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The family of radical-cation salts B"-(BEDT-TTF)4[(AIM3*(C50.4)1] -guest (M = Fe, Cr, Ga, Al, Co, Mn, Rh,
Ru; A = K* H3O" NH,;*) has produced superconductors, metals, semiconductors, and metal—
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Introduction

Radical-cation salts of BEDT-TTF [bis(ethylenedithio)tetra-
thiafulvalene] with the tris(oxalato)metallate anion have
produced a multitude of multifunctional materials which
combine conductivity or superconductivity with para-
magnetism,* ferromagnetism,* antiferromagnetism,?
chirality,* or proton conductivity.> These salts consist of
segregated stacks of conducting cationic BEDT-TTF layers and
insulating anion layers. The packing arrangement of the
BEDT-TTF donor molecules is determined by hydrogen-
bonding interactions between the terminal ethylene groups
of the BEDT-TTF molecules and the anion layer. Therefore,
small changes to the structure of the anion layer will lead to
changes in the BEDT-TTF donor packing arrangement and the
conducting behaviour of the material.

The most widely studied in this family of salts are the 4:1
B”-(BEDT-TTF)4[(A)M(C,0,);]-guest salts.® The anion layer in
these salts consists of a honeycomb network of the counter
cation (A = H;0', NH,", K') and the tris(oxalato)metallate
anion (M(C,04);*>). Guest molecules are sited within the
hexagonal cavities of the anion layer. The donor layer consists
of BEDT-TTF’>* molecules with close S-S contacts between
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donors in adjacent stacks. The first salt in this family to be
discovered, and still the salt with the highest superconducting
T. (8.5 K) is B"-(BEDT-TTF),[(H30)Fe(C,0,);]-benzonitrile.*
Shortly after this, the isostructural Cr(C,0,);*  salt was re-
ported.” In the following years the metal centre has been
changed to various 3d (Co®",* Mn** (ref. 9)), 4d (Rh**,** Ru**
(ref. 11)), and main group (AI**,> Ga®" (ref. 13)) metal ions.
Changes to the size of the metal ion and the distance between
the oxalate oxygens and the cation (A = H;0", NH,", K')
determine the size of the anion layer hexagons within which
the guests are located. The resulting size change has been
shown to have a small effect on the conducting behaviour
whereas a much more pronounced effect is observed by
changing the size and shape of the included guest molecule
which is sited within the hexagonal cavities. The -C=N bond
of the benzonitrile guest molecules are aligned along the
b axis" and a correlation has been observed between the length
of the b axis and the superconducting T..** Longer molecules
such as benzonitrile, nitrobenzene, or bromobenzene give
superconductors with higher T.s, whilst smaller molecules
such as fluorobenzene have a shorter b axis and remain
metallic without showing a superconducting transition.**
Using even smaller guests such as nitromethane can lead to
a different phase which is a 3:1 semiconducting phase.’
Using larger guests such as sec-phenethyl alcohol* or 1,2-
dibromobenzene'® leads to the guest molecules being
arranged asymmetrically in the anion layer and interacting
differently with each of the two neighbouring donor layers.
This produces a 4:1 bilayered salt with two different donor
packing types o and B”,*"” or o and pseudo-k.*®

When the guest is benzonitrile a second 4 : 1 polymorph is also
obtained which has the same formula, (BEDT-TTF),[(H;0)
M(C,0,);] benzonitrile.” In this case, the donors pack in a very
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different way with (BEDT-TTF'), dimers each surrounded by six
neutral BEDT-TTF monomers to give a semiconductor. The anion
layer of this ‘pseudo-k’ phase and that of the superconducting
B” phase differ in the distribution of the A and A enantiomers of
the M(C,0,);> anion which leads to the benzonitrile molecule
being disordered over two positions in the pseudo-k phase.*®

2:1 superconductors,” semiconductors,” and proton
conductors® have been obtained where the included guest
molecule is the 18-crown-6 ether used to aid solubility of the
anion, rather than the solvents which have been used in the
electrocrystallisation.

The origin of the superconductivity in this family of salts is of
interest owing to its unconventional mechanism® and in the
search for new superconductors we present the crystal struc-
tures and electrical resistance measurements for three new
radical-cation salts in the family B”-(BEDT-TTF)4[(A)Cr(C504)3]
guest (A = K'/H;0'/NH,"). These guests toluene, phenol, or
salicylaldehyde are a liquid or solid additive within the elec-
trocrystallisation ~ medium  1,2,4-trichlorobenzene:ethanol
(Scheme 1).

