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ottom-up nanotechnology is one of

the key concepts for the fabrication

of novel materials from the molecu-
lar scale through the nanoscale to the mi-
croscale and is expected to enable fabrica-
tion of high-density information devices at
much lower cost than those made by litho-
graphic techniques." Since the molecular
structures of organic molecules are syn-
thetically controllable, their organization in
the solids using supramolecular methodol-
ogy should enable the design of structures
on the nanometer scale.? Indeed, several
molecular devices have been realized and
proven to work as memory or logic circuits.?
Along with the ideas of redundancy and
defect-tolerant computing,* self-assembly
of several kinds of molecules is attracting
scientific interest for its potential to form a
two-dimensional (2D) large-scale array of
circuits. Nanowires, such as carbon nano-
tubes (CNTs) and inorganic semiconductor
nanowires, have been good candidates in
wiring these molecular devices, but the
proper alignment of these building units
still requires investigation. Methods based
on high-voltage electric fields, in situ CNT
formations, and solvent flows have been
known to be able to align nanowires, but
the positional accuracies of these technolo-
gies are still lacking.”> Moreover, the wires
produced are naked and tend to have short-
circuits. Crystal edge printing, on the other
hand, appears very promising. Although the
pattern is limited in cross-bar arrangement,
the accuracy of the wiring is very precise.®
The rapid progress of recent research in the
bottom-up strategy reaffirms the prospect
of eventual success once certain difficulties
are overcome. However, the wiring tech-
niques in these systems will remain in 2D
space for the foreseeable future as no re-
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ABSTRACT Six materials, (EDT-TTF),Brl,(TIE); (1, where EDT-TTF = ethylenedithiotetrathiafulvalene and TIE
= tetraiodoethylene), (EDST),I;(TIE) (2, where EDST = ethylenedithiodiselenadithiafulvalene), (MDT-
TTF),Brl,(TIE); (3, where MDT-TTF = methylenedithiotetrathiafulvalene), (HMTSF),Cl,(TIE), (4, where HMTSF =
hexamethylenetetraselenafulvalene), (PT),CI(DFBIB), (5, where PT = bis(propylenedithio)tetrathiafulvalene and
DFBIB = 1,4-difluoro-2,5-bis(iodoethynyl)benzene), and (TSF)CI(HFTIEB) (6, where TSF = tetraselenafulvalene
and HFTIEB = 1,1",3,3',5,5 -hexafluoro-2,2’ 4,4’ -tris(iodoethynyl)-biphenyl), consisting of conducting nanowires
were obtained by galvanostatic oxidation of the donor molecules in the presence of the corresponding halide
anions and iodine-containing neutral molecules. We report their characterizations using single-crystal
crystallography, electrical resistance measurements, and electron spin resonance. The structures are built on
stacks of planar cations of the donors that are isolated electrically by an insulating network consisting of
supramolecular assemblies of the halide anions and neutral molecules held together by a halogen bond. The size
and shape as well as the orientation (tilt) of the donors are matched by the self-organization of the insulating
sheaths in all cases, providing a pea-in-a-pod example in the field of supramolecular chemistry. The observed
resistivities, resistivity anisotropies, and electron spin resonance behaviors of these salts are analyzed by tight-
binding band calculations and resistance-array modeling. Crystal 6 with insulating layer of 1 nm thickness exhibits
8 orders of magnitude anisotropy in its resistivity, indicating high potential of the supramolecular network as
sheathing material. The observation of such networks leads us to propose a roadmap for future development

toward multidimensional memory devices.

KEYWORDS: supramolecular network - halogen bond - molecular
conductor - nanowire sheathing - anisotropic resistivity

search is currently investigating 3D wiring
methods to the best of our knowledge. The
advantage of 3D wiring is obvious because
the number of possible devices increases
not just by a power of 2 but 3. The topic of
3D wiring is, therefore, very important not
only in nanotechnology but also in litho-
graphic logic circuits, although the third di-
mension (i.e., the number of lithographic
layers) is quite limited in lithographic tech-
nology. 3D strategies for device integration
in optical memory systems have also been
actively discussed, but the problem of cross-
talk prevents the practical implementation
of such methods.” Although electrical de-
vices have advantages in preventing
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TABLE 1. Selected Crystallographic Data

crystal 1 2 3 4 5 6

empirical formula C4oHy4S,4Br415, CyoHauSq65egl 55 CygHie65,4B1415, CisHqoClL Seylg CuaHagFalliSi6ls CoeHaFeCl Seyl,
formula weight 4169.89 4592.10 4113.79 1304.98 1688.73 1289.22
crystal system tetragonal tetragonal tetragonal orthorhombic triclinic monoclinic
a’k 23.435(10) 23.825(8) 23.389(4) 14.322(1) 10.596(6) 20.159(4)

bk 22.811(2) 17.69(1) 4.073(1)

/A 8.130(3) 8.088(3) 7.995(1) 7.9230(7) 7.784(4) 20.481(4)
a/deg 98.066(6)

[3/deg 94.176(10) 108.75(1)
y/deg 100.044(8)

VR 4465(3) 4591(3) 4374(1) 2588.4(4) 1415(1) 1592.4(7)
space group Pmbm ? Pmbm Pmbm Pbam P1 P2/c

7 2 2 2 4 1 2

Degied Doyl cm ™3 3.101 (3.11(1) 3.321 3124 3.348 1.981 2.689
20,,,,,/deg 60 60 55 70 55 55

color/shape black/needle black/needle black/needle black/needle black/block black/elongated block
goodness of fit 1.65 1.17 1.70 147 233 1.05

R: Ry 0.088;0.295° 0.097;0.213° 0.092;0.252° 0.064; 0.158 0.050; 0.183 0.044; 0.131

