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We present the synthesis, crystal structures and conducting properties of six new BEDT-TTF radical-
cation salts with the tris(oxalato)gallate or -iridate anion. The use of halobenzenes gives 4:1 B” metallic
or superconducting salts with tris(oxalato)gallate — fluorobenzene (PhF) or chlorobenzene (PhCl) as a
guest molecule gives a metal, whilst the larger bromobenzene (PhBr) or iodobenzene (Phl) gives a
superconductor. A 4:1 pseudo-k semiconducting salt is obtained with benzonitrile as the guest mole-
cule for tris(oxalato)iridate, and a novel 5:1 metal-insulator phase with tris(oxalato)iridate is also

rsc.li/materials-advances reported.

Introduction

The organic donor molecule BEDT-TTF has produced the
largest number of molecular superconductors, with the highest
superconducting 7. being 11.6 K at ambient pressure in
k-(BEDT-TTF),Cu[N(CN),]Br," and 14.2 K under pressure in
B’-(BEDT-TTF),ICl,.>

Multifunctionality has been achieved in BEDT-TTF salts with the
use of various transition-metal complexes with particular focus on
the tris(oxalato)metallate anion to combine conductivity in the same
lattice with paramagnetism,®> anti-ferromagnetism,®  ferro-
magnetism,” proton conductivity,® or chirality.” The first radical-
cation salt in this family, B’-(BEDT-TTF),[(A)Fe(C,0O,);]PhCN?
(PhCN = benzonitrile, A = initially reported as H,O and later as
H;0"), was synthesised by the group of Professor Peter Day at The
Royal Institution of Great Britain in 1995.% This salt has a super-
conducting 7, of 8.5 K which is still the highest superconducting 7.
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for the BEDT-TTF-tris(oxalato)metallate salts to date.® A polymorph,
pseudo-k-(BEDT-TTF),[(A)Fe(C,0,);]} PACN (A = K" and NH,"),? dif-
fering only in the spatial arrangement of the enantiomers of
Fe(C,0,);, was also reported. This initial discovery opened pathways
to produce a family of materials which now numbers well over a
hundred examples with the majority of the structures being 4:1
salts of the B’ or pseudo-k type.®

The packing of the BEDT-TTF donor layers determines the
conducting behaviour and this packing can be subtly changed
through modifications of the neighbouring anion layers. The
anion layers form a hexagonal network of tris(oxalato)metallate
with a counter cation which produces honeycomb cavities
capable of accommodating a guest molecule of the solvent
used for electrocrystallisation. Changing the metal ion of
Fe(C,0,4);°>  from iron (AI*",° Co®",° cr**)'* Ga*','' Mn*,"?
Rh*","? or Ru** ®'*) or changing the counter cation (A = H;0,
K', NH;")? has a small effect on the donor packing arrange-
ment. However, changing the size and shape of the included
solvent guest molecule can have a marked effect on the donor
packing and thus the conducting properties.

Guest molecules similar in size to benzonitrile produce
isostructural 4:1 B” salts, whilst bulkier guest molecules pro-
trude on one side of the anion layer to produce two different
faces for the anion layer which leads to a different BEDT-TTF
packing type on either side of the anion layer (e.g. o + pB” with
PhCH,CN" or PhCH(OH)CH;,” or o + pseudo-k with 1,2-
Br,Ph'®). With smaller guest molecules (CH;NO,, CH;CN,
and CH,Cl,)"” a 3:1 semiconducting salt is obtained. In some
salts 18-crown-6 ether, which is added to aid solubility of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ammonium or potassium salt of the anion, is included in the
lattice to produce a 2:1 superconducting salt, B’<BEDT-
TTF),[(H,0)(NH4),M(C,04);]- 18-crown-6 (M = Cr*" or Rh*)'® or a
2:1 proton conductor/metal B’-(BEDT-TTF),[(AM(C,04);],-[(A)*18-
crown-6](H,0)s (M = Cr*" or Ga>*, A = H;0" or NH,).°

A variety of other unusual donor and anion packings have
also been obtained with Fe(C,0,);*~," as is also the case when
replacing the M** ion with M** with dianionic Ge(C,0,4);> .%°

This paper reports the syntheses, structures and properties of six
new additions to this family of BEDT-TTF salts with
tris(oxalato)metallates of gallium and iridium. Four tris(oxalato)-
gallate salts are 4:1 salts B’-(BEDT-TTF),[(H;0)Ga(C,0,);]-haloben-
zene - fluorobenzene (PhF) or chlorobenzene (PhCl) as a guest
molecule gives a metal, whilst the larger bromobenzene (PhBr) or
iodobenzene (PhI) gives a superconductor. A semiconducting 4:1
salt pseudo-k-(BEDT-TTF),[(H;0)Ir(C,0,)s] benzonitrile (PhCN) is
reported. The synthesis, structure and band calculations of a new
5:1 metal-insulator phase, B’-(BEDT-TTF)sIr(C,0,);-ethanol, are
also reported.

