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Mixed valence salts based on carbon-centered
neutral radical crystals
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Organic neutral radicals have been predicted to exhibit various electronic functions such as
electrical conduction. However, most organic neutral radicals are insulators, because
they cannot form sufficient intermolecular interactions due to the bulky substituent
groups required for stabilization. Here we report that one-dimensional assemblies of
carbon-centered neutral w-radicals, namely 4,8,12 trioxotriangulene derivatives, possess
effective conducting pathways as a result of strong intermolecular interactions based on two-
electron-multicenter bonding. The columns of trioxotriangulene derivatives with weak
n-dimerization and uniform =-stacking exhibit semiconducting behaviors, with high con-
ductivities of ~<1073Scm~" as a single component purely organic molecular system. We
exploit this general tendency to form one-dimensional assemblies, and the large 25 n-elec-
tronic system with a robust condensed polycyclic structure, to obtain mixed-valence salts
consisting of neutral radicals and the corresponding anionic species with a higher room-
temperature conductivity of 1-125S cm~".
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of molecule-based electronic materials for more
than 60 years!. Usually, organic compounds are electrical
insulators, because the highest occupied molecular orbital
(HOMO) band is completely filled and the electron must
overcome the large HOMO-LUMO (lowest unoccupied MO)
energy gap. The formation of a conduction pathway is also

O rganic conductors have been a focus in the development

necessary through orbital overlaps between molecules;
however, organic molecules are electronically discrete in
the solid state. This has been overcome in plural

component charge-transfer (CT) complexes and salts, where one-
dimensional m-stacking columns with large intermolecular m-
orbital overlaps provide a conduction pathway. Semiconducting
perylene-bromine salt?> (room temperature conductivity
(orr) ~10"1Scm™) and the first organic metal, TTF-TCNQ
complex® (tetrathiafulvalene-tetracyanoquinodimethane, ogy =
102S cm™1), are classic examples of such systems. In these cases,
neutral molecules and radical ionic species of electron-donor and/
or electron-acceptor molecules co-exist within a m-stacking col-
umn, generating the mixed valence (MV) state. A MV salt forms
a partially filled band structure, providing the conduction carrier.

Besides plural component CT complexes and salts, single
component neutral m-radicals are also studied for the develop-
ment of organic conductors*-°. The singly occupied MO (SOMO)
of a neutral m-radical gives a half-filled band, and the excitation
from HOMO to LUMO bands is not necessary. However, most
single component neutral n-radicals are insulators or poorly
conductive semiconductors (orr < 10710S cm™1) due to the con-
duction barrier originating from the on-site Coulomb repulsion
(U, Mott insulator)”-® and the steric hindrance needed to impart
kinetic stability inhibiting intermolecular interactions>?. High
conductivities in single component neutral radicals with ogy >
106 S cm™! have been reported in several systems, such as bis-
dithiazolyl and related radicals'!17 (opr=4x10"2Scm! at
most!7, measured for single crystals), and betainic TCNQ!8 and
N,N'-dicyanoquinodiiminide!® radicals (opy=3.2x 107> and
1.6 x 10> Scm™! and at most, measured for compressed pellets,
respectively), betainic TTF radicals?? (ogr=1.0%x10"1Scm™! at
most, measured for compressed pellets), where the heteroatom
effects and strong polarizability contribute to the reduction of U.
It should be noted that carrier doping into neutral radical crystals
generates the MV state and dramatically increases con-
ductivity?22. For an example, the conductivity of insulating
crystals of 1,4-phenylene-bis(dithiadiazolyl) diradical increased to
ogpr=100Scm™! by doping with iodine as an oxidant?!. Fur-
thermore, the connection of two TTF units through a n-electronic
system effectively reduces U, and single component organic
metals were realized in zwitterionic TTF dimer dicarboxylate
radical®® (ogr =530 Scm™!, measured for a bulk sheet) and a
transition metal complex with two TTF ligands24 ([Ni(tmdt),],
orr =400Scm™!, measured for single crystal). High con-
ductivities over several Scm™! have been also realized in several
single component bis(dithiolene)-type metal complexes?>~27 (og
=750Scm™! at most?’, measured for single crystal). Highly
conductive single component neutral radicals are also reported on
several TTF derivatives having neutral radical units, such as
nitronyl nitroxide?$ (ogr =9 x 10~*S cm™!, measured for single
crystal) and triphenylmethyl??-3! (opr=4x10"1Scm™ at
most??, measured for single crystal under 15.2 GPa).