“This crystal was solved in P42,2 space group in our previous paper.®? It is more appropriate, however, to assign this crystal to higher-symmetry space group Pmbm. “Mod-
erately high R factors for these crystals are due to the orientational disorder of donor molecules described in the main text.

cross-talk due to the greater ability of electrons to local-
ize as compared to photons, the absence of intrinsi-
cally 3D wiring technology has kept researchers away
from considering such high-density device systems.
Molecular conductors based on radical cations of
tetrathiafulvalene (TTF) and its derivatives have been
of major interest in the last 2 decades. Their structures
are built on stacks of these flat molecules with large
transfer integrals between nearest neighbors to result
in band formation, where partial filling due to removal
of some of the electrons provide a wide range of
ground states ranging from superconducting, metallic,
spin density wave, charge density wave, charge order-
ing, and semiconducting. With so many known ex-
amples, certain rules have been established regarding
structure—property relationships. In order to expand
this repertoire and to control the physical properties of
molecular conductors, we have developed donor-type
molecular conductors consisting of two-dimensional

moieties in these materials are on the order of nano-
meters, we consider these wires as good candidates
for wiring in nanometer space. In addition, the 3D trans-
lational symmetry of crystal renders them potential for
use in electrical circuits that enable crossed-bar ad-
dressing in 3D space.’

In this paper, we present six examples found to
have supramolecular insulation of nanowires and an
analysis of the observed conducting and insulating
properties. In order to clarify the property as a nano-
wire, we have estimated and improved the insulation
property of the supramolecular network sheathing it. In
one crystal high resistivity up to 10'® ) cm has been
achieved in the insulating direction by increasing the
thickness of the supramolecular sheath to 1 nm. This
high insulation confirms the ability of the halogen
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(2D) layers of BEDT-TTF (bis(ethylenedithio)tetrathiaful- EDT-TTF EDST

valene) isolated by insulating supramolecular assem- s s

blies made up of iodine-containing neutral molecules OIS%SSD < IS>=<SI >

and the halide counterions.? The neutral molecules con- Se Se g S SN
HMTSF PT

nect counteranions through halogen bonding such as
to form an infinitely assembled network in the crystals,
which match the space required by the donor layers
and, therefore, dictate the spacing between the mol-
ecules in the conducting layers. In the course of this
work, we have noticed that the supramolecular insulat-
ing network can spatially divide and confine the con-
ducting donor molecules not only into 2D layers but
also into 1D channels. A series of compounds have been
isolated which consist of a single chain of donors iso-
lated by a 3D network of halide anions connected by
weak halogen bonds with iodine-containing neutral
molecules. Since the diameters of the 1D conducting
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Figure 1. Crystal structures for 1 (A), 4 (B), 5 (C), and 6 (G). The dotted lines denote the “halogen bond” based on Lewis
acidity of the neutral iodine atoms. The nanowire structures constructed in 1 (D), 4 (E), 5 (F), and 6 (H) are also presented

in CPK modeling. White, gray, purple, yellow, blue, red, magenta, green, and sky blue denote hydrogen, carbon, fluorine, sul-
fur, chloride ion, selenium, bromide ion, iodine, and iodide ion in panels A—H.

bonded supramolecular network to insulate between
the conducting moieties and forms the shape of the
nanowire. Furthermore, a roadmap toward possible ap-
plications of these materials is proposed that includes
the implementation of nanoscale wiring in 3D space
that could potentially realize very high-density and
large-scale memory or logic circuits in the near future.

RESULTS

Crystal Structure. The key feature of the six crystal
structures for our compounds is the formation of the in-
sulating network composed of supramolecular organi-
zation of the anions and an iodine-containing neutral
molecule sheathing electrically conducting nanowires,
Figure 1. The molecules used in the crystals are shown
in Scheme 1.

The crystal structure of (EDT-TTF),Brl,(TIE)s (1,
where EDT-TTF = ethylenedithiotetrathiafulvalene
and TIE = tetraiodoethylene), our first example for
a supramolecular sheathing of 1D stack, is shown in
panels A and D of Figure 1. A brief description of its
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structure has previously been given and here we
compare it with other compounds.®? Crystals of
(EDST),I5(TIE)5 (2, where EDST = ethylenedithiodise-
lenadithiafulvalene) and (MDT-TTF),Brl,(TIE)s (3,
where MDT-TTF = methylenedithiotetrathiaful-
valene) exhibit the same compositions as 1 (four do-
nors, three halides, and five structure-directing neu-
tral molecules). Their crystal structures are also simi-
lar where donor stacks are separated by an identical
3D network. The 3D network, based on halogen
bonding between halide anions and TIEs, is indi-
cated by dotted lines in Figure 1. The halogen bond
distances between the iodine atoms of TIE and ha-
lide anions are summarized in Table 2. The 1D col-
umns of the donor molecules run through channels
in the 3D network. The unit cell contains four chan-
nels, each consisting of two donor molecules in the
stack direction. Two crystallographically indepen-
dent TIEs could be observed in the crystal structure:
one molecule, lying on a 2-fold axis and two mirror
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TABLE 2. Characteristic Sizes of Supramolecular Units Based on TIE

aystal position of TIE unit X~ width/A

1 2-fold axis + mirror I~ 9.5
general Br/1™ 9.0

2 2-fold axis + mirror I~ 9.7
general I~ 9.2

3 2-fold axis + mirror I~ 9.1
general Br/I™ 9.1

4 inversion center + mirror a- 83
mirror a- 8.3

length/A 1---X~ distance/A reduction “ratio/%
8.1 3.74 6

8.1 3.71/3.71/3.44/3.50 3/3/13/12

8.1 3.80 4

8.1 3.71/3.74/3.55/3.55 6/6/10/10

8.0 3.54 "