Results and discussion
4:1 B’ salts with tris(oxalato)gallate

Isostructural salts 1-4 are new additions to the B” family of
BEDT-TTF radical-cation salts with the tris(oxalato)gallate
anion. All four salts have the formula p"-(BEDT-
TTF)4[(H;0)Ga(C,0,);]-guest (guest = PhF fluorobenzene 1,
PhCI chlorobenzene 2, PhBr bromobenzene 3, and PhI iodo-
benzene 4). Salts 1-4 all crystallise in the monoclinic space
group C2/c with an asymmetric unit consisting of two crystal-
lographically independent BEDT-TTF molecules, half a
Ga(C,04); anion, half a H;0" counter cation, and half a guest
molecule.

Fig. 1 shows the layered structure of these salts which
consists of alternating donor layers of BEDT-TTF and anion
layers of M(C,0,);*> /guest/H;0". The two crystallographically
independent BEDT-TTF molecules adopt a §” packing motif in
stacks along the a/b crystallographic axis (Fig. 2). The two

Fig. 1 Structure of 4 viewed down the a axis. Salts 1-4 are isostructural.
Hydrogen atoms and minor disorder components are omitted for clarity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Packing arrangement of the donor layer for 4. Salts 1-4 are
isostructural. Hydrogen atoms and minor disorder components are
omitted for clarity.

Table 1 Short range interactions (>sum VdW radii) for donor cations in
salts 1-4

Contact (A)  Ga-PhF (1) Ga-PhCl(2) Ga-PhBr(3) Ga-Phl(4)
S1.--87 3.3817(19)  3.417(2) 3.4206(10) 3.4381(10)
S3...87 3.5225(18)  3.517(2) 3.5041(10)  3.4915(10)
S2---89 3.3397(19)  3.329(2) 3.3147(10)  3.297(4)

S2--.811 3.3811(18)  3.3792(19)  3.3695(10)  3.368(4)

S6- - 815 3.528(2) 3.533(2) 3.5180(10)  3.5123(10)
S8---815 3.612(2) 3.594(2) 3.5612(11)  3.5404(12)
S8---S10 3.600(2) 3.600(2) 3.5793(11)  3.5753(11)

independent BEDT-TTF molecules follow an AABBAA sequence
within each stack. There are a number of side-to-side S---S
interactions between donor stacks which are below the sum of
the van der Waals radii (Table 1). Using the method of Guion-
neau et al.>' to estimate the charge on a BEDT-TTF molecule
from its C-S and C=—C bond lengths we estimate charges of
approximately +0.5 for all BEDT-TTFs (Table 2) as expected for

Table 2 Average bond lengths (A) in BEDT-TTF molecules in salts 1-4
with approximation of the charge on the molecules. § = (b + ¢) — (@ + d),
Q = 6.347-7.4635*

()

Salt Donor a b C D J Q

Ga-PhF A 1.355 1.73725 1.7455 1.347 0.781 +0.52
1 B 1.360 1.73525 1.746 1.3475 0.774 +0.57
Ga-PhCl A 1.360 1.744 1.747 1.3505 0.781 +0.52
2 B 1.357 1.741 1.745 1.352 0.777 +0.54
Ga-PhBr A 1.358 1.738 1.748 1.346 0.782 +0.51
3 B 1.370 1.735 1.749 1.341 0.773 +0.58
Ga-Phl A 1.360 1.7345 1.7425 1.3455 0.772 +0.59
4 B 1.359 1.73525 1.744 1.346 0.774 +0.57
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Fig. 3 Packing arrangement of the anion layer for 4. Salts 1-4 are
isostructural. Hydrogen atoms and minor disorder components are
omitted for clarity.
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Fig. 4 Honeycomb cavity in the anion layer for 4 with measurement
parameters labelled. Salts 1-4 are isostructural.
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these 4:1 B’ salts where the anion layer has a 2-charge
[(H30)Ga(C,04)3]*~

The anion layer is a honeycomb created using M(C,0,);*~
anions and H;0" cations with a guest solvent molecule in the
hexagonal cavities (Fig. 3). Each anion layer consists of a single
M(C,04)5°~
enantiomer to give a repeating AAAAAA pattern and a racemic
lattice. The dimensions of the hexagonal cavities for salts 1-4
are defined in Fig. 4 and the values given in Table 3. It has
previously been observed for rhodium® and iron** salts that
increasing the size of the guest molecule from fluorobenzene to
chlorobenzene to bromobenzene leads to an increase in the
height and a decrease in the width of the cavity. In gallium salts
we observe the same trend going from fluorobenzene to bro-
mobenzene to iodobenzene, however the chlorobenzene salt
has a longer height than bromobenzene and a narrower width

enantiomer with adjacent layers being the opposite

than fluorobenzene.

The size, shape and orientation of the guest solvent mole-
cule within the hexagonal cavity influence the order-disorder of
the terminal ethylene groups of adjacent BEDT-TTF molecules
which affects the transport properties or destabilises the super-
conducting transition.® The BEDT-TTF molecules in all of the
salts 1-4 contain disordered ethylene groups (C1, C2, C9, and
C10) irrespective of the guest solvent molecule present. In the
case of 1 (Ga PhF) we also observe disorder in the position of
fluoride on the guest molecule (Fig. 5). The fluoride occupies
both the standard position, pointing directly at the metal atom
along the ¢ axis, as well as a roughly 16% occupancy at each
meta position to the standard position. This results in a
disordered component where the fluoride protrudes out of
the cavity. Presumably, this is possible due to the small size
of fluoride compared to the other substituents on the phenyl of
the guest molecules, allowing this orientation to be favourable
without interrupting the crystal packing.