Results and discussion
B"-(BEDT-TTF),[(NH,)Cr(C,0,);]- toluene (I)

Salt (I) crystallises in monoclinic space group C2/c with an

asymmetric unit consisting of two crystallographically inde-

pendent BEDT-TTF donors, half a tris(oxalato)chromate anion,

half a toluene molecule, and half an NH," cation. Fig. 1 shows
CH3

O ¢

Scheme 1 From left to right, toluene, phenol, and salicylaldehyde.
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Fig. 2 Donor layer of B”-(BEDT-TTF)4[(NH4)Cr(C,04)s]-toluene (1).

Table 1 Short S--:S contacts (<sum VdW radii) for B”-(BEDT-
TTF)4[(NH4)Cr(C,04)3] - toluene (1)

S atom 1 S atom 2 Contact (A)
S9 13 3.459(2)
S9 S16 3.391(3)
$10 s1 3.488(3)
s11 s1 3.459(2)
S15 S6 3.349(2)
S15 S8 3.290(3)
16 s1 3.592(3)
s10 S7 3.545(3)

the alternating donor and anion layers viewed down the g axis.
The crystallographically independent A and B donors adopt
a B” packing motif (Fig. 2) with an ...AABBAABB... packing
mode within a donor stack. There are several side-to-side S---S
close contacts between donor stacks similar to those observed
in other salts in this family of 4:1 B” salts (Table 1).° Table 2

Fig. 1 Layered packing of B”-(BEDT-TTF)4[(NH4)Cr(C,04)s]-toluene (I) viewed down the a axis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Approximation of the charge of BEDT-TTF molecules in p”-
(BEDT-TTF)4[(NH4)Cr(C,04):] - toluene (I) based on the bond lengths
A2 =(b+c)—(a+d, Q=6347 - 74636

()

Donor a b c d 0 Q
A 1.356 1.7425 1.74625 1.354 0.779 0.54"
B 1.351 1.74375 1.7505 1.3565  0.787  0.48"

shows the estimation of charges on the BEDT-TTF molecules
are close to the expected 0.5" based on the method of Guion-
neau et al.”

The honeycomb arrangement of the anion layer is show in
Fig. 3. The hexagonal cavities created by the tris(oxalato)chro-
mate anions and NH," cations contain disordered toluene guest
molecules. The -CH; group of the toluene is directed towards
a Cr metal centre along the b axis (Fig. 3). A single anion layer
consists only of a single enantiomer of Cr(C,0,);*~ with the next

w

w
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anion layer consisting of only the other enantiomer, to give
a salt which is racemic overall.

The electrical resistance of salt (I) (Fig. 4) shows metallic
behaviour down to 1.8 K with no transition to the super-
conducting state.

B”-(BEDT-TTF)4[(H;0)Cr(C,0,4);].phenol (II)

Salt (II) is isostructural with (I) and incorporates phenol as the
guest molecule (Fig. 5-7). Short S---S contacts are given in
Table 3. Table 4 shows the estimated charges of the two crys-
tallographically independent BEDT-TTF molecules, which in
this case are slightly higher than the expected 0.5". The anion
layer for (II) has a hexagonal arrangement of Cr(C,0,);*>" and
H;0' cations with phenol guest molecules within the honey-
comb cavities (Fig. 7). In the B’-(BEDT-TTF),[(A)M(C,04)s]
guest family (A = K'/H;0"/NH,") the guest molecule is usually
a monosubstituted benzene with the R group directed along
the b axis towards the metal centre of the tris(oxalato)metal-
late anion, as is the case for Cr/toluene (Fig. 3). However, in
salt (II) the ~-OH group of the phenol guest molecules are
disordered over two positions and not along the b axis (Fig. 7).
The electrical resistance of salt (II) (Fig. 8) shows metallic
behaviour down to 0.5 K with no transition to the super-
conducting state. There is a slight upturn in the resistivity

below 4 K.

& ot

-
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Fig. 3 Anion layer of B”-(BEDT-TTF)4[(NH4)Cr(C,04)s]-toluene (I) viewed down the ¢ axis.
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Fig. 4 Electrical resistance of B”-(BEDT-TTF)4[(NH4)Cr(C,04)s]-toluene (1). The resistance below 10 K is shown on the right-hand side.