8.0 3.65/3.67/3.50/3.51 5/4/12/1

79 3.20 14

79 3.15/3.33 16/11

“Reduction ratios were calculated vs van der Waals contact.

planes, forms halogen bonds with four surrounding
I~ while the other molecule is similarly surrounded
by two Br~ and two |". In turn, one Br~ forms halo-
gen bonds with eight surrounding TIEs while one |
is surrounded by six TIEs. As for the donor mol-
ecules, there is an orientational disorder with two
possible modes of tilting with respect to the c axis.
The angles between the c axis and the normal of the
donor planes are £32° for 1, £29° for 2, and *=29°
for 3. From a crystallographic point of view, the co-
existence of these two orientations in one channel is
unlikely. One column is expected to be composed
of the donors with only one orientation. This disor-
der results in the observation of diffuse streaks in the
a* and b* directions. Donor molecules in the unit
cell are related to each other by a 4-fold axis and/or
mirror planes.

The crystal structure of (HMTSF),CL(TIE); (4, where
HMTSF = hexamethylenetetraselenafulvalene) is
shown in panels B and E of Figure 1. One-half of HMTSF,
one-half and one-quarter of TIE, and one-half of chlo-
ride ion (CI™) are crystallographically independent. The
former TIE lies on a mirror plane, and the latter is lo-
cated both on a mirror plane and a 2-fold axis. The
|---Cl™ distances are given in Table 2. One TIE forms
halogen bonds with four surrounding ClI~ and each CI™
is in turn similarly surrounded by six TIEs, all through
the halogen bonds indicated as dotted lines in the fig-
ure. These interactions result in the formation of the su-
pramolecular assembly. In a similar way as for crystal

w1/l
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Figure 2. Temperature dependence of the resistivity for 1 (Hc and 1¢),
2 (cand Lc), 3 (|c), 4 (Jc and Lc), 5 (|c and Lc), and 6 (b and |a).
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1, the donor molecules were analyzed as the superposi-
tion of two orientationally disordered molecules. They
stack with tilt angle of =22° with respect to the c axis,
and the stacks are separated by the insulating supramo-
lecular assembly.

The crystal structure of (PT),CI(DFBIB), (5, where PT
= bis(propylenedithio)tetrathiafulvalene and DFBIB =
1,4-difluoro-2,5-bis(iodoethynyl)benzene) is shown in
panels C and F of Figure 1. One whole PT, two halves
of DFBIB, and one-half of CI™ are crystallographically in-
dependent. In the unit cell, two PTs are located on gen-
eral positions and are related by an inversion center.
The two DFBIBs and CI™ are on inversion centers. The
I---Cl~ distances of 3.08 and 3.13 A are 17% and 16%,
respectively, shorter than sum of the van der Waals ra-
dii. The “double-decked” side-by-side array of donor
molecules, insulated by the DFBIB-CI™ supramolecular
assembly, runs along the ¢ axis without any shortS---S
contacts.

The crystal structure of (TSF)CI(HFTIEB) (6, where
TSF = tetraselenafulvalene and HFTIEB = 1,1',3,3',5,5'-
hexafluoro-2,2’,4,4’-tris(iodoethynyl)-biphenyl) is
shown in panels G and H of Figure 1. Halves from each
of the molecules TSF, CI™, and HFTIEB are crystallo-
graphically independent. The TSF donor is on an inver-
sion center, whereas both CI~ and HFTIEB are on 2-fold
rotation axes. There are short contacts between the io-
dine of HFTIEB and CI™ as well as between iodine and
ethynyl carbons as shown by dotted lines in the figure.
The former interaction is especially strong with a very
short contact distance of 3.04 A, 18% shorter than the
sum of the van der Waals radii. In this crystal, the con-
ducting donor molecules are also stacked in a 1D man-
ner and insulated by the supramolecular assembly.
Since the unit cell contains only one molecular stack,
the donor column is uniform. It is noteworthy that the
donor columns are separated from each other by 10 A
(=1 nm) along the ag-axis direction.

Resistance measurements were performed on crys-
tals of all the compounds. They all exhibit thermally ac-
tivated behavior of their resistivity as seen in the Arrhe-
nius plots of Figure 2. The anisotropy of the resistivity
was measured for all the crystals except that of crystal
of 3 whose width was not sufficient for the anisotropy
measurement. Resistivity value (0.1 () cm at room tem-
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Figure 3. Temperature dependence of spin susceptibility of
1 measured by electron spin resonance.

perature) and activation energy (27 meV) for 1 and 2
are nearly identical for both the directions parallel and
perpendicular to the ¢ axis. The same temperature-
independent p(_Lc)/p(|c) anisotropy value of 2000 was
measured for these salts. On the other hand, lower re-
sistivity (0.02 {2 cm at room temperature) and activation
energy (19 meV) in p(|[c) are observed for crystal 3, al-
though these three crystals have similar packing as de-
scribed above. Crystal 4 also exhibited the same activa-
tion energies in the directions parallel and
perpendicular to the c axis. For this crystal, however,
the resistivity value at room temperature (1 ) cm) is
higher than those for crystals 1 and 2 along the c-axis
direction by an order of magnitude, and its anisotropy
is around 100. The activation energy is about 45 meV for
both p(L¢c) and p(|c). The resistivity of crystal 5 is even
higher than that of crystal 4, with an anisotropy of
about 10. The activation energies for crystal 5 cannot
be calculated exactly due to the narrow temperature
range of the measurement, but the values are around
300 meV. The resistivities of crystal 6 at room tempera-
ture were 1 X 10° Q) cm in the b-axis direction, 5 X 10°
Q cm in the c-axis direction, and 1 X 10"* Q cm in the
a-axis direction, which means the resistivity anisotropy
is 102 for this material (measured by three-probe
method as described in Supporting Information). The
activation energies for crystal 6 cannot be calculated
exactly due to the narrow temperature range in which
measurements could be made, but the values are
around 300-500 meV in every direction.

