axis between the most distant atoms along the
axis. For salt 1, the layer separation axis is c, its value constituting 28.21 Å. The most
distant atoms for the anion (insulating) layer are S2A and S2A(1 − x, 1 − y, −z), with the
coordinate difference in Angstroms as follows:

wAn(1) = (0.244179 − −0.244179) × 28.21 = 13.776 Å.

The most distant atoms for the cation (conductive) layer are H18A and H18A(1 − x,
1 − y, 1 − z), with the coordinate difference in Angstroms as follows:

wCat(1) = (0.789662 − 0.210338) × 28.21 = 16.343 Å.

Separation between cation layers (sep) is taken as a difference between length of the
layer separation axis and thickness (width) of the radical cation layer (wCat):

sep = c − wCat.

For the salt 1:
sep(1) = 28.21 − 16.343 = 11.867 Å.

Interpenetration of the anion and cation layers (pntr) is taken as the difference between
the sum of layers widths and length of the layer separation axis:

pntr = wAn + wCat − c.

For the salt 1:

pntr(1) = 13.776 + 16.343 − 28.21 = 1.909 Å.

Note that a smooth conductive layer without indents and a single-atom thick anion
layer, as in the case of salt 13, does not imply a zero pntr parameter. Rather, it takes negative
values (Table 1). There is a hidden parameter ∆ associated with non-covalent interactions
between the anion and cation layers that is not taken into account in the current calculations.
The full formula for the repeating unit reads:

c = wAn + wCat − pntr = wAn + wCat − pntr0 + ∆

where pntr0 = pntr + ∆ is a refined penetration coefficient, which is always non-negative.
Assuming pntr0 takes a zero value in the case of salt 13, we approximate that the coefficient
∆ is circa 2.4 Å in the case of κ-salts. It is quite natural to consider the table value pntr for
salt 13 as a natural minimum for κ-salts (Table 1).
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