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This paper reports the synthesis, crystal structures and conducting properties of the first BEDT-TTF
radical-cation salts with Dz symmetry tris-coordinated racemic lanthanide(i) anions. It is also the first
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crystallographic determination of the nine-coordinate tris(chelidonato)terbate and tris(chelidonato)dys-
prosate anions (chelidonic acid = clo = 4-oxo-4H-pyran-2,6-dicarboxylic acid). Salt a-(BEDT-TTF)sM
(chelidonato)s-EtOH-2H,0 is semimetallic for M = Tb, and semiconducting for M = Dy. These conducting
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Introduction

Radical-cation salts of the donor molecule BEDT-TTF [bis(ethy-
lenedithio)tetrathiafulvalene] form two-dimensional conduct-
ing donor layers which alternate with the insulating anion
layers." They show great variety in their crystal packing
arrangements and their conducting properties. The insulating
anion layer offers the opportunity to introduce molecules with
a 2™ property to the conducting material. The possibility of
combining magnetism with conductivity or superconductivity
in these materials has been widely explored by introducing
transition metals into the anion layer.>

The metallic radical-cation salt (BEDT-TTF);CuCl,;-H,0 was
the first example of the coexistence of localised and conduc-
tion electrons in the same material.® The discovery of the first
paramagnetic superconductor f"-(BEDT-TTF),(H;0)Fe
(C204)5-C¢HsCN* led to a family of salts containing the tris
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properties are consistent with the band structure for both salts.

(oxalato)metallate(m) anion which has the ability to bridge
with mono-cations or metal(u) ions to give long-range mag-
netic order. As well as producing the first ferromagnetic metal

OH OH

Scheme 1 Chelidonic acid (clo =
acid).

4-oxo-4H-pyran-2,6-dicarboxylic

Fig. 1 Structure of the Ln(clo)s®>~ anion.
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Fig. 2 Asymmetric unit (M = Dy shown).

Table 1 X-ray data for salts Tb and Dy

Tb Dy
Formula C73H560,1540Tby C73H56021540Dy1
Fy [gmol™] 2710.56 2714.07
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
zZ 4 4
T (K) 293.1(7) 30(2)
a[A] 47.654(2) 44.9281(9)
b[A] 11.0579(3) 11.0132(2)
c[A] 21.3658(9) 20.9971(4)
al°] 90 90
B1° 120.249(6) 113.191(2)
7 [°] 90 90
Volume [A?] 9725.9(9) 9549.9(3)
Density1[g cm™] 1.851 1.888
u [mm™] 1.653 1.723
Ry 0.0468 0.0502
wR [all data] 0.1037 0.1268

B-(BEDT-TTF);[MnCr(C,04);],” and an antiferromagnetic semi-
conductor (BEDT-TTF);Cu,(C,0,);-(CH;0H),,° a number of
conducting salts in this family have been obtained by using
other 3d, 4d, 5d, or main group metal centres (M = Cr, Co, Mn,
Al, Ga, Ge, Ru, Rh, Ir).
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Fig. 4 Structure viewed down the c axis (M = Dy shown).

There are very few 4f-n systems and the number of rare-
earth anions that have previously been included in radical-
cation salts of BEDT-TTF is limited to only a few examples. [Ln
(NCS)e]*~ anions (Ln = Ho, Er, Yb or Y) have produced semi-
conducting salts of (BEDT-TTF),[Ln(NCS)s]-CH,Cl;® [Ln
(NCS)sNO;]*~ anions (Ln = Dy, Ho, Er, Yb or Y) have produced
semiconducting salts of (BEDT-TTF)s[Ln(NCS)sNO;]-EtOH;’
and (BEDT-TTF)s[Dy(NO;),] shows a metal-insulator
phase transition at ~200 K.'® Metallic radical-cation salts have
been reported using [Ln(NCS)e]>~ or [Ln(NCS)¢NO3]*~ anions
with the cations BO, DIEDO, or TTP.'' Recently, semi-
conducting 4f-t  systems have combined BEDT-TTF
with SMMs in [B-(BEDT-TTF),Dy(hfac),-MeCN], and
k-(BEDT-TTF)s[Dy(NCS);]-(KCl)o s which show slow relaxation
of the magnetisation and electrical conductivity."?