Electron spin resonance was measured on crystal 1.
A single Lorentzian-shape signal was observed from
room temperature to 4 K. The integrated signal inten-
sity, as shown in Figure 3, shows small temperature de-
pendence from room temperature to 30 K, below which
the intensity exhibits a steep increase.

DISCUSSION

Crystal Structure. The most striking element of these
compounds concerns the supramolecular chemistry of
the two networks with complementary charges, the
stacks of donor radical cations and the assembly of the
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anion and the neutral molecule, which are held to-
gether by electrostatic forces to create cocrystals. Their
modes of organization depend on two independent
weak chemical bondings. While the cationic donor
stacks are dominated by m— of the C—S systems, the
halide anion and the iodine in the neutral molecule
generate a network based on a halogen bond. The in-
teractions between halide anions and neutral iodine at-
oms are a type of Lewis acid-base interaction be-
tween electron-deficient iodine (soft acid) and electron-
rich halide anions (base).'® In this report, we designate
this type of coordination as the “halogen bond” even in
situations where the base is not a halogen atom. The
halogen bond between the halide anions and the
iodine-containing neutral molecules is very strong and
directional such that it always forms in the direction op-
posite to the carbon—iodine single bond with short
contact distances. The directionality of the halogen
bond gives it an advantage over other noncovalent in-
teractions such as the hydrogen bond in that the lack of
rotational degrees of freedom in the (=C—I--- X— di-
hedral angle when compared to the more free range of
motion exhibited by the C—=O—H - .- O dihedral angle
allows the construction of stronger and firmer supramo-
lecular assemblies. The contact distances of the halo-
gen bonds, summarized in Table 2, are 3-18% shorter
than the sum of van der Waals radii of the atoms, indi-
cating great strength in this interaction.

The magnificent outcome of the above supramolec-
ular chemistry in these six compounds is the way in
which the insulating sheath made up of the supramo-
lecular network of the halide anions with the neutral
molecules via halogen bonds organize themselves in
such a way to snuggly fit the donor stack. It is also to
be noted that the donor cations tilt to accommodate
themselves within the network. In doing so, there is a
mutual relative motion of both moieties to minimize
the free energies and crystallize in the structures found.
It is to be noted that we have not encountered other
crystalline phases that is a common theme in
radical—cation chemistry. Such cocrystal of 1D conduct-
ing stack and insulating sheath structure can be accu-
rately described by the Corey—Pauling—Koltun model
in Figure 1D."" This structure is surprisingly general for
this series of compounds where the donor molecules
such as EDST in 2, MDT-TTF in 3, HMTSF in 4, PT in 5,
and TSF in 6 have different shape and size as well as dif-
ferent degrees of formation of hydrogen bonds.

One major difference for the general organization
of the donors within the structures is that within crys-
tals 1, 2, 3, 4, and 6 all the donors exhibit 1D columns
due to their relatively planar shape but for compound
5 the donors form face-to-face pairs which are twisted
by approximately 90°. These modes of packing are en-
countered in the structures of radical salts, as for ex-
ample the k-phases of (BEDT-TTF),X."? In most cases,
1D stacking is the more frequent packing motif for
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Figure 4. Dimension definitions for the TIE unit (A), TSF (B), EDT-TTF (C), HMTSF (D), and PT (E). The van der Waals outlines

are drawn for the donor molecules.

these planar molecules due to the directional w— in-
teractions. For the PT molecules of crystal 5, however,
w—r interactions should not be the only explanation
for the nanowire structure. Another driving force in the
formation of these crystals is that the supramolecular
network structure is strong and flexible to allow for the
formation of channel structures similar to other archi-
tectures such as those in metal-based coordination
polymers.'® Along with this characteristic, the flexibili-
ties in both the coordination number and angles
around the anions are also important factors for the
generation of the observed supramolecular structures
(see also Table 2 in ref 8a and Supplementary Figure S3).
Indeed, the coordination number around the halide

ions ranges from two (in crystal 6) to eight (in crystals
1, 2, and 3). This flexibility is undoubtedly necessary for
forming square channels in crystals 5 and 6, pentago-
nal channels in crystals 1, 2, and 3, and hexagonal chan-
nels in crystal 4. The above three factors are, however,
insufficient to explain the formation of crystalline enti-
ties in multicomponent supramolecular materials. As we
discussed previously, the most important factor for the
formation of multicomponent supramolecular crystals
is the compatibility between the conducting donor
molecule and the supramolecular building units.®® In
the following discussion, analyses of the present an-
ionic network structures will allow a better understand-
ing as to how compatibility can be realized in these
materials.

This compatibility can be examined by first analyz-
ing crystal 1. As mentioned in Results, EDT-TTF in the
1D channels exhibits tilt with respect to the c axis de-
spite not having this tendency in the known radical
salts. A search of Cambridge Crystallographic Database
for EDT-TTF cation radical salts resulted in less than 30
hits, where 1D column structure with the tilt angle of
less than 5° is most dominant. In the present case,
EDT-TTF of crystal 1 shows a tilt of ==32° for it to be ac-
commodated within the supramolecular network. Be-
cause of the nature of the halogen bond, the size of the
TIE unit as defined in Figure 4A restricts the donor pe-
riod along the c axis to approximately 8 A so that the
donors maintain compatibility with TIE units. However,

) VOL.2 = NO.1 = YAMAMOTO ET AL.