Fig. 5 Layered packing of B”-(BEDT-TTF)4[(HzO)Cr(C,04)3]-phenol (Il) viewed down the a axis.

Fig. 6 Donor layer of B”-(BEDT-TTF)4[(HsO)Cr(C,04)s]-phenol (I1).

© 2024 The Author(s). Published by the Royal Society of Chemistry

B”-(BEDT-TTF)4[(H;0)Cr(C50,4);] - salicylaldehyde (III)

Salt (III) is isostructural with (I) and (II) and incorporates the
larger salicylaldehyde as the guest molecule. The salicy-
laldehyde molecule is heavily disordered within the honey-
comb cavities. Short S---S contacts are given in Table 5. Table
6 shows the estimated charges of the two crystallographically
independent BEDT-TTF molecules, which in this case are
slightly lower than the expected 0.5". The electrical resistance
of salt (III) (Fig. 9) shows metallic behaviour down to 0.5 K
with no transition to the superconducting state. There is
a slight upturn in the resistivity below 4 K.

Relationship of the b axis length to the superconducting 7.'*

Salts (I)-(III) are isostructural with the salts presented in Table 7
which shows the conducting properties and the b axis length for
each salt in the family B”-(BEDT-TTF),[(A)Cr(C,0,4)3]-guest (A =
K'/H;0'/NH,"). There are three superconducting salts with
Cr(C,0,4); where the guest molecule is benzonitrile” (T, = 5.5—
6.0 K), nitrobenzene* (7T, = 5.8 K), or bromobenzene* (7. = 1.5

RSC Adv, 2024, 14, 18444-18452 | 18447
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Fig. 7 Anion layer of B”-(BEDT-TTF)4[(HsO)Cr(C,04)3]- phenol (Il) viewed down the ¢ axis.

Table 3 Short S---S contacts (<sum VAW radii) for B”-(BEDT-
TTF)4[(Hz0)Cr(C,04)s].phenol (11)

S atom 1 S atom 2 Contact (A)
s1 S7 3.5312(9)
S5 S7 3.3940(9)
s4 S15 3.5391(9)
S6 S9 3.3977(9)
S6 s13 3.3629(9)

Table 4 Approximation of the charge of BEDT-TTF molecules in p”-
(BEDT-TTF)4[(H3O)Cr(C,04)s]-phenol (ll) based on the bond lengths
A)26=(b+c)—(a+d), Q=6347 - 7.4636

(=)

Donor a b c d 0 Q
A 1.369 1.741 1.74925 1.3525 0.769 0.61"
B 1.371 1.73725 1.74725 1.3535 0.760 0.68"

18448 | RSC Adv, 2024, 14, 18444-18452
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K). The -C=N, -NO,, or -Br group in these superconductors is
directed along the b axis and increased length of the guest
molecule and b axis has been correlated with an increase in the
superconducting T.."* With slightly smaller guest molecules the
b axis is reduced and no transition to the superconducting state
is observed. The choice of guests has previously been confined
to those which can act as the solvent for growth of the crystals
via electrocrystallisation. Incorporating a guest which is an
additive to the crystal growing solvent gives many new possi-
bilities for guests that may increase the b axis length and the
superconducting T to aid with the study of the unconventional
mechanism of superconductivity in these salts.*® There is also
the possibility of adding extra functionality to the material via
the guest additive.

Salts (I)-(III) all show metallic behaviour with no transi-
tion to the superconducting state, and salts (II) and (IIT) show
an upturn in the resistance below 10 K. This upturn has also
observed in the metallic salts Cr/dimethylformamide,* Cr/2-
bromopyridine®® and Cr/2-chloropyridine.?® The b axes for Cr/
toluene (I) and Cr/phenol (II) are shorter than those of the
three  superconducting  salts  Cr/benzonitrile,  Cr/
nitrobenzene, and Cr/bromobenzene, which explains the
lack of a superconducting transition in (I) and (II). However,
the b axis length of 19.970(3) A for Cr/salicylaldehyde (III) is
longer at room temperature than the superconducting Cr/
bromobenzene (T. = 1.5 K, b = 19.9773(11) A).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Electric resistance of B”-(BEDT-TTF)4[(HzO)Cr(C,04)s]-phenol (I1). The upturn in resistance below 10 K is shown on the right-hand side.