The only previously reported B’ superconducting salts with
the tris(oxalato)gallate anion incorporated the guest molecules
pyridine (T, = 1.5 K) or nitrobenzene (T, = 7.5 K)."" Guest
molecules 2-chloropyridine or 2-bromopyridine show metallic
behaviour down to 0.5 K.>*

Table 3 Dimensions of the hexagonal cavity for salts 1-4 as shown in Fig. 4 and for salt 5in Fig. 10 (a, b, ¢, d, e, h and w). § is the angle of the plane of the
halobenzene ring relative to the plane of the hexagonal cavity (measured as the least squares plane of the three gallium atoms)

Ga-PhBr (3) 293 K Ga-PhI (4) 294 K Ga-PhCN (5) 293 K

Salt temp. Ga-PhF (1) 294 K Ga-PhCl (2) 293 K
Distances (A)

a 6.259(4) 6.282(4)

b 6.378(7) 6.395(7)

c 4.802(14) 4.614(3)

d 1.311(18) 1.740(9)

e 4.674(17) 4.497(14)
h 13.520(7) 13.597(7)
w 10.2801(4) 10.2964(7)
O4-cation 2.960(6) 3.005(6)
O6-cation 2.866(5) 2.851 (5)
O1-cation 3.011(8) 3.013(8)
Angles (°)

5 33.4(3) 32.7(2)

4726 | Mater. Adv.,, 2022, 3, 4724-4735

6.279(2) 6.298(2) 6.288(4)
6.360(4) 6.349(4) 6.254(7)
4.5533(7) 4.5571(6) c+d=5168(9)
1.889(5) 2.078(4) 0.950
4.405(7) 4.294(7) 5.375(14)
13.579(4) 13.658(4) 13.352(7)
10.2760(2) 10.2593(2) 10.38141(15)
3.022(4) 3.073(3) 2.930(7)
2.839(3) 2.828(3) 2.899(5)
2.994(4) 2.986(4) 2.881(8)
33.5(2) 34.60(16) 25.4(2)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A salt synthesised from potassium tris(oxalato)gallate with bro-
mobenzene has  previously been reported (B’{(BEDT-
TTF)4[Ko.33(H30)0.6,Ga(C,04);]- PhBr)'" and showed no superconduc-
tivity down to 0.5 K. Salt 3 is the isostructural salt starting from
ammonium tris(oxalato)gallate with bromobenzene and shows
superconductivity with a 7. of 3.0 K. When using ammonium
tris(oxalato)gallate instead of potassium only the H;O" counter
cation is included in the lattice (B"-(BEDT-TTF),[(H30)Ga(C,04)3]
bromobenzene). The non-superconducting salt with Ko 33(H30)0.67
has a b axis of 19.860(2) A whilst the H;O" salt (3) has a longer b of
19.9923(14) A (both at 293 K).

Analysis of the crystal structures of the p”-(BEDT-
TTF),[(A)M(C,0,);]-solvent salts by Imajo et al.>* has revealed
a correlation between the cell parameters and the conducting
properties. Changing the size and shape of the included guest
molecule has a marked effect on the cell parameters, especially
the length of the b axis, with which the superconducting 7. can
be correlated. The halogen atom of the guest molecule is
directed along the b axis in these salts so we expect an increase
of the b axis as the guest molecule is increased in size from PhF
up to Phl. In these Ga salts the b axis for the PhCI salt 2 is
longer than that of the PhBr salt 3 (Table 4%). Salts 1 and 2 with
smaller PhF and PhCI, respectively, do not show superconduc-
tivity (Fig. 6). Salts 3 and 4 with larger PhBr and PhI show
superconducting T.s of 3.0 K and 2.4 K respectively.