Phenalenyl (PNL), a neutral m-radical based on polycyclic
aromatic hydrocarbons, possesses a delocalized charge and elec-
tronic spin structure around the Tr-system4’32’34. Our recent
studies on PNL-based m-radicals disclosed their intriguing elec-
tronic and dynamic functions originating from self-assembling
ability by the n-stacks through intermolecular overlap of
SOMO33:34, PNL-based radicals are also regarded as potential

R = t-Bu: (t-Bu),TOT
R = n-BuO: (n-Bu0),TOT
R =F:F;TOT
R = Cl: CI,TOT
R = Br: BryTOT

Trioxotriangulene
*»=0:TOT »==:TOT"-

Fig. 1 Molecular structure of TOT. R shows substituent groups, and the
asterisk (*) represents the electronic states of the TOT skeleton

candidates of organic conductors, and high conductivities of
zwitterionic bisPNL boron complexes3®>42 (opr=0.3Scm™! at
most333%, measured for single crystal) and bisPNL singlet-
biradicals*?® (g = 5.0 x 1075 S cm™!, measured for single crys-
tals) have been disclosed. Conductivities of monomeric PNL
neutral radicals have been also investigated, however, they
were insulators as seen in 1,9-dithioPNL** (ogr < ~1070Scm™1,
measured for compressed pellets), perchloroPNL** (op = 10710
Scm~!, measured for single crystals) and 2,5,8-tris(penta-
fluorophenyl)PNL*® (opr <1 x 10719S cm~!, measured for com-
pressed pellets).

4,8,12-Trioxotriangulene (TOT, Fig. 1) can be designed by the
2D m-expansion and oxygen-atom substitution of PNL while
retaining a three-fold molecular symmetry, and this carbon-
centered neutral radical exhibits a peculiarly high stability even
without steric protection due to the delocalization of electronic
spin around the 25m-electronic system*’~>0, Qur previous study
on TOT derivatives having various substituent groups at the
2,6,10-positions (R;TOT, respectively, Fig. 1) disclosed the self-
assembling ability based on two-electron-multicenter bonding
forming 1D m-stacking columns (m-stacked radical polymers)
47-49 The strong intermolecular orbital overlap within the col-
umn demonstrated the near-infrared photo-absorption*8 and the
high mobility n-type FET performance!.

We propose that the 1D self-assembling ability and the large
25m-electronic system with a robust condensed polycyclic struc-
ture of TOT may also provide high electrical conductivities in the
solid state. More importantly, these peculiar electronic and
structural properties may give a unique chance to synthesize MV
salts by formal charge injection into the 1D stacks of TOT neutral
radical crystals. Here we report high electrical conductivities of
TOT neutral radicals (opp=10"%-10"3Scm™!, measured for
single crystals) as a single component purely organic molecular
system, and a general tendency to form MV salts composed of
neutral radicals and the corresponding anion species with further
higher conductivities of ogr = 1-125S cm L.

Results
Stacking patterns and conductivities of TOT neutral radicals.
Figures 2 and 3 illustrates the m-stacking columns of R;TOT
derivatives (R = t-Bu, n-BuO, F, Br) and mn-stacking patterns in
the crystal structures, where the n-stacking patterns are modified
with the aid of substituent effect*”8. The theoretical calculation
on (+-Bu);TOT and Br;TOT performed by Kinoshita et al.
suggested that the electrical conductivity of n-stacking columns of
TOT would be influenced by the stacking patterns within the 1D
columns2.

The mn-stacking column of (+-Bu);TOT is formed by the 1D
alignment of n-dimers with a staggered stacking pattern (Figs. 2a
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Fig. 2 1D n-stacked radical polymers of TOT. a (£-Bu)3TOT, b (n-BuO)sTOT, ¢ FsTOT, d Br3TOT. Labels s; and s, are the intradimer and interdimer overlap

integrals, respectively. In a and b, the butyl groups are omitted for clarity
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Fig. 3 Stacking modes in n-stacking columns of TOT derivatives. a Stagge