Table 5 Short S---S contacts (<sum VAW radii) for B”-(BEDT-
TTF)4l(Hz0)Cr(C,04)5] - salicylaldehyde (1)

S atom 1 S atom 2 Contact (A)
s1 S7 3.414(6)
S3 S7 3.509(7)
S2 S9 3.373(6)
S2 s11 3.422(7)
S6 S15 3.558(7)
S8 S10 3.589(8)

The lack of a superconducting transition and an upturn in

resistance below 10 K has previously been observed in Cr/2-
bromopyridine and Cr/2-chloropyridine.** This is in
contrast to their superconducting Fe analogues® and has
been attributed to disorder in the tris(oxalato)metallate
anions and in the K'/H;O" cations of the anion layers.

Table 6 Approximation of the charge of BEDT-TTF molecules in -
(BEDT-TTF)4[(HzO)Cr(C,04)3]-salicylaldehyde (lll) based on the bond
lengths (A):2 6= (b + c) — (a + d), Q = 6.347 - 7.4636

(L)

Donor a b c d ) Q
A 1.261 1.769 1.72975 1.338 0.900 0.37"
B 1.309 1.76325 1.75325 1.412 0.795 0.41"

Salicylaldehyde is a non-symmetrical guest and it has been
previously been concluded that ordering of a non-
symmetrical guest may stop it becoming superconducting
due to the dipole moment.**
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Fig. 9 Electrical resistance of B”-(BEDT-TTF)4[(HzO)Cr(C,04)s]-salicylaldehyde (lll). The upturn in resistance below 10 K is shown on the right-

hand side.
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Table 7 Relationship of the b axis length with conducting properties for the family of salts B”-(BEDT-TTF)4[(A)Cr(C,Q4)3]-guest (A = K*/HzO"/

NH4")

Guest A" Conductivity b axis at room temperature/A b axis at lower temperature/A Ref.
Toluene (1) NH," Metal >4.2 K 19.8060(2) [120 K]

Phenol (II) H;0" Metal >4.2 K 19.9211(4)

Salicylaldehyde (III) H;0" Metal >4.2 K 19.970(3)

Benzonitrile H,;0" T. = 5.5-6.0 K 20.130(4) 19.965(1) [120 K] 7
Nitrobenzene H;0'/NH," T.=5.8K 20.0908(3) 19.91720(10) [120 K] 23
Bromobenzene H;0" T.=15K 19.9773(11) 24
Dimethylformamide K'/NH," Metal >4.2 K 19.888(2) 25
Dimethylformamide K" Metal >4.2 K 19.880(3) 25
2-Bromopyridine H;0"/K" Metal >0.5 K 20.0382(5) 26
2-Chloropyridine H;0'/K" Metal >0.5 K 20.0020(9) 26
Pyridine H;0" Metal >0.5 K 19.965 27
Chlorobenzene H;0" Metal >130 K 19.9420(10) 20
Dichloromethane H;0" Semicon <150 K 19.7144(11) [150 K] 28

Conclusions

We present three new additions to the family B”-(BEDT-
TTF)4[(A)Cr(C,04)3]-guest with the guest molecules toluene,
phenol, or salicylaldehyde. These new guests are a liquid or
solid additive within the electrocrystallisation medium. Previ-
ously guests had been limited to those acting as the solvents for
crystal growth. This offers new possibilities for inclusion of
guests which can add extra functionality to the material or
extend the length of the b axis to increase the superconducting
T.. All three salts show metallic behaviour from room temper-
ature down to <10 K, and the phenol and salicylaldehyde salts
show an upturn in resistance below 10 K. The b axis length in
this family of salts shows a correlation with the conducting
properties. Salt (III) (Cr/salicylaldehyde) has a comparable b axis
length to superconducting Cr/bromobenzene (7. = 1.5 K),
whilst salts (I) and (II) have shorter b axes to explain their
metallic behaviour. Salicylaldehyde is a non-symmetrical guest
and its dipole moment may be the reason that it does not show
superconductivity.

Experimental
Starting materials

Ammonium tris(oxalato)chromate was synthesized by the
method of Bailar and Jones.?* 1,2,4-Trichlorobenzene, ethanol,
phenol, toluene, salicylaldehyde and 18-crown-6 ether were
purchased from Sigma-Aldrich and used as received. BEDT-TTF
was purchased from TCI and recrystallised from chloroform.