Fig. 3 Structure viewed down the b axis (M = Dy shown).
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This paper reports the first use of a racemic propeller-
shaped lanthanide anion in a radical-cation salt with
BEDT-TTF. Three tridentate chelidonic acid ligands (clo =
4-oxo0-4H-pyran-2,6-dicarboxylic acid, Scheme 1) produce a
nine-coordinate lanthanide anion having D; symmetry with

Fig. 5 Packing arrangement of donor layer showing S---S close contacts
and symmetry equivalent BEDT-TTF molecules (donor A = yellow, B =
red, C = blue) (M = Dy shown).
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the two carboxylate groups and the ring oxygen atom providing
the donor atoms (Fig. 1). Nine-coordinate tris(chelidonato)
lanthanide anions have previously been studied spectroscopi-
cally,” and the chelidonate ligand has been employed
extensively in coordination polymers with lanthanides.* The
anion [Dy(cla);]’~ from chelidamic acid (cla = 4-hydroxypyri-
dine-2,6-dicarboxylate) crystallises with [Dy(H,0),]** in MOF
{[Dys(cla);(H,0)4]-2H,0},,"> however, to the best of our knowl-
edge this paper reports the first crystallographic observation of
the [Dy(clo);]>~ and [Tb(clo);]*~ anions.

The use of tris(oxalato)metallates with D; symmetry in
BEDT-TTF radical-cation salts produces a wide range of
packing arrangements.” The distribution of the enantiomers
of [M(C,0,);]’” anions leads to different polymorphs with
different conducting behaviours.” Chiral induction has also
produced salts where only a single enantiomer of the labile [M
(C,04);’” anion is present,'® and the use of [Ln(clo);]*~
anions here also offers the potential to introduce chirality into
these multifunctional materials."”” The bulky size of the [Ln
(clo);]’~ anions compared to [M(C,0,4);]*~ also gives the poten-
tial for wide insulating layers and the synthesis of 2D
superconductors.'®

Results and discussion
a-(BEDT-TTF);M(clo);-EtOH-2H,0 (M = Tb or Dy)

Salts Tb and Dy are isomorphous and crystallise in the mono-
clinic space group C2/c (Fig. 2)(Table 1). The asymmetric unit
contains two and a half BEDT-TTF molecules, half a Ln(clo);
anion, a molecule of water, and half a molecule of ethanol.
The ethanol molecule is disordered over two positions forming
hydrogen bonds with the 4-oxo carbonyl of chelidonate
ligands.

Fig. 6 Structure viewed down the b axis showing symmetry equivalent BEDT-TTF molecules (donor A = yellow, B = red, C = blue) (M = Dy shown).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 and 4 shows the layered packing of these salts which
consists of donor layers of BEDT-TTF separated by anion
layers of [Ln(clo);]* /ethanol/water. There are two donor
layers in the unit cell but both are crystallographically the
same and related by a two-fold axis. The donors stack in the
bc plane in an o packing motif (Fig. 5). Within a stack of
donors in the ¢ direction the donors are arranged in an ..
ABCBAABCBA.. repeating pattern (Fig. 6) to form a pentamer

(@)

(b)
e 00

Fig. 7
(M = Dy shown) showing rows of a single enantiomer of [Ln(clo)s
anion in the b direction. The adjacent rows in the c direction in this
figure follow the pattern A—A—-A-A from left to right. (b) The dashed
lines within a single row of anions indicates the short contacts between
09 and C26/C27 forming 1D chains of the anion. (c) The red circle indi-
cates the location where the ethylene group of the BEDT-TTF molecule
of the pentamer is located.

(a) Packing arrangement of anion layer viewed down the a axis
1%~
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(Fig. 6 and 7), in which 3 holes are located according to the
charge balance. There are multiple side-to-side S---S inter-
actions between neighbouring donor stacks below the sum
of the van der Waals radii (Table 2 and Fig. 5), with no face-
to-face S---S interactions. Applying the method from
Guionneau et al' (Table 3, error +0.1") the BEDT-TTF
charges estimated based on the C=C and C-S bond lengths
are ~3/4" for donors B and C, and ~1/3* for donor A. This
would suggest an overall charge for the (BEDT-TTF); penta-
mer ..ABCBA.. of 3.33" in Tb at 293 K, and 3.28" in Dy at
30 K, to balance the charge of the single [Ln(clo);]*~ anion.
Donor A has a disordered ethylene group at both ends of the
molecule in Tb at 293 K, and also in Dy at 30 K. Donor A is
located next to the cavities in the neighbouring anion layers
at both ends of the donor molecule (Fig. 6), whilst donor C
is adjacent to the lanthanide metal centres.

Fig. 7 shows the insulating layer in the bc plane consisting
of [Ln(clo);]*~ anions with ethanol and water molecules.