and 3a)*748, where intermolecular overlap integral within the n-

dimer (s;) was ~15 times larger than that of interdimer one (s,)
(s1/s;=18.4x1073/1.15x 107%), indicating that a strong
spin-spin coupling within the mn-dimer reduces the carrier
concentration and also cut off the conduction pathway. In the
tight-binding band calculation based on the crystal structure, the
energy dispersion of SOMOs is large along the stacking direction
(Fig. 4a and Supplementary Figure 1a) due to significant face-to-
face m-m interactions. The strong n-dimerization in the 1D
column causes a large band splitting of 0.30 eV between upper
and lower bands with narrow bandwidths of ~0.06 eV, showing
the characteristics of a typical band insulator of (#-Bu);TOT (ort
<1078 S cm™1//c-axis). The insulating behavior of (¢-Bu);TOT
due to strong m-dimerization can be also seen in the solid state
electronic spectrum, where the A, of intermolecular transition
was observed at 8800 cm™! (Fig. 5)%. In the case of (n-
BuO),;TOT, a weakly dimerized n-stacking column was formed,
where the TOT skeleton stacked with twisting of ~32° and
overlapping central carbon atoms (Figs. 2b and 3b). The
interdimer overlap integral s, (-11.4 x 1073) was much larger
than that in (#Bu);TOT (Fig. 2b), causing the larger band
dispersion and a smaller band gap of 0.16 eV in (n-BuO);TOT
(Fig. 4b). Such situation well coincides with the lower energy
intermolecular transition, A, =6700cm™ in the solid-state
electronic spectrum (Fig. 5)%3, suggesting the higher concentra-
tion of carrier than that of (£-Bu);TOT. (n-BuO);TOT showed a
high conductivity of orr=12x10"3 and a semiconducting
behavior with an activation energy (E,) =296 meV (Fig. 6). In the
n-stacking column of F;TOT, the staggered n-dimer stacked with
a fan-shaped stacking, where the central carbon atoms possessing
the largest spin density did not overlap each other (Figs. 2c, 3a,
and 3c). The interdimer interaction s, =-9.7 x 1073 S cm™! was
slightly smaller than that of (n-BuO);TOT. Due to the difference
in the interdimer interaction, the band dispersion of F;TOT
became smaller than that of (n-BuO);TOT (Fig. 4c), resulting in
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Fig. 4 Band dispersions of SOMOs calculated for 1D columns of TOT. a (t-
Bu)3TOT, b (n-BuO)sTOT, ¢ F3TOT, and d Br;TOT (I'=0,0,0; X=1/2, 0,
0, Y=0, 0, 1/2, where the coordinates are given in units of the reciprocal
lattice vectors)

the slightly lower conductivity of opr = 8.1 x 107> S cm~! with E,
=304 meV (Fig. 6).

Br;TOT forms a uniform m-stacking column with a large face-
to-face distance of 3.43 A and a slip-stacked pattern in the crystal
structure (Figs. 2d and 3d)*’. The overlap integral of SOMO
within the column (s =2.0 x 1073) was ~103 times larger than
those of intercolumnar directions. The band calculation gave a
half-filled band with a bandwidth of 0.20 eV along the a-axis and
a 1D Fermi surface (Fig. 4d and Supplementary Figure 1d). The
electrical conductivity of the Br;TOT single crystal measured
along the stacking direction (a-axis) was opp = 1.8 x 1073S cm™L.
The resistivity became larger with lowering temperature
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Fig. 5 Electronic spectra of TOT derivatives and MV salts in KBr pellets.
Low-energy absorption bands around 3000 cm™ in MV salts indicate the
co-existence of neutral radical and monoanion species within the 1D
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Fig. 6 Temperature dependences of resistivities of TOT derivatives and MV
salts. Measurement were performed for single crystals (I//=-stacking

direction). MV salts showed much lower resistivities than those of TOT
neutral radicals

indicating the semiconducting nature with E, = 308 meV (Fig. 6).
These solid-state properties of Br;TOT are well explained as a
Mott-type insulator. It should be noted that the ory values of (n-
BuO);TOT and Br;TOT are very high as single component
neutral radicals.