the thickness (interplanar distance) of the EDT-TTF is
about 3.5 A, which is not an integer fraction of 8 A. For
this reason, EDT-TTFs in the column slip along their lon-
gitudinal axis to accommodate the repeating period of
the supramolecular assembly. At the same time, the
longitudinal size of the donor column fits the longer di-
ameter of the pentagonal channel (Figure 5A). This dis-
play of compatibility is very subtle and selective. An im-
portant example of compatibility can also be observed
when comparing the fine details of the structures 1 and
3. Because MDT-TTF is slightly smaller than EDT-TTF, it
only has to tilt by 29° to maintain compatibility. In tan-
dem, the TIE unit shrinks both in length (8.1 — 8.0 A)
and width (9.5 — 9.1 A: see Table 2). “Fine tuning” of
compatibilities can again be observed when crystals of
1 and 2 are compared; EDST is slightly larger than EDT-
TTF, and thus the size of TIE unit is increased by substi-
tuting Br~ with I~ such that the width of the TIE unit be-
comes 9.7 A and EDST more snuggly fits the wider
channel. It is noteworthy that (EDT-TTF),I5(TIE)s,
(EDST),Brl,(TIE)s, and (MDT-TTF),I5(TIE)s form well-
developed optically reflecting crystals but their mosaic-
ity is quite large for high-quality structure
determinations.

Another example of compatibility can be seen in
the hexagonal channel structure constructed in crystal
4. The supramolecular network structure consists of
hexagonal instead of pentagonal 1D channels to ac-
commodate the HMTSF. Because HMTSF is much longer
than EDT-TTF, EDST, or MDT-TTF, it is no longer compat-
ible with the pentagonal channel even with increasing
the tilt angle of the donor column as with crystal 1. Con-
sequently, the channel adopts hexagonal instead of
pentagonal (Figure 5B) and the tilt of HMTSF is 22° to fa-
cilitate the compatibility between the two compo-
nents. This flexibility exhibited by the supramolecular
assembly originates from the variability of the coordina-
tion number around the anion. It is notable that the do-
nor:anion ratio changes from 4:3 to 1:1 with this geo-
metric change, thus altering the band filling of the
donor electronic structure.

For crystal 5, the square channel is composed of
four DFBIBs and four Cl™. The size of the channel is,
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Figure 5. The structures of supramolecular assemblies with van der Waals outlines. The assemblies show pentagonal- (A),
hexagonal- (B), and parallelogram-shaped (C and D) channels in crystals 1, 4, 5, and 6, respectively. In part A, the structure
of the donor column in 1 is also presented in order to explain how compatibility is accomplished between the supramolec-

ular assembly and the tilted donor column.

however, too large to accommodate PT donors if the
channel opens parallel to the ¢ axis: The size of the
channel is 15 X 15 A (Figure 5C) which is far larger than
the double-decked PT donors (7 A in thickness). Conse-
quently, the supramolecular square plane is not paral-
lel to the (0, 0, 1) plane but to the (2, 1, 1) plane as
shown in Supplementary Figure S1. This high incline of
the supramolecular assembly allows crystal compatibil-
ity between donors and the anionic network. Mean-
while, the PT dimers are moderately tilted sideways
with respect to the ¢ axis so that their long bodies (17
R) fit the channel width (15 A).

In crystal 6, the supramolecular assembly is formed
by the | --- Cinteraction (3.54 A) as well as the | --- CI~
interaction. Because the iodine atom of HFTIEB is a
Lewis acid, the interacting bases are not necessarily ha-
lide anions but 1 electrons of sp carbon. Indeed, we
have reported several acid-base interactions between
electron-deficient iodine and sulfur, (neutral) fluorine,
gold, or sp? carbon in previous works.®>* This | --- C in-
teraction allows the supramolecular assembly to form a
rectangular channel of 7 X 10 A size (Figure 5D) to ac-
complish compatibility between TSF and the anionic
network, instead of forming the 10 X 10 A square chan-
nel shown in Supplementary Figure S2. Speculatively,
although it is possible for HFTIEB molecules to form
square channels only by halogen bonding with CI™ as
shown in Supplementary Figure S2, the size of such
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channels is probably incompatible with that of TSF
donors.

Band Calculation and Conduction Properties. Band struc-
tures, which are based on the tight-binding approxima-
tion using transfer integrals from extended Hiickel mo-
lecular orbital calculation, were calculated for all the
salts. The calculated overlap integrals are listed in Table
3 as well as in the caption for Figure 6. It is notable
that the overlap integrals between the stacks are less
than 10~° due to the spatial separation by the su-
pramolecular sheath. It is known that the typical 1D
conductor TTF-TCNQ, whose resistivity anisotropy is
about 100, shows interstack overlap integral of the or-
der of 107%."° The lack of interstack interaction should
be the reason for anisotropic resistivity exhibited by the
present materials, especially in crystal 6. The aniso-
tropy values should be, however, potentially higher
than the observed ones because the present resistivity
in the wire direction contains the resistance of the su-
pramolecular network, according to the discussion in

TABLE 3. Overlap Integrals (S/10~3) between HOMOs of
Donor Molecules in 1, 2, 3, 4, and 6

1 2 3 4 6
S(c1) (inner-cell) —315 —15.4 —10.1 —93 N.A.
S$(c2) (intercell) —18.7 —15.9 -4 —43 -7.0

“The interstack overlap integrals are well below the calculation accuracy (<1079).
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Figure 6. (A) The donor arrangement in crystal 1, along with the indexes for overlap interactions. (B) The donor arrangement in
crystal 5, along with the indexes for overlap interactions. The calculated overlap integrals (S/10~3) are as follows: S(a) = —15.89,
S(c) = —0.55, S(r) = 0.004, S(s) = —0.09. (C, D, and E) Calculated band dispersions for 1, 3, and 5, respectively.

the following section. The crystals for 1, 2, 3, 4, and 5
show dimerized 1D band structures. Because the va-
lence of the donors for 1, 2, and 3 are +3/4, the fill-
ings for these HOMO bands are 5/8. The band struc-
tures are those of conductors with featureless 1D Fermi
surfaces. Consequently, the wires should be metallic,
as indicated in Figure 6C, Supplementary Figure S6A,
and Figure 6D.