Both enantiomers of the [Ln(clo);]*” anion (Table 4) are
present in a 50:50 ratio (Fig. 7). Within a single anion layer
there are rows of a single enantiomer in the b direction, with
each adjacent row in the ¢ direction consisting of the opposing
enantiomer to give an overall racemic lattice.

The O atom of the ketone on the periphery of the clo
ligand is sandwiched by the two clo ligands of the next
nearest [Ln(clo);]*~ anion, in which a distance between the
O atom (09, Fig. S17) of the ketone and a carbon atom (C26)
of the carboxylate of the nearest [Ln(clo);]*~ anion is less
than 3.0 A, 09---C26 = 2.793(2) A for Dy and 2.841(4) A for
Tb, which is 0.43 and 0.38 A shorter than the van der Waals
distance of C and O, respectively. This suggests a mesomeric
aromatic structure with a positive charge on the O atom of
the pyrene ring and a negative charge on the ketonic O atom
at position 4. This strong interaction produces a 1D chain of
the [Ln(clo);]*~ anion, each of which is connected by the
ketone-to-plane interaction of the clo giving a 2D structure
where the clo has a short contact with another clo with
ketone-to-plane distance (distance between O5 and plane) of

Table 2 Short range interactions (VAW radii) for donor cations in salt
Tb at 293 K and Dy at 30 K

Contact/A Tb Dy

S1.--812 3.649(1) 3.587(1)
S1.--817 3.540(2) 3.490(1)
S2---812 3.520(2) 3.481(1)
S4..-519 3.504(1) 3.505(1)
S4..-520 3.421(2) 3.367(1)
S5-.-815 3.549(2) 3.471(1)
S5..-817 3.463(2) 3.425(1)
S5-.-518 3.491(1) 3.453(1)
S7---520 3.558(1) 3.486(1)
S8.--520 3.420(2) 3.368(1)
S9..-813 3.571(2) 3.564(1)
$10---S13 3.440(1) 3.564(1)
$12---815 3.499(1) 3.414(1)
S12---S16 3.562(2) 3.471(1)

This journal is © The Royal Society of Chemistry 2025
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Table 3 Approximation of the charge on the BEDT-TTF molecules in salts Tb and Dy using the average bond lengths. 5 = (b + ¢) — (@ + d), Q =

6.347-7.463518
S s b s S
(=T )
S S S s

Salt Donor a b c d 8 Q

Th A 1.361 1.74575 1.75675 1.340 0.801 0.37
B 1.377 1.72325 1.7425 1.3575 0.731 0.89
C 1.390 1.7195 1.769 1.357 0.742 0.81

ABCBA = 3.33"

Dy A 1.366 1.75525 1.76375 1.3545 0.799 0.39
B 1.381 1.74175 1.76075 1.359 0.763 0.656
C 1.383 1.7375 1.756 1.366 0.745 0.79

ABCBA = 3.28"

The anion has a charge of 3- to be balanced by the charge of 5SBEDT-TTFs (ABCBA).

Table 4 Bond lengths and angles of Ln(clo)z anion LIS L L N N ML
22F =
Ln-O bond lengths/A 3
Tb1-01 2.351(3) Dy1-O1 2.326(3) 3
Tb1-02 2.587(3) Dy1-02 2.562(3) 2.0 =
Tb1-03 2.336(3) Dy1-03 2.335(3) E
Tb1-07 2.365(2) Dy1-07 2.360(3) g E
Tb1-08 2.554(4) Dy1-08 2.578(3) 18E E
Angle between ligands/® < o 3
01-Tb1-03 83.00(10) 01-Dy1-03 83.41(9) S E B
03-Tbh1-07 79.79(10) 03-Dy1-07 82.65(9) < 46E E
01-Th1-07 78.52(9) 01-Dy1-07 79.05(9) 3 F E
Bite angle of ligands/° = 3
01-Th1-03 123.38(10) 01-Dy1-03 125.44(9) E 3
07-Tb1-07 125.86(12) 07-Dy1-07 125.55(12) 1.4 3 E
1.2F — =
3.065 for Dy and 3.132 A for Tb, which is only 0.1-0.2 A 3 E
shorter than the van der Waals distance between C and TOB i b b b Lo