i Crystal data 1: C5,H,004353,F1Ga,, M = 1987.52, black block, a = 10.2801(4), b =
19.8975(10), ¢ = 35.2455(13) A, ff = 92.680(3)°, U = 7201.5(5) A°, T = 294(2) K, space
group C2/c, Z = 4, u = 1.373 mm™ ', reflections collected = 19058, independent
reflections = 6022, R; = 0.0725, WR, = 0.1454 [F* > 20(F%)], R, = 0.0891, WR, =
0.1542 (all data). Crystal data 2: C5,H,001353,Cl,Ga,, M = 2003.93, black block, a =
10.2964(7), b = 19.9923(14), ¢ = 35.423(3) A, f§ = 93.080(3)°, U = 7281.3(9) A*, T =
293(2) K, space group C2/c, Z = 4, j = 1.392 mm ', reflections collected = 21117,
independent reflections = 9327, R, = 0.0745, WR, = 0.1117 [F* > 20(F°)], R, =
0.1483, WR, = 0.1447 (all data). Crystal data 3: C5,H,003S3,Br;Gay, M = 2048.39,
black block, a = 10.2880(3), b = 19.9599(6), ¢ = 35.5191(8) A, f = 93.392(2)°, U =
7280.98(16) A%, T = 293(2) K, space group C2/c, Z = 4, i = 1.901 mm ", reflections
collected = 39 889, independent reflections = 8997, R, = 0.0425, wR, = 0.0992 [F> >
ZJ(FZ)], R, =0.0537, wR, = 0.1057 (all data). Crystal data 4: C5,H40013S3,1;Gas, M =
2095.38, black block, a = 10.2593(2), b = 20.0074(4), ¢ = 35.5849(7) A, B =
93.7398(18)°, U = 7288.7(2) A®, T = 294(2) K, space group C2/c, Z = 4, u =
1.778 mm™ ", reflections collected = 35 658, independent reflections = 7838, R, =
0.0347, WR, = 0.0801 [F* > 20(F?)], R, = 0.0385, WR, = 0.0819 (all data). Crystal data
5: C53H3001353,N11r;, M = 2115.99, black block, a = 10.38140(14), b = 19.6057(3),
¢=35.5790(5) A, U = 7241.56(18) A%, T = 150.00(10) K, space group Phcn, Z = 4, it =
12.724 mm ™, reflections collected = 30911, independent reflections = 6344, R, =
0.0454, WR, = 0.1171 [F* > 206(F%)], R, = 0.0503, WR, = 0.1200 (all data). Crystal data
6 at 100 K: CsgHy6lrO13S49, M = 2425.56, black prism, a = 18.37840(10), b =
13.17680(10), ¢ = 33.6413(3) A, f§ = 94.0750(10)°, U = 8126.27(11) A%, T = 100(2) K,
space group C2/c, Z = 4, u = 13.310 mm™ ", reflections collected = 38584,
independent reflections = 7628, R, = 0.0314, WR, = 0.0820 [F° > 20(F°)], R, =
0.0322, WR, = 0.0824 (all data). Crystal data 6 at 150 K: CsgHyelrO43S40, M =
2425.56, black prism, a = 18.4349(2), b = 13.18390(10), ¢ = 33.6063(2) A, f§ =
94.1340(10)°, U = 8146.55(12) A®, T = 150.01(10) K, space group C2/c, Z = 4, u =
13.276 mm ', reflections collected = 15 759, independent reflections = 7803, R, =
0.0350, WR, = 0.0876 [F* > 20(F*)], R, = 0.0383, WR, = 0.0899 (all data). Crystal data
6 at 290 K: C56Hy0IrO1,S40 + solvent, M = 2379.50, black prism, a = 18.6386(15), b =
13.2500(8), ¢ = 33.689(2) A, f§ = 94.474(6)°, U = 8294.5(10) A*, T = 290.03(10) K,
space group C2/c, Z = 4, u = 13.016 mm ', reflections collected = 7329,
independent reflections = 5332, R; = 0.0964, WR, = 0.2453 [F> > 20(F%)], R, =
0.1199, WR, = 0.2645 (all data).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Hexagonal cavity of 1 containing fluorobenzene showing the
orientation of the disordered fluorine atoms. The major component
(~68%) points directly at the gallium atom whereas the minor component
(~16% each side) protrudes out of the cavity. Hydrogen atoms and minor
disorder components are omitted for clarity.

4:1 Pseudo-k salt with tris(oxalato)iridate

Pseudo-k-(BEDT-TTF),[(H;0)Ir(C,0,4);] PhCN (5). The first
members of the BEDT-TTF-tris(oxalato)metallate family, (BEDT-
TTF),[(A)Fe(C,04);]-PhCN,* were a superconducting B’ salt (A =
H;0") and a semiconducting pseudo-k polymorph (A = K" and
NH,"). Both B’ and pseudok phases have also been obtained
when using tris(oxalato)chromate instead of -ferrate (A = H;0" in
both phases). The superconducting 7.s of these B’ salts with
benzonitrile are some of the highest in the family so there has
been interest in obtaining p” salts with other tris(oxalato)metallates.
However, when the tris(oxalato)metallate is aluminate, cobaltate,
manganate, rhodate or ruthenate, only the semiconducting pseudo-
Kk phase has been obtained regardless of whether A = H;0',
K" or NH,".

A large number of guest molecules have been included in
this family of salts but the pseudo-k phase is only obtained
when the guest is benzonitrile (or a mixture of benzonitrile with
a 2nd guest - nitrobenzene or dichlorobenzene).

Here we report the results of crystal growth of BEDT-TTF
with tris(oxalato)iridate with benzonitrile as a guest which
gives only the semiconducting pseudo-kx phase (BEDT-
TTF),[(H30)1Ir(C,0,);]'PhCN and no crystals of B”. The best
crystals were obtained when using the crystal growth method
which includes 1,2,4-trichlorobenzene.>® Using the method of
Peter Day’s group that was used to prepare the B’ Fe® and Cr'®
phases in the original salts also gave only pseudo-k crystals
with Ir.