The results of the resistance measurements can be
interpreted on the basis of the above band calculation.
The resistivity parallel to the ¢ axis (|c) for crystal 1 is 0.1
Q) cm, while that perpendicular to the ¢ axis (Lc) is
200 ) cm at room temperature. The high anisotropy
of 2000 apparently originates from the molecular wire-
bundle structure that prevents current flow perpen-
dicular to the ¢ axis. Despite very anisotropic conduc-
tion, the activation energies are almost identical for
both directions. This coincidence of the same activa-
tion energies for both ||c and L c directions is not insig-
nificant because the band calculation determines that
the material has metallic band filling along the c axis for
crystals 1, 2, and 3 (i.e., the resistivity should decrease
with the temperature) while there is no effective trans-
fer integral perpendicular to the c axis (i.e., the resistiv-
ity should increase when the temperature is decreased).
This phenomenon is also known to be true of the plati-
num complex K,Pt(CN),Brg 5 - nH,O (so-called KCP) and
is due to lattice defects that limit the conduction along
the c axis, effectively cutting the wire.'®"”
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Assuming that resistance values are determined
solely by the hopping between the wires because the
resistance of the wires is negligible when compared to
that of the insulating sheath (TIE), the conduction
anisotropy analysis can be performed based on the
resistance-array model. Such an assumption is theoreti-
cally supported by the above tight-binding band calcu-
lation that predicts metallic conduction for wires. A
kind of mean-field approximation along with several
additional assumptions of which details are described
in Supporting Information estimates the resistivity
along the c axis (p(|[c)) at 2Ra*/5¢cx?, where a and ¢ are
cell parameters, R is resistance of TIE, and x is the aver-
age number of cells between two lattice defects in the
wire. The R values are assumed to be identical for the
sake of simplicity in the calculation, although two crys-
tallographically distinct TIE molecules occur in the crys-
tal. Similarly, the resisitivity perpendicular to the c axis
(p(Lc)) can be calculated as 3Rc/8. These formulas de-
termine why the same activation energies are observed
for both p(|lc) and p(_Lc), as both resistivity values are
proportional to R (and g, ¢, and x are almost tempera-
ture independent). Because the resistance R originates
from the phonon-assisted hopping process between
neighboring wires, its value can be written as afexp(E,/
kT)], where a is a constant and E, is the activation en-
ergy for hopping. Because the same hopping process
and therefore the same resistivity-determining step ex-
ists for both |lc and _Lc directions, the same activation
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energy also exists in both direc-
tions. As such, the anisotropy
p(Lc)/p(|c) can be calculated as
a temperature-independent
constant 15¢2x%/16a>. From the
experimental data, the
anisotropy is about 2000, and
therefore x can be estimated as
approximately 130. Thus, a de-
fect fatal to wire conduction is
present every 260 donor mol-

two donor molecules are
stacked in a wire in the unit cell.
This defect density is in good agreement with known
defect density values of 0.1-1% measured for other
kinds of molecular conductors and provides fundamen-
tal data for further development of crystalline supramo-
lecular nanowires.'® Whether these defects are respon-
sible for the slight deviation from Arrhenius plots for 1,
2, 3, and 4 is currently not well defined. The deviation
can also be attributed both to the effect of thermal con-
traction and to the metallic character of the wire
moiety.

The above analysis, which indicates that the molec-
ular wires are fragmented in the crystal, is consistent
with other measurements. The electron spin resonance
(ESR) measurements can be explained by attributing
the weak temperature dependence above 30 K to the
Pauli paramagnetic behavior of the metallic nanowires
and the steep increase in spin susceptibility below 30 K
to the weak localization of the conduction carriers. A
possible explanation for this weak localization is that
the independent molecular wires are too short to al-
low for continuous band dispersions resulting in bands
composed of discontinuous levels separated by small
energies. Because the bandwidth for this material as de-
termined from band calculations is 0.4 eV and the num-
ber of unit cells in each fragment is 130, the energy
separation can be estimated as ~3 meV (=0.4 eV/130
cells). This energy separation can be converted to a
temperature of 30 K, which is on the same order of car-
rier localization observed in ESR measurements. Addi-
tional support for our interpretation is described in an-
other recent report from our group where resistance
measurements along the c axis for a very short (100 nm)
single crystal of 1 demonstrate the conductivity is re-
tained down to 4 K. This kind of measurement has
been done on crystals directly grown on electrodes de-
posited on SiO,/Si substrates as shown in Figure 7. The
bias voltage for these measurements (about 10 mV/
unit cell) was large enough to overcome the discontinu-
ity (ca. Three meV) between levels in the band. Thus, a
crystal of 1 may not necessarily be an insulator if it is so
short that a fatal lattice defect does not have the prob-
ability to occur.
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Figure 7. (A) SEM (scanning electron microscope) image for needle-shaped nanocrystals of 1. The
ecules within one column since square (001) section reflects the tetragonal symmetry of the crystal. The arrows indicate the c axis

directions of the crystals. The thinnest crystal (100 nm thickness) contains about 10000 wires. (B)

Nanocrystal of 1 bridging two gold electrodes (center).