50 100 150 200 250 300

O. The reason why O9 has strong interaction with the carbon T/K

atom of -COO~ but O5 has no strong contact with the
carbon atom of ketone is as follows. As shown in Fig. Sla,f
clo with 09 is almost planar, the dihedral angle between the 5.2
six-membered ring and two -COO™~ groups of 0.85° for Dy

and 0.03° for Tb were observed, so that conjugation, namely
back donation effect, can widely spread over the clo ligand

a cavity (see red circle in Fig. 7), in which the ethylene of o 4 5 6 7 8 9
donor A of the BEDT-TTF pentamer is located. 1000/ T/K"
1 L

o

including the ketone group, namely 09. On the other hand, 5'05 T T T T T3]
the clo ligand with O5 is bent as shown in Fig. S1ib,f the di- (=) o 465F Eh
hedral angle of 20.92° for Dy and 15.61° for Tb was s : = F 1]
observed, therefore conjugation, donation and back donation g‘ 481 ;_;4‘60;_ _;—:
effects, spreads only over -COO™ groups and O5 has no back Q455 47
donation effect. It is totally consistent that the carbon atom E a 4505 3 ]
of the -COO™ has a very short contact with 09 having the i6 E 3]
effect of back donation. The 2D anion arrangement provides ' 445 TR EE EE

Despite salts Tb and Dy being isomorphous they exhibit
different conducting behaviour. The resistivity curve of salt Tb
has an anomaly at 250 K as shown in Fig. 8 upper. The
Arrhenius plots are shown in Fig. 8 lower. The expansion of Fig. 8 Electrical resistivity for Tb.

50 100 150 200
1000/ T/K"
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Fig. 9 Electrical resistivity for Dy.

the high temperature region is shown in the inset of Fig. 8
lower. The activation energy above 250 K (260 K-RT) is calcu-
lated to be 34 meV, which is unusually higher than that below
250 K (100-166 K) of 13 meV (see the inset of Fig. 8 lower). The
Arrhenius plots below 250 K (Fig. 8 lower) suggest that the acti-
vation energy decreases with decreasing temperature to

0.5eV
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0.14 meV from 5-6.6 K, which is approximately 1/100 and 1/
250 times smaller than that at just below or just above 250 K.
This tendency is not that of a semiconductor, which is nor-
mally an insulator at the lowest temperature, but for a metal or
semimetal. In the circumstance, we believe that salt Tb is a
semimetal. Whilst salt Dy shows semiconducting behaviour
with an activation energy of ~82 meV (Fig. 9) and the salt is an
insulator at the lowest temperatures. These conducting pro-
perties are consistent with the band structure for both Tb
(Fig. 10) and Dy (Fig. 11) (overlap integrals for Th and Dy are
provided in Fig. S21). The band structure for Th (Fig. 10) has
1D, quasi-1D (= between 1D and 2D) and 2D Fermi surfaces.
Whilst the band structure for Dy has only 1D and 2D Fermi
surfaces. The highest two dispersion lines of Dy, whose band-
width is approx. 0.115 eV, is approximately 10% narrower than
those of Tb, 0.127 eV. Therefore, the highest two dispersion
lines of Tb and the Fermi level line cross to provide a quasi-1D
band, whereas the highest two dispersion lines of Dy and the
Fermi level line do not cross and therefore there are simpler
1D and 2D Fermi surfaces than those of Tbh. Moreover, Tb has
no mid-gap in the band dispersion, suggesting that it is a
normal metal and Mott-like charge localisation is not
expected. Nesting might occur in this salt, which will be
complex because of the three different types of Fermi surfaces,
which may cause the anomaly on the resistivity curve at
around 250 K. On the other hand, Dy has a very small (approxi-
mately 13 meV) but significant mid-gap, which separates the
upper six dispersion lines and lower four dispersion lines.
Therefore, the lower four dispersion lines are fully occupied by
electrons and the upper six dispersion lines has six holes (= six
electrons), indicating it is effective half filled. In the circum-
stance, the salt shows simple semiconducting behaviour. In
addition, the width of the mid-gap of 13 meV is more than ten
times smaller than the gap width calculated from the acti-
vation energy (E, = 2E, = 164 meV), suggesting that electron
correlation, which was not concerned in the band calculation,
is quite effective for the Dy salt. The Tb salt is isostructural to
the Dy salt, therefore the effect of electron correlation is also
quite effective for the Tb salt.

-0.5eVv

T \Y Y T

Fig. 10 Band calculation for Tb at 293 K.
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-0.5ev

ke

T \Y Y T

Fig. 11 Band calculation for Dy at 30 K.