The structure of pseudo-k-(BEDT-TTF),[(H;0)Ir(C,0,)s]
PhCN (5) is isostructural with the previously reported salts in

Mater. Adv., 2022, 3, 4724-4735 | 4727
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Table 4 X-Ray data for salts 1-4%
Ga-PhF (1) Ga-PhCl (2) Ga-PhBr (3) Ga-PhI (4)
Formula C5,H,40FO,5GaS;, Cs5,H,40ClO;3GaS;, Cs,H,40BrO;5GaS;, Cs5,H,4010,3GaS;,
Fw [g mol '] 1987.52 2003.93 2048.39 2095.38
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c C2/c
Z 4 4 4 4
T (K) 294(2) 293(2) 293(2) 294(2)
a[A] 10.2801(4) 10.2964(7) 10.2880(3) 10.2593(2)
b [A] 19.8975(10) 19.9923(14) 19.9599(6) 20.0074(4)
c [A] 35.2455(13) 35.423(3) 35.5191(8) 35.5849(7)
] 90 90 90 90
B 92.680(3) 93.080(3) 93.392(2) 93.7398(18)
7 [°] 90 90 90 90
Volume [A%] 7201.5(5) 7281.3(9) 7280.98(16) 7288.67(14)
Density j[g em ) 1.832 1.828 1.871 1.911
u [mm™] 1.373 1.392 1.905 1.778
Ry 0.0709 0.0745 0.0573 0.0413
WR [all data] 0.1479 0.1447 0.1254 0.0934

10 ¢

—_

o©
—

R(T) / R(300 K)

Ll

T TTT

0.01
0 100 200 300

T/K

Fig. 6 Electrical resistivity for salts 1—4.

the family, crystallising in the orthorhombic space group Pbcn
with two crystallographically independent BEDT-TTF donors,

half a tris(oxalato)iridate anion, half a benzonitrile guest mole-
cule, and half an H;0" counter cation.

Fig. 7 shows the alternating donor and anion layers. Fig. 8
shows the pseudo-k packing motif of the BEDT-TTFs in the
donor layer. Short S---S contacts are given in Table 5. (BEDT-
TTF"), dimers are surrounded by six BEDT-TTF® monomers
which are responsible for the semiconducting behaviour
observed in these salts (Table 6).

The anion layer (Fig. 9) is a honeycomb arrangement of
Ir(C,0,);> and H;0O". The benzonitrile molecule sits in the honey-
comb’s hexagonal cavity with the nitrile group disordered over two
positions pointing towards H;O" cations (Fig. 10 and Table 3). The
hexagonal cavity is therefore wider than in the §” phase (Fig. 4 and
Table 3). Every anion layer in the pseudo-k phase is built up of
alternating rows of the A and A enantiomers of the
tris(oxalato)iridate. The B” phase differs in the dispersion of enan-
tiomers in having an entire anion layer consisting of a single
enantiomer whilst the adjacent anion layers consist of the opposite
enantiomer. Both result in a net overall racemic lattice.*"°

Previously reported pseudo-k-(BEDT-TTF),[(A)M>*(C,0,)s]
PhCN salts are all semiconductors with an E, between

vy D4
L
L el

#
3

3
A

o

at
hN

Fig. 7 Structure of 5 viewed down the a axis. Hydrogen atoms and minor disorder components are omitted for clarity.
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Fig. 8 Packing arrangement of the donor layer for 5. Hydrogen atoms
and minor disorder components are omitted for clarity.

Table 5 Short range interactions (>sum VdW radii) for donor cations in
salt 5

Contact (A) Ir-PhCN (5)
S1---514 3.2190(17)
S1---516 3.4418(19)
$7--:510 3.4384(18)
S2---515 3.5170(19)
S8 -89 3.5214(18)
S2-- 811 3.4333(17)
S6---S15 3.5106(18)
S11---S14 3.4460(17)
S12---813 3.4768(17)

Table 6 Average bond lengths (A) in BEDT-TTF molecules in salt 5 with
approximation of the charge on the molecules. 6 = (b + ¢) — (@ + d),
Q = 6.347-7.4635%

(L)

Salt5 Donor a b c d o Q
A 1.381 1.725 1.743 1.3505 0.736 +0.85
B 1.343 1.756 1.758 1.340 0.831 +0.15

140 and 245 meV.® Salt 5 also shows semiconducting behaviour
(Fig. 11) with an E, of 116 meV.

5 : 1 salt with tris(oxalato)iridate

B”-(BEDT-TTF);Ir(C,0,)3-EtOH (6). We recently published a
2:1 salt, PB"-(BEDT-TTF),[(H,0)(NH,),Ir(C,0,);]-18-crown-6,
which was the first example in this family to contain a 5d
tris(oxalato)metallate anion."® A 4:1 BEDT-TTF salt has
previously been reported with 5d bis(oxalato)platinate,
Pt(C,0,4),>", which shows metallic behaviour down to 60 K.>°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Packing arrangement of the anion layer for 5 viewed down the
¢ axis. Hydrogen atoms and minor disorder components are omitted for
clarity.

Fig. 10 Honeycomb cavity in the anion layer for 5 with measurement
parameters labelled.