The high conductivity of Br;TOT is achieved by the stable
uniform n-stacked radical array forming conduction pathway. For
the reduction of U, conduction barrier, extensive m-electronic
system with the delocalization of charge and electronic spin is
also essential. U of TOT derivatives can be experimentally
evaluated by the difference between oxidation and reduction
potentials in the electrochemical measurement. That value of (¢-
Bu);TOT in dichloromethane is 1.10 V (Supplementary Figure
3), and is much smaller than PNL radical (1.52 V)°3 and 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radical (2.3 V, measured
in our laboratory). The strong CT interaction within the column
and reduction of U in Br;TOT is also indicated by a low-energy
absorption around 8000cm™! in the solid-state electronic
spectrum (Fig. 5) that can be assigned as an intermolecular CT
band*8->4,

The intermolecular overlap integral in the Br;TOT column
was one order smaller than those of other derivatives, because the
central carbon atoms having the largest SOMO coefficient were
not close in the slipped stack (Fig. 3d). Due to the small overlap

integral within the column, the bandwidth of Br;TOT was
0.20 eV, and smaller than those of (n-BuO);TOT and F;TOT
(Fig. 2b-d). Since the conduction barrier in a 1D array of neutral
radicals is defined as U.g—4t, where Uy and t are the effective on-
site Coulomb repulsive energy and the transfer integral of
SOMOs, respectively, the strong orbital overlap is essential for the
improvement of conductivity. A uniform mn-stacking manner by
strong face-to-face interaction with the overlapping of central
carbon atoms would be the most effective for further high
conductivity in single component TOT neutral radicals.

Crystal structures and conductivities of MV salts. These find-
ings strongly encouraged us to prepare MV salts of TOT by
formally injecting excess electrons into the 1D stacks of TOT
neutral radical crystals. As a result, our continuous synthetic
efforts finally found out a general preparation method for MV
salts of TOTs formulated as (#-Bu,N1)(Br;TOT")
(Br3TOT)2(THF)2 1, (1’[-BU4N+)(C13TOT_)(C13TOT) 2, and (Ll
*)(C13TOT‘)(C13TOT)X(HZO)}, 3 were obtained by the electro-
crystallization of R;TOT salts in appropriate solvents (Supple-
mentary Figure 2). In the case of 3, the component ratios x and y
cannot be determined due to the severe disorder of Li™ and
crystalline water molecules. The MV state of 1-3 can be also
confirmed by the solid-state electronic spectra (Fig. 5), where
intermolecular CT bands between monoanion and neutral radical
species are observed around 3000 cm~!>%, These bands suggest
the high carrier concentration and high conductivity by the
injection of excess electron into the column of neutral radicals.
Figure 7a shows the 1D m-stacking column in the crystal
structure of 1. The column was surrounded by n-Buy,N* and THF
molecules, resulting in the 1D electronic structure. There were
five crystallographically independent BrsTOT molecules (labeled
as A-E in Fig. 7a) having a three-fold symmetry, and the E
molecule also possessed a two-fold axis on the molecular plane.
These molecules were aligned in the order of
D-C-B-A-E-A-B-C-D as a repeating unit. The face-to-face
stacking distances varied from 3.21 to 3.35A (Supplementary
Figure 4), and smaller than the sum of the van der Waals radii of
two carbon atoms (3.40 A)5°. In each stack of BrsTOT molecules,
the central carbon atoms, which possessed the largest SOMO
coefficient and spin distribution*0, were close to each other,
causing strong orbital overlaps (Supplementary Figure 4). The
charge-distribution in the column was discussed by the C-O
bond lengths of the TOT skeleton. The C-O bond lengths of
Br;TOT neutral radical is 1.223 A and slightly shorter than that
in the anion salt (1.244 A) (averaged values, Supplementary
Table 1)#7. The similar relationship can be also seen in the neutral
radical and monoanion species of (-Bu);TOT (1.229 vs. 1.245 A,
respectively, Supplementary Table 1)47-4°. The slightly longer
C-O bond lengths in monoanion species is caused by the large
electronegativity of the oxygen atom, stabilizing the resonance
structures having C-O single bond character, where the minus
charge locates on the oxygen atom. Since the differences in C-O
bond lengths between neutral radical and monoanion species
were small in comparison with experimental errors, the precise
estimation of charge on each molecule could not be done.
However, the longer C-O bond lengths in C and E molecules
(1.251(9) and 1.240(17) A, respectively) than the others (1.211
(9)-1.214(9) A) suggest the charge-separated state within the
column (Supplementary Table 1). Accordingly, the column is
constructed by the alternation of neutral radical dimer and
anionic species as shown in Fig. 5a. The dimerization of neutral
radicals in the column was supported by the strong antiferro-
magnetic coupling observed in the temperature-variable ESR
measurement (2J/kg = -694 K) (Supplementary Figure 6a)°°. The
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Fig. 7 Crystal structures of MV salts 1 and 2. a 1D n-stacked radical polymer of 1. Molecules labeled as A-E are the crystallographically independent
BrsTOT molecules, and blue colored labels (C and E) present the anionic molecules. b Orientation of 1D columns. n-BusN* and THF molecules on the [110]
layer in 1 show anion-neutral radical layered structures. Green and red molecules are n-Buy,N* and THF solvent, respectively. € 1D n-stacked radical
polymer of 2. Molecules labeled as A-F are the crystallographically independent CIsTOT molecules. d Crystal packing of 2 viewed along the c-axis.
Hydrogen atom are omitted for clarity in b and d. e Calculated band structure of SOMO of 2 within the ac-plane based on the crystal structure at 290 K