The cause for the lower resistivity and activation en-
ergy for crystal 3 is not yet apparent, but the analysis
above suggests that it may be found in the hopping
process between wires. The HOMO of MDT-TTF is
known to have moderate contribution from the termi-
nal methylene carbon while the HOMO of EDT-TTF has
no contributions from terminal methylene carbons.
Therefore, hopping between wires seems to be en-
hanced as compared to crystals 1 and 2.2°

The band filling for crystal 4 is 1/2 because the va-
lence of the donor is +1, thus making the wire band in-
sulator (Supplementary Figure S6B). Note that the va-
lence difference of HMTSF compared to the crystals 1,
2, and 3 is due to the geometric change of the channel
from pentagonal to hexagonal. Although the wire in
crystal 4 is an insulator due to its specific band filling,
the coincidence of the same activation energies for
both p(|c) and p(_Lc) seems to be due to the same rea-
son as for crystal 1.

The band filling for the upper branch of the band
for crystal 5 is 1/2, but the small overlap along the ¢
axis causes the band widths to be very narrow (<0.01
eV) and not wide enough for band conduction, causing
this salt to probably be in a Mott-insulating state.

The band for crystal 6 is a simple cosine function be-
cause the donor stack is uniform. Considering that the
band filling is 1/2, and the on-site Coulomb for the do-
nor is very large compared to the bandwidth (0.2 eV),
the wire should also be an insulator. The high resistiv-
ity values of these crystals even along the wire support
this speculation. For crystal 6, the thickness of the insu-
lating sheath has been successfully increased to ~1
nm by using HFTIEB, resulting in the high insulation re-
sistance of 10" () cm along the a axis (perpendicular
to the donor stacking axis). This value is comparable to
epoxy resin, which suggests that the supramolecular as-
semblies made of iodine-containing neutral molecules
provide good electrical insulation for the molecular
conducting wires. To the best of our knowledge, a con-
duction anisotropy of 10® (=10"3/10°) is the highest
value recorded for single chemical substance at room
temperature. From a magnetic point of view, crystal 6
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is expected to be a very pure 1D Heisenberg spin
system.

Roadmap for Development of the Supramolecular Nanowires.
For the present compounds all the supramolecular insu-
lating networks have their channels disposed in one di-
rection. The one-dimensional nature of the present
compounds is due partly to the nature of the neutral
molecule and the properties of the halogen bond. Thus,
all the conducting wires are aligned in one direction.
In order to fabricate more practical and high-density
systems, one should look for compounds having their
channels in two or three dimensions for cross-bar wir-
ing material in the 3D crystal space as shown in the ex-
ample in Supplementary Figure S8.° It should be pos-
sible to generate such 2D or 3D channels by developing
the chemistry of iodine-containing neutral molecules
with the appropriate geometries and number of iodine.
With the knowledge acquired for the iodine-containing
neutral molecules used in the present work, we should
be able to design 2D and 3D systems. As far as we know,
this type of high-density 3D wiring utilizing 3D transla-
tional symmetry of crystal has not been proposed yet.
Therefore, we discuss briefly this possibility in the fol-
lowing section as well as in the Supporting Information.

Five main issues need to be addressed for the
nanowires to be practically functional: (1) multiplica-
tion of the conduction path (i.e., donor column) in one
wire; (2) production of thicker, more insulating covers;
(3) orthogonal arrangement of the wires; (4) integration
of the molecular devices; and (5) organization of an
anti-cross-talk system. These conditions are based on
the conduction mechanism of the nanowires discussed
in the previous section. Here we focus on the former
two issues in the main text because they are essential
to interpret points which the crystal structures of 5 and
6 raise, and we describe the details for the latter three
issues in the Supporting Information.

First of all, the wires should be almost free of de-
fects that induce hopping between the wires. Due to
the defect-tolerant concept, not all the wires need to be
perfectly conducting in redundant information sys-
tems, but the yield of wires that connect one end of
the crystal to the other end without the occurrence of
a disconnection needs to be at least 90%, practically
speaking.? To achieve conduction from one face of the
crystal to the opposite face, it is often effective to in-
crease the number of conduction paths in one wire.
Provided that the crystal length is T mm, and the stack-
ing period of the donor molecule is 4 A, approximately
2500000 molecules are stacked in one wire. When the
defect density is 1/260, one wire contains about 10000
defects on average. However, if the number of donor
columns and, thus, the conduction paths are multiplied
for one wire, the probability of a disconnection occur-
ring for the entire wiring system is expected to decrease
exponentially with the number of paths. For example,
if the wire is doubled as in crystal 5, the probability of
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a disconnection occurring becomes 1/(260),> which is
still too high to make such wires feasible for practical
usage. But further increasing the number of conduction
pathways to as many as six produces yields of
99.999999% (=1 — 2500000/(260)°) that allow the con-
nection of two ends of a crystal by crystalline nanow-
ires without the occurrence of fatal conduction block-
ades. Of course, the occurrences of different defects
may not be completely independent, and thus, the
above estimated yield should in reality be lower. How-
ever, it should still be no less than 90%, our estimated
requirement for efficient conduction.

Of secondary consideration is to increase the re-
sistance of the insulating sheath so that electrons
do not hop from wire to wire. For a first-order ap-
proximation, the hopping probability is proportional
to the overlap integral between the HOMOs for the
donor molecules in adjacent wires. Because the over-
lap integral diminishes exponentially as a function
of distance, thickening of the wire cover should be
significantly more effective for insulation. Such a
method already achieved partial success in crystal 6
where the nearly 10 A (1 nm) distance between wires
along the a axis proved to be highly insulating. It is
somewhat interesting that the insulation did not
seem to be fatally broken by lattice defects even
though they should occur in the insulation layer for
crystal 6 as well. Speculatively, most lattice defects
are probably insulating due to the localization effect.
Nevertheless, according to the above discussions,
crystals 5 and 6 are the prototypes for multiwire
structures and highly insulated wires, respectively.
For further discussions on 3D wiring systems, see the
last section of the Supporting Information.