When using benzonitrile with tris(oxalato)iridate in salt 5 we
have also used halobenzenes with tris(oxalato)iridate but no
crystals could be obtained, in contrast to the relative ease with
which they can be obtained when using the 3d and 4d
tris(oxalato)metallates.

Crystals of a 5:1 salt (6) have been obtained using aceto-
phenone as the electrocrystallisation solvent with either the
ammonium or potassium salt of tris(oxalato)iridate (Fig. 12).
Two 5:1 salts in the BEDT-TTF-tris(oxalato)metallate family
have previously been reported and both are semiconductors.
Instead of the hexagonal anion layer packing arrangement
found in the 2:1,"® 3:1,”” and 4:1*® galts the
tris(oxalato)ferrate anions are arranged in a parallelogram.
(BEDT-TTF);5[Fe(C,0,);]-(H,0),-CH,CL,>” has an anion layer
containing only a single enantiomer of tris(oxalato)ferrate with
the adjacent anion layers being the opposite enantiomer. The

Mater. Adv., 2022, 3, 4724-4735 | 4729
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Fig. 11 Electrical resistivity for salt 5.

Fig. 12 Structure of 6 viewed down the b axis. Hydrogen atoms and minor disorder components are omitted for clarity.

parallelogram contains a CH,Cl, and two H,O molecules. o”-
(BEDT-TTF)5[Ga(C,04);]-(H,0); 4-(EtOH)o 6> differs with every
anion layer containing a 50:50 mixture of each
tris(oxalate)gallate enantiomer and a parallelogram containing
disordered ethanol and water molecules in a void on one side.

Salt (6) differs from these previously reported 5:1 salts in
having a B’ donor packing arrangement (Fig. 13) with a
diamond-shaped packing of tris(oxalato)iridate in the anion
layers with no included water molecules (Fig. 14). Salt 6 crystal-
lises in the monoclinic space group C2/c, with two and a half
crystallographically independent BEDT-TTF molecules, half an
Ir(C,04);>~ anion, and a disordered ethanol molecule. The
crystal structure is built up of alternating layers of BEDT-TTF
in a p” packing motif and layers of Ir(C,0,);* /ethanol (Fig. 12).

4730 | Mater. Adv., 2022, 3, 4724-4735

Each anion layer contains only a single enantiomer of
Ir(C,0,);>~, with the adjacent anion layers containing only
the opposite enantiomer to give an overall racemic lattice
(Fig. 14). The tris(oxalato)iridate anions adopt a diamond
shaped arrangement with 11.332 A between every iridium atom,
and a disordered ethanol molecule within the cavity between
anions.

The two and half crystallographically independent BEDT-
TTF molecules, where A, B and C are coloured yellow, blue and
red, respectively, in Fig. 13 and 16, follow an ~AABCBAABCB-
pattern within each stack. There are a number of side-to-side
S---S interactions between donor stacks which are below the
sum of the van der Waals radii (Table 7) but there are none face-
to-face within a stack. The BEDT-TTF donor molecules denoted

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Packing arrangement of the donor layer for 6. Donor A = yellow,

B = blue, C = red.

Fig. 14 Packing arrangement of the anion layer for 6 viewed down the ¢

axis

Table 7 Short range interactions (>sum VdW radii) for donor cations in

salt

v ! vd §
o d J
-y -y
¢ Mg ¢ M i
s g

6in A

Contact (A)

Ir-EtOH (6) 100 K

Ir-EtOH (6) 150 K

Ir-EtOH (6) 298 K

S1--
S1--
S1--
S3--
S4. .
S5--
S6- -
S6- -
S8- -
S9. .
S9. .

S13
S14
S16
S16

T1—x,—y,1-2."15-x05-y,1-2.1—x,1-y,1—2 1.5 -1,

-837
-$11°
-§12¢
-S9°
.594
-S16°
.s8?
-S16”
-§13?
-$17°
-518°
...518
..-818
...819¢
...820¢

3.4725(11)
3.4159(12)
3.4122(11)
3.5057(11)
3.5775(11)
3.5337(13)
3.5810(11)
3.4319(12)
3.5046(10)
3.3585(10)
3.4240(12)
3.5533(12)
3.3542(11)
3.3860(11)
3.3683(11)

15—-y,1—2z

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.4745(11)
3.4273(11)
3.4285(11)
3.5167(11)
3.5893(11)
3.5400(12)
3.5854(11)
3.4442(12)
3.5138(10)
3.3701(10)
3.4356(12)
3.5661(11)
3.3648(11)
3.4022(11)
3.3792(11)