anionic C and E molecules were arranged in a layered structure
perpendicular to the stacking direction (blue molecules in Fig. 7b).
The anion layer also included the n-BuyNT molecules (green
molecules in Fig. 7b), indicating that the electrostatic interaction
between the cation layer and Br;TOT molecules induces the
charge-separated state within the MV column. Due to the charge-
separation and non-uniform overlap integrals (Supplementary
Figure 4) in the column, 1 showed a semiconducting behavior
with E, = 127 meV (Fig. 6). The ogy value, 1.3 S cm™!, was three
orders larger than that of Br;TOT neutral radical crystal.

Similarly to 1, the salt 2 was constructed by the 1D columns of
CLL,TOT molecules (A-B and C-F columns in Fig. 7c, d) that
were surrounded by n-BuyNT molecules. The C-O bond lengths
of each molecules varied in a range of 1.224(5)-1.240(4) A
(Supplementary Table 1), suggesting a charge-separated state also
in these columns, although the distinct difference as seen in 1 was
not found. The overlap integrals within both columns were not
uniform (Supplementary Figure 5), causing the small band gap of
~0.02 meV of the SOMO band (Fig. 7e) at the Fermi level. The
salt 2 exhibited a semiconducting behavior with ogr =2.5S cm!
and E, =177 meV (Fig. 6). The temperature dependence of the
magnetic susceptibility showed a strong antiferromagnetic
coupling within the columns (Supplementary Figure 6b, 2J/kg
= -1220 K with the singlet-triplet model)°®.

The variation of counteraction highly affected the stacking
pattern and the conductivity of the MV TOT columns, and the
highest conductivity was obtained in the combination of Li* and
CLLTOT. The crystal of 3 contained crystallographically inde-
pendent two CLTOT molecules (A and B) both of which
possessed a three-fold symmetry. Molecules A and B individually

formed 1D columns with the uniform stacking distance of 3.29 A
(A and B columns, Fig. 8a). The overlapping patterns were
staggered (A, Fig. 8b) and twisted (B, Fig. 8c) modes, and the
central carbons were close to each other, resulting in the strong
orbital overlaps (overlap integrals of A and B columns: s, = 8.0 x
1073 and s = 15.3 x 1073, respectively, Fig. 8a). The tight binding
approximated calculation showed six SOMO/HOMO bands from
six CI3TOT molecules in a unit cell, and indicated a 1D electronic
structure along the stacking direction (Fig. 8d). The band
dispersion of B column, 0.48 eV, was larger than that of A
column (green and blue lines in Fig. 8d, respectively), reflecting
the stronger orbital overlap within the B column. These
calculations suggest that the B column can exhibit more effective
charge-transport ability. The electrical conductivity of 3, orr =
125 S cm~L, was two orders higher than those of n-Bu,N* salts 1
and 2, and the activation energy was 12meV (Fig. 6). In the
magnetic measurement, 3 showed a superimposition of two kinds
of 1D antifferomagnetic chains of Bleaney-Bowers®® and
Bonner-Fisher®” models (Supplementary Figure 7), suggesting
that A and B columns exhibited different magnetic and
conducting behaviors. The origin of the semiconducting behavior
has not been clarified, however, the electrostatic perturbation due
to Lit and H,O molecules might cause the conduction barrier
(Fig. 8e). The temperature dependence of ESR intensity of 3 did
not show any abrupt change due to phase transition even under
the low temperature of ~4 K.