CONCLUSION

In this work, we have demonstrated the ability
of the insulating supramolecular network of halide
anions and iodine-containing neutral molecules to
organize and match the shape, size, and mode of
packing of organic « radicals and prevent carrier
hopping between the m-radical stacks. This exten-
sion of our previous work based on layered com-
pounds resulted in solely one-dimensional conduct-
ing nanowires. The present results highlight the
importance of insulating networks that divide the
conducting — stacks into independent nanow-
ires. The halogen bond which is rarely used in su-
pramolecular chemistry and points to the high direc-
tionality of this bond helps in designing novel
structures. In the present study we have focused
not only on the conduction properties but also on
the insulation property of the materials. It should be
noted that the conducting donor molecules in-
volved in these materials are very common ones,
but the insulating supramolecular network defines
the external form of the conducting moiety as inde-
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pendent nanowire shape. This is in contrast to the
material development of molecular conductors so
far where the strongest emphasis is put on the de-
velopment of novel conducting donor molecules.
There is an interesting analogy to the contempo-
rary electronics where the development of novel
high k dielectrics that enable smaller gate leak cur-
rent is more eagerly pursued than the material for
conducting device itself.?" In organic field effect
transistors, there is also strong demand for the high
OFF resistance to improve the device property. As
these examples point out, it should become more

METHODS

Materials. EDT-TTF,>* EDST,”®> MDT-TTF,>* HMTSF,”® PT,*®
TSF,?” and DFBIB?® were synthesized as described in previous lit-
erature. The synthetic procedures for HFTIEB are described in
Supporting Information. Chlorobenzene, methanol, tetraphe-
nylphosphonium chloride, tetraphenylphosphonium bromide,
and tetrabutylammonium iodide were purchased from Wako
Chem. Co. Ltd., and TIE was purchased from Aldrich Chem. Co.
These materials were used without further purification.

Crystal Preparation. Galvanostatic oxidation of the donor mol-
ecules dissolved in 20 mL of solutions containing neutral mol-
ecules and supporting electrolytes were performed under an ar-
gon atmosphere for a few days to as many as 25 days. Standard
H-shaped cells (20 mL) and platinum electrodes (1 mm in diam-
eter) were used for these electrolyses. Detailed conditions are
summarized in Supplementary Table S1. Crystals of good qual-
ity for resistivity measurements and X-ray structure analyses
were harvested from the anode. Although crystals of (EDT-
TTF),4l5(TIE)s, (EDST),Brl,(TIE)s, and (MDT-TTF),l5(TIE)5 could be
prepared, their crystal quality was poor.

X-ray Analysis. Each of the selected single crystals of the six
compounds was mounted on glass fibers using epoxy cement.
X-ray diffraction data were collected on a MAC Science auto-
matic four-circle diffractometer (MXC18), a Rigaku automatic
four-circle diffractometer (AFC6S), or a Rigaku CCD system (Mer-
cury) with graphite-monochromated Mo Ka radiation at 293 K.
The intensities were corrected for Lorentz and polarization ef-
fects. The structures were solved by direct methods and refined
by SHELXL-93 (for crystals 1, 3, 4, and 6), SHELXL-97 (for crystal
2), or by the full-matrix least-squares method (for crystal 5). 29
Anisotropic thermal parameters were used for non-hydrogen at-
oms. All hydrogen atoms were added in calculated positions
with fixed isotropic contributions. All calculations were per-
formed with use of the teXsan crystallographic software pack-
age from Molecular Structure Co. Table 1 gives selected crystal
data for the six compounds. CCDC 653150—653155 contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Resistivity Measurement. The dc resistivity measurements were
performed by the standard four-probe method except for crys-
tal 6 in the g axis direction for which measurement was per-
formed with the three-probe method as described in Support-
ing Information. Gold leads (10 wm or 15 wm diameter) were
attached to the crystal with carbon paste.

ESR Measurement. The electron spin resonance measurements
were carried out for aligned single crystals of 1 using an X-band
spectrometer, Bruker ESP-300E, equipped with a rectangular cav-
ity, TEo,,. The temperature range of the measurements was be-
tween 300 and 4 K. The magnetic field was applied perpendicu-
lar to the c axis direction. A least-squares method was applied for
the analyses of the observed ESR absorption derivative curves.
The values of the resonance field, peak-to-peak height /,, and
peak-to-peak line width AH,,, were used as the fitting
parameters.
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and more important to control the internal/external
shape, size, resistance, and dielectric permittivity of
the insulating moiety. While certain existing rules on
the mode of organization of the donors are well re-
spected, in one case an unexpected double strand is
observed. The transverse resistance in the crystals

is increased by 10 orders of magnitude with increase
of thickness of the insulating sheath from 3 A (for
1—3) to 10 A (for 6). The observed conducting prop-
erties were theoretically modeled and lead us to pro-
pose a procedure to fabricate more sophisticated
devices with high-capacity memory.

Band Calculation. In order to determine intermolecular overlap
integrals, HOMO obtained by the extended Hiickel MO calcula-
tion was used.'>3° The calculation was carried out with the use
of semiempirical parameters for Slater-type atomic orbitals
(Supplementary Table S2). It was assumed that the transfer inte-
gral (t) is proportional to the overlap integral (S), t = €S (e =
—10 eV, € is a constant of the order of the orbital energies of
HOMO). The band structures were calculated based on the tight-
binding approximation.

SEM Image. The nano-/microsized crystals of 1 were electro-
chemically grown on gold electrodes deposited on a SiO,/Si sub-
strate. The detail of the sample preparation is described in refs
19 and S6. The images of thin crystals on the electrodes are taken
by using Hitachi FE-SEM S-4800.
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