3.521(6)
3.469(5)
3.490(5)
3.558(5)
3.634(5)
3.607(7)
3.615(5)
3.526(6)
3.560(6)
3.417(5)
3.495(5)
3.581(5)
3.413(5)
3.457(5)
3.431(5)
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A (Fig. 13, 15 and 16) form a dimer which is twisted by only 2.6°
with respect to the trimer formed using donors B and C. In
Fig. 13, we show solid line ellipsoids on the A-A dimers and
dashed line ellipsoids on the B-C-B trimers. As mentioned in
Fig. 15a, the intermolecular interactions for A-A dimers and B-
C-B trimers are relatively strong and weak, respectively. Using
the method of Guionneau et al.>" to estimate the charge on a
BEDT-TTF molecule from its C-S and C=—C bond lengths we
estimate a charge on each donor (Table 8). This gives the
expected 3+ overall charge for five donors balancing the charge
of the anion [Ir(C,0,4);]* . Salt 6 is metallic down to 50 K below
which there is a transition to insulating behaviour for the
cooling process (Fig. 17). The metal-insulator transition tem-
perature in the heating process is the same as that of the
cooling process, but a weak-semiconducting or semi-metallic
behaviour is observed from 50 to 225 K. Above 225 K metallic
behaviour is observed up to room temperature. Band calcula-
tions are performed at 100, 150 and 290 K. The results are
shown in Fig. 15. The Fermi surfaces at 290 and 150 K (Fig. 15e
and d) are simply cylindrical, suggesting that at each tempera-
ture the salt is a stable 2D metal. However, Table 8 suggests a
tendency for charge disproportionation. Normalized charges
(Qn) suggest that donor A is almost monocationic and C is
almost neutral. Therefore, the A-A dimer is dicationic, meaning
that spin dimers are formed and hence the dimers do not play
any role in the electrical conductivity. C is neutral, meaning
that the valence orbital is fully occupied, suggesting that C also
has no conducting carriers. The valence orbitals of only B are
partially occupied and interact with each other along the a + b
direction (=//side-by-side direction). Actually, the Fermi sur-
face in Fig. 15d has a wide flat region along the a'*-axis in the
primitive lattice (=~ //side-by-side direction), indicating that this
direction is the most conductive. In contrast, at 150 K the A-A
dimer and C molecule become monocationic as an electron
moves from the A-A dimer to C. At this temperature the cooling
curve has no anomaly but the heating curve has an anomaly at
225 K, where the phase transition appears to occur. The
resultant B-C-B trimer is dicationic therefore there is a spin
dimer on each trimer. Therefore, only the partially occupied
monocationic A-A dimer is conductive. However, as shown in
Fig. 13, the A-A dimers are isolated by the dicationic B-C-B
trimers, suggesting that the charge disproportionate state at
150 K seems to be less conductive than that at 290 K, which was
realized on the heating resistivity curve. Although the charge
disproportionate states were realized at both temperatures, the
salt shows low resistivity in this temperature range. A conduc-
tive charge-ordered state is also observed in 6-(BEDT-
TTF),CsCo(NCS),.>® In addition, there is an incorporated EtOH
molecule in the unit cell. It is heavily disordered at 290 K and
ordered over two positions at 150 K. The incorporated EtOH
molecule is located close to the C BEDT-TTF molecule. So, we
guess that the dipole moment of the ordered EtOH may play a
significant role in changing the charge of C from neutral at
290 K to cationic at 150 K. As mentioned above, the Fermi
surfaces at 290 and 150 K are cylindrical, which suggests that
both are stable metals. However, each band dispersion has a

Mater. Adv,, 2022, 3, 4724-4735 | 4731
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Fig. 15 (a) Donor arrangement at 100 K and overlap integrals, band dispersions and Fermi surfaces of salt 6 at 100 (b), 150 (c) and 290 K (d)**. *! Because
of the software's restriction*! the band calculation was performed after a unit cell transformation from the C-centered lattice (x, y, z) to a primitive lattice
(x',y', z') = (—0.5x — 0.5y, —0.5x + 0.5y, —z). The resulting cell parameters are as follows; a’ = 11.307, 11.332 and 11.434, b’ = 11.307, 11.332 and 11.434,
¢’ = 33.641, 33.606 and 33.698 A, o’ = 93.31, 93.36 and 93.65, f’ = 93.31, 93.36 and 93.65, y’ = 71.28, 71.14 and 70.82°, for 100, 150 and 290 K,
respectively, where a* is parallel to the side-by-side direction and b* is close to and parallel to the stacking direction. *! T. Mori, A. Kobayashi, Y. Sasaki, H.
Kobayashi, G. Saito and H. Inokuchi, Bull. Chem. Soc. Jpn., 1984, 57, 627-633.
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Fig. 16 Packing arrangement of the donor layer for 6. A =
B = blue, C = red.

yellow,

gap between the third and fourth lines from the bottom and the
gap at 150 K is wider than that at 290 K. We do not know the
exact effect of the gap but usually such a gap causes localization
of electrons. In addition, the charge of C of 0.79 at 150 K is not
so close to 1.0. We suggest that the value is close to 1.0 just
below the transition temperature because Table 8 indicates no
charge disproportionation at 100 K, namely the charges of A, B
and C are ~ 0.6 which is equal to the BEDT-TTF formula charge
of 6. The lower the temperature the weaker the charge dis-
proportionation, which is somewhat strange, but it was recently
reported in a salt.>® This suggests that the salt at 100 K is more
conductive than that at 150 or 290 K. The band dispersions at
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Materials Advances

1000

100

p/Qcm

10

.
I I L L 1 £
50 100 150 200 250 300
T/K

-
T
ul

Fig. 17 Electrical resistivity for salt 6.