Discussion
In conclusion, we have investigated electrical conductivities of -
stacked radical polymers of TOT derivatives. The extended

COMMUNICATIONS CHEMISTRY | (2018)1:47 | DOI: 10.1038/542004-018-0048-5 | www.nature.com/commschem 5


www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | DOI: 10.1038/s42004-018-0048-5

a A column B column b © c Q (4]
56 8, S SN ey S oe B Seg©
320 A1 & veo é & &o 0% a2, O o 4”’0\:’,0_‘: e 0 60 db 06
sy=80x10°{ S3=15.3x 1072 © 9 b @
- & 50 [+ [+ 0 P00 "\
é’fifé?é’o‘ 0 éﬁ%.% Hlolo 0, G U o
, , o0
o o o0 0.2/ 010
; O o POy uy e ! (W 0
o £§£f€4f&ﬂ ° %oso Qgﬁsoﬁ;rgo L. ] - QC °\o o -] % 08 90 9
0 8o 0 O o o °© e o
$EEF 880 0 G B0 1
o
Q 0
° f,? goyfgao 0 Q:%SQQ—Q;Q‘% e . Acolymn Bcoll;lmn
% W o d oo M
d o&o 9&: o Al AT e o .‘Q’E O/Qn .
Wi Ao Telelel oo f v oo
X + i < - 2 i
1147 - m LIYH,0 |Bhaol s Thrisly oS ke &
oﬂqoob = ° °°:°' ¢ 4 Qoéﬁao
—11.27 P DRI U NI
~ o‘c:o:e.b :%%:?09 Ootf‘,'gw: O.ozoza'c
T 1137 el Selell TRl T RUTIed sl
8. 0.8 Q 22 7% [ nasn 7 o QU QP
3 r—y N s ML s B e
g a8 ™ SRR B
w c* ‘oaq;p ° o°:°n o o.{‘,‘oo
-11.58 R by ITll gl A g
— D omal S o0 TATATRY oK prSe D
1168 E i p*lLg B,QQ:QB; e P °:,°“,, ° 7 .,ao":&a\o

r X M Y r M

Fig. 8 Crystal structure of salt 3. a 1D n-stacked columns of CI3TOT. b and ¢ Staggered and twisted overlapping pattern of molecules A and B, respectively.
d Calculated band structure and Fermi surface within the ac-plane of SOMO of 3 based on the crystal structure at 100 K. Fermi energy (ef) and Fermi
surface was calculated assuming the band filling of 0.75 (x =1). Blue and green colored bands are formed by the A and B columns, respectively. e Crystal
packing viewed along the c-axis, showing the arrangement of n-stacking columns and disordered Li*/H,O molecules

n-electronic system with a charge-delocalization and strong
n-stacks realized high conductivities of orp~103Scm™! as a
single component, purely organic molecular system. The con-
ductivity further increased in the MV salts, and the Lit salt 3
exhibited a notably high conductivity of 102S cm™! order, which
is close to that of the TTF-TCNQ complex. Control of stacking
patterns within the columns by diversifying counter cation and
chemical modifications on the TOT skeleton will realize the
further higher conductivity and metallic conduction in TOT-
based nt-stacked radical polymers. Furthermore, the application of
high pressure to neutral radical and MV salts of TOT may dra-
matically increase the conductivity and realize a metallic behavior
as reported in bisdithazolyl neutral radicals'>1>-17,

Material exploration for organic conductors revealed a number
of intriguing functions and phenomena!. However, most previous
studies are based on limited molecular skeletons, such as TTF,
TCNQ, dithiolate-type complexes, Cg, etc. In the present study,
TOT showed a general tendency to form 1D columns and MV
salts exhibiting high conductivities. This result suggests the
potential for TOT to serve as a molecular building block of
organic conductors, and may provide a new milestone in the
material exploration in the development of organic electronic
materials. It should be noted that various chemical modifications
on TOT skeleton, such as introduction of various substituent
groups at R positions (Fig. 1) and oxo-groups®®>%, can be carried
out, giving a chance to discover new phenomena and functions.
Our current interest is aimed to the development of multi-
functional organic conductors by the introduction of chirality®%6!
and coordination to metal ions.

Methods

Materials. TOT derivatives and the monoanion salts were synthesized according
to our previous papers?’—49, Tetrabutylammonium tetrafluoroborate ((n-BuyNt)
(BE47)) was purified by the recrystallization from ethanol. Solvents were dried
(drying reagent in parenthesis) and distilled under an argon atmosphere prior to
use: THF (Na-benzophenone ketyl); acetonitrile (P,05/CaH,); and methanol (Mg).