Conclusions

We report the first BEDT-TTF radical-cation salts with tris-co-
ordinated racemic lanthanide(u) anions. These salts are iso-
morphous with formula a-(BEDT-TTF)s;M(clo);-EtOH-2H,0
where M = Tb or Dy. These are also the first crystallographic
determinations of the nine-coordinate tris(chelidonato)terbate
and tris(chelidonato)dysprosate anions (chelidonic acid = clo =
4-ox0-4H-pyran-2,6-dicarboxylic acid). Despite BEDT-TTF salts
Tb and Dy being isomorphous they exhibit different conduct-
ing behaviour which are consistent with the band structures
for both salts. The arrangement of [Ln(clo);]*~ anions within
the insulating layer suggests that the six-membered ring has
weak aromatic nature. This strong interaction produces a 1D
chain of the [Ln(clo);]*~ anion, each of which is connected by
the ketone-to-plane interaction of the clo giving a 2D structure
where the clo has a short contact with another clo with ketone-
to-plane distance (distance between O5 and plane) of 3.065 for
Dy and 3.132 A for Tb, which is only 0.1-0.2 A shorter than the
van der Waals distance between C and O. Future work will
focus on the optimisation of the crystal growth of these salts
with Tb, Dy, as well as other Ln(u) ions, and a study of their
magnetic properties.

Experimental
Starting materials

Terbium chloride hexahydrate, dysprosium chloride hexa-
hydrate, chelidonic acid, sodium hydroxide, chlorobenzene,
ethanol and 15-crown-5 were purchased from Sigma-Aldrich
and used as received. BEDT-TTF was purchased from TCI and
recrystallised from chloroform.

Synthesis of radical-cation salts

Na;[Tb(clo);] and Nas[Dy(clo);] were synthesised by literature
methods using chelidonic acid with terbium(u) chloride hexa-
hydrate and dysprosium(u) chloride hexahydrate, respect-
ively.>® Radical-cation salts Tb and Dy were synthesized by dis-
solving 120 mg of Nas[Ln(clo);] with 3 drops of 15-crown-5

This journal is © The Royal Society of Chemistry 2025

ether in 20:5 chlorobenzene: ethanol by stirring overnight.
This was filtered into a H-shaped electrochemical cell contain-
ing 10 mg BEDT-TTF in the anode compartment. An initial
current of 0.1 pA was applied then increased to 0.5 pA after 1
week before black hexagonal crystals were collected after 4
weeks for Tb and after 2 weeks for Dy.

Electrical resistivity measurements

Electrical resistance measurements were performed using
Physical Properties Measurement System (PPMS). Temperature
dependent electrical resistivity measurements were performed
using four contacts on single crystals of Tb and Dy in the
range 5 K-300 K for Tbh and 150 K-300 K for Dy. A current of
10 pA was applied in the conduction plane, and in-plane resis-
tance was measured. The samples were cooled down at a
cooling rate of 1 K min~". For the crystals of Dy the resistance
data is provided with the unit of Ohms, rather than Ohms.cm,
because the length along the long axis was only approximately
0.2-0.3 mm. Consequently, accurately estimating the crystal
thickness and the distance between terminals makes it
difficult to convert the obtained resistance into resistivity.

X-ray crystallographyt

Crystal data: Th. C,3H;560,1S40Tb1, M = 2710.56, black plate,
a = 47.654(2), b = 11.0579(3), ¢ = 21.3658(9) A, = 120.249(6)°
U = 9725.9(9) A%, T = 296 K, space group C2/c, Z = 4, u
1.653 mm ™", reflections collected = 44 369, independent reflec-
tions = 8836, R1 = 0.0468, WR2 = 0.0996 [F* > 26(F*)], R1 =
0.0572, wR2 = 0.1037 (all data). CCDC 2357688.

Crystal data: Dy. C;3H560,,S40Dy1, M = 2714.07, black plate,
a =44.9281(9), b = 11.0132(2), ¢ = 20.9971(4) A, § = 113.191(2)°
U = 9549.9(3) A%, T = 30 K, space group C2/c, Z = 4, pu
1.723 mm ™", reflections collected = 30 702, independent reflec-
tions = 10 815, R1 = 0.0502, wR2 = 0.1195 [F* > 26(F%)], R1 =
0.0613, wR2 = 0.1268 (all data). CCDC 2357687.F

Data for Th (at 293 K) were collected on a Rigaku Oxford
Diffraction Xcalibur System equipped with a Sapphire detector
at using the CrysAlisPro software,”" solved using SHELXT**
and refined using SHELXL-2017.%*
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Data for Dy (at 30 K) were collected on Beamline i19,
Diamond Light Source Ltd. 3-Circle fixed chi goniometer
equipped with a PILATUS 2 M PIXEL detector, wavelength
0.6998 A (100 um focus), solved using SHELXT** and refined
using SHELXL-2014/7.%

Molecular illustrations were prepared with Mercury.>®
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