100 K have no gap as shown in Fig. 15d, which again suggests
no localization. The Fermi surface at 100 K opens along the »’*-
axis (& //stacking direction). This indicates that the salt is quasi
1D-like below 100 K. These results suggest that a phase transi-
tion or crossover occurs between 100 and 150 K. Fig. 17
indicates no anomaly on the cooling curve in this temperature
range but a broad peak around 130 K on the heating curve. This
might be the temperature at which the phase transition or
crossover occurs. We have no structural information below the
MI transition. But the discussion above suggests that the salt is
not in any charge-ordered states at low temperature. Therefore,
a charge-density wave along the side-by-side direction is the
most suitable explanation, although it is only speculation.

Conclusions

We report six new additions to the family of salts of BEDT-TTF
with tris(oxalato)metallate anions. Four new tris(oxalato)gallate
salts are 4:1 salts B’-(BEDT-TTF),[(H;0)Ga(C,0,);]-haloben-
zene with fluorobenzene or chlorobenzene as a guest molecule

Table 8 Average bond lengths (A) in BEDT-TTF molecules for 6 with approximation of the charge on the molecules. = (b + ¢) — (@ + d), Q = 6.347—

7.4636%
S s b s S
s S S s
Salt 6 Donor a b c D ) Q (o Om?
100 K A 1.375 1.736 1.750 1.352 0.759 +0.68 +0.60 A-A dimer +1.20
B 1.371 1.737 1.750 1.353 0.763 +0.65 +0.58 B-C-B trimer +1.81
C 1.376 1.734 1.753 1.358 0.753 +0.73 +0.65
150 K A 1.362 1.737 1.751 1.347 0.779 +0.53 +0.57 A-A dimer +1.14
B 1.360 1.738 1.750 1.343 0.785 +0.49 +0.53 B-C-B trimer +1.85
C 1.375 1.732 1.752 1.357 0.752 +0.73 +0.79
290 K A 1.374 1.730 1.756 1.324 0.788 +0.47 +0.90 A-A dimer +1.80
B 1.347 1.735 1.747 1.323 0.812 +0.29 +0.55 B-C-B trimer +1.20
C 1.312 1.747 1.751 1.329 0.857 +0.05 +0.10
“ Normalised by the total charge. > Normalised charges of dimers and trimers.
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 4724-4735 | 4733
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giving metallic behaviour, whilst the larger bromobenzene or
iodobenzene shows superconductivity. Two new tris(oxalato)-
iridate salts are a semiconducting 4:1 salt pseudo-k-(BEDT-
TTF)4[(H30)Ir(C,0,);3]-benzonitrile and a 5:1 metal-insulator
B”-(BEDT-TTF)51r(C,0,)5-ethanol.

Experimental
Starting materials

Fluorobenzene, chlorobenzene, bromobenzene, iodobenzene,
1,2,4-trichlorobenzene, ethanol and 18-crown-6 were purchased
from Sigma-Aldrich and used as received. BEDT-TTF was pur-
chased from TCI and recrystallised from chloroform. Ammo-
nium tris(oxalato)iridate,>® potassium tris(oxalato)iridate,*
and ammonium tris(oxalato)gallate®' were prepared by litera-
ture methods and recrystallised several times from water.

Synthesis of radical-cation salts

Radical-cation salts 1-6 were synthesized by dissolving 100 mg
of ammonium tris(oxalato)gallate or -iridate with 250 mg 18-
crown-6 ether in 10 mL 1,2,4-trichlorobenzene: 2 mL ethanol
with 10 mL fluorobenzene (1), chlorobenzene (2), bromoben-
zene (3), iodobenzene, (4), benzonitrile (5), or acetophenone (6).
This was added to a H-shaped electrochemical cell containing
10 mg BEDT-TTF in the anode compartment and a current of
1.0 pA was used for up to a month to obtain a black block (B”
1-4), black diamonds (pseudo-k 5), or black prisms (6).

Electrical resistivity measurements

Temperature dependent electrical resistivity measurements
were performed using four contacts on the single crystals of
1-4 along the out-of-plane direction in the range of 0.8-300 K.
Measurements were performed using two contacts on the
single crystals of 5 in the range of 240-300 K. Measurements
were performed using four contacts on the single crystals of 6
in the range of 4-300 K.

X-ray crystallography

Data for 1, 3-5 and for 6 (at 150 K and 290 K) were collected on a
Rigaku Oxford Diffraction Xcalibur System equipped with a
Sapphire detector.

Data for 2 were collected on a Rigaku AFC12 goniometer
equipped with an enhanced sensitivity (HG) Saturn724+ detec-
tor mounted at the window of an FR-E+ SuperBright molybde-
num rotating anode generator with VHF Varimax optics (70 pm
focus).

Data for 6 (at 100 K) were collected on a Rigaku AFC11
quarter chi goniometer equipped with a Rigaku Hypix 6000
detector mounted at the window of a 007 HF copper rotating
anode generator with Varimax optics (300 um focus).
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