Measurements. Electronic spectra were measured for KBr pellets or solutions on a
Shimadzu UV/vis scanning spectrophotometer UV-3100PC. Infrared spectrum was
recorded on a JASCO FT/IR-660 Plus spectrometer using a KBr plate (resolution

2 cm™). Cyclic voltammetric measurement was made with an ALS Electrochemical
Analyzer model 630A. Cyclic voltammogram was recorded with 3-mm-diameter
carbon plate and Pt wire counter electrodes in dry CH,Cl, containing 0.1 M n-
BuyNCIlO, as supporting electrolyte at room temperature. The experiment employed a
Ag/AgNO; reference electrode, and the final result was calibrated with ferrocene/
ferrocenium couple. The magnetic properties were measured on a single crystal
through an ESR Spectrometer Bruker E500 in the temperature range of 4-300 K. The
DC magnetic susceptibility was measured at a field of 0.3 or 4.0 T with an MPMS-XL
Quantum Design SQUID magnetometer in a temperature range of 2-350 K in an
atmosphere of helium. DC conductivities were measured by a standard four-probe
technique using gold wires of 10 um diameter using carbon paste.

X-ray crystallography. X-ray crystallographic measurements were made on a
Rigaku Raxis-Rapid imaging plate with graphite monochromated Mo Ka (A =
0.71075 A). Structures were determined by a direct method using SIR200492.
Refinements were performed by a full-matrix least-squares on F? using the
SHELXL-97%3. All non-hydrogen atoms were refined anisotropically, and all
hydrogen atoms were included but not refined. Empirical absorption corrections
were applied. Selected crystal data collection parameters are given in Supplemen-
tary Table 2.

Preparation of (n-BusN")(BrsTOT")(BrsTOT),(THF), (salt 1). In an H-shaped
cell with a glass frit separating two chambers, (n-Bu,N*)(Br;TOT") (7.5 mg,
0.01 mmol) and (n-Bu,N*)(BF,") (33.5 mg, 0.10 mmol) were placed in the anodic
and both chambers, respectively. After dissolving the salt and supporting electro-
Iyte in THF (18 mL) under Ar atmosphere, a constant current of 1 uA was applied
for 10 days between the platinum electrodes of the 1 mm diameter, yielding salt 1
(3.8 mg) as black needle crystals. Due to the efflorescence of the salt, elemental
analysis could not be performed. In the measurements of ESR and electrical
conductivity, the samples were coated with epoxy resin to prevent from decom-
position of the crystals. The X-ray diffraction measurement was performed for a
sample soaked in mineral oil and then frozen with a cold N, gas (200 K).

Preparation of (n-BusN*)(CIsTOT™)(CIsTOT) (2). In an H-shaped cell with a
glass frit separating two chambers, (n-Bu,NT)(Cl;TOT") (3.4 mg, 0.005 mmol)
and (n-BuyNT)(BF;") (34.6 mg, 0.10 mmol) were placed in the anodic and both
chambers, respectively. After dissolving the donor and supporting electrolyte in
acetonitrile (18 mL) under Ar atmosphere, a constant current of 0.5 pA was applied
for 5 days between the platinum electrodes of the 1 mm diameter, yielding salt 2
(1.5 mg) as black needle crystals.
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Preparation of (Li")(CIsTOT-)(CIsTOT),(H;0), (3). In an H-shaped cell with a
glass frit separating two chambers, (Li*)(CLTOT") (9.5 mg, 0.022 mmol) and
LiClO4 (83.3 mg, 0.78 mmol) were placed in the anodic and both chambers,
respectively. After dissolving the salt and supporting electrolyte in methanol

(18 mL) under Ar atmosphere, a constant current of 1.0 pA was applied for 14 days
between the platinum electrodes of the 1 mm diameter, yielding salt 3 (1.2 mg) as
black needle crystals.

Data availability. The X-ray crystallographic coordinates for the structures of MV
salts 1-3 are available as Supplementary Data 1-3, respectively. These data have
also been deposited at Cambridge Crystallographic Data Centre (CCDC), under
deposition numbers CCDC1856410, CCDC1856411, and CCDC1856412. These
data can be obtained free of charge from the CCDC via http://www.ccdc.cam.ac.uk/
data_request/cif. The other data that support the findings of this study are available
from the corresponding author upon reasonable request.
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