Synthesis of radical-cation salts

Salt (I) was synthesised by adding 100 mg of ammonium tri-
s(oxalato)chromate, 250 mg 18-crown-6 ether, and 10 ml of
toluene to 15 ml 1,2,4-trichlorobenzene:3 ml ethanol and
stirring overnight before filtering into a H-cell containing 10 mg
BEDT-TTF in the anode side. A current of 0.5 pA was applied to
give black blocks which were collected after 1 month.

Salt (II) was synthesised by adding 100 mg of ammonium
tris(oxalato)chromate, 250 mg 18-crown-6 ether, and 100 mg of
phenol to 15 ml 1,2,4-trichlorobenzene:3 ml ethanol and

18450 | RSC Adv, 2024, 14, 18444-18452

stirring overnight before filtering into a H-cell containing 10 mg
BEDT-TTF in the anode side. A current of 0.5 pA was applied for
3 weeks to give black blocks.

Salt (III) was synthesised by adding 100 mg of ammonium
tris(oxalato)chromate, 200 mg 18-crown-6 ether, and 10 ml of
salicylaldehyde to 10 ml 1,2,4-trichlorobenzene : 2 ml ethanol
and stirring overnight before filtering into a H-cell containing
10 mg BEDT-TTF in the anode side. A current of 0.5 pA was
applied for 3 weeks to give black blocks.

Electrical resistivity measurements

Temperature dependent electrical resistivity measurements
were performed using four contacts on single crystals of (I), (IT)
and (III).

X-ray crystallography

Data were collected on a Rigaku Oxford Diffraction XtaLAB
Synergy R, DW system, HyPix-Arc 100 using CuKa radiation at
150 K for (I) using CrystalisPro software.*

Data were collected on a Rigaku R-AXIS VII imaging plate
system with FR-E SuperBright High-Brilliance Rotating Anode
Generator with confocal monochromated MoKo radiation,
using Rapid Auto software for control and processing at 298 K
for (II) and (III).

The crystal structure for (I) was solved and refined using
Olex2 (ref. 34) with SHELXT 2018/2 (ref. 35) (solution) and
SHELXL 2019/2 (ref. 36) (refinement).

The crystal structure for (II) was solved and refined using
Olex2 (ref. 34) with SHELXT 2018/2(ref. 35) (solution) and
SHELXL 2018/3(ref. 37) (refinement).

The crystal structure for (III) was solved with SIR2014 (ref. 38)
and refined with SHELXL 2018/3.*” The heavily disordered guest
molecules in the hexagonal cavity which could not be resolved
were removed from calculations using SQUEEZE from the
PLATON program.*

All molecular illustrations were prepared using Mercury.*

Crystal data for (I). At 120 K: C53H;,CrNO;,S3,, M = 1962.79,
black block, @ = 10.2438(1), b = 19.8060(2), ¢ = 35.2267(3) A, 8 =
94.350(1)°, U = 7126.51(12) A®, T = 119.99(10) K, space group

© 2024 The Author(s). Published by the Royal Society of Chemistry
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C2/c, Z = 4, u = 10.606 mm ', reflections collected = 202 853,
independent reflections = 7477, R1 = 0.0877, wR2 = 0.1835 [F~ >
20(F?)], R1 = 0.0885, wR2 = 0.1839 (all data). CCDC 2338454.

Crystal data for (II). At 298 K: C5,H39Cr0O4,4S35, M = 1965.79,
black block, @ = 10.3270(2), b = 19.9211(4), ¢ = 35.3072(7) A, § =
93.139(7)°, U = 7252.7(2) A*, T = 298 K, space group C2/c, Z = 4,
w = 1.140 mm ™", reflections collected = 34 185, independent
reflections = 8299, R1 = 0.0391, wR2 = 0.0457 [F* > 2¢(F*)], R1 =
0.1044, wR2 = 0.1091 (all data). CCDC 2338455.

Crystal data for (III). At 298 K: C53H;39CrO;5S3,, M = 1993.80,
black block, a = 10.3201(11), b = 19.970(3), ¢ = 35.467(4) A, 8 =
92.995(7)°, U = 7299.5(15) A®, T = 298 K, space group C2/c, Z =
4, = 1.135 mm ', reflections collected = 31 619, independent
reflections = 8283, R1 = 0.2301, wR2 = 0.5352 [F* > 20(F*)], R1 =
0.2843, wR2 = 0.5535 (all data). CCDC 2338456.
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