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Molecular conductors exhibit a variety of interesting
properties, including superconductivity,! magnetism,>
and multiple instabilities under external stimuli such as
light,? temperature,* and so on. Molecular conductors are
usually prepared and studied as single crystals, which are
principally obtained by electrochemical oxidation of
donor molecules in the presence of corresponding sup-
porting electrolytes. Because the single-crystalline sam-
ples are difficult to be integrated to devices, the micro/
nanometer scale molecular conductors are required.
Nanowires and/or nanosticks of the molecular conduc-
tors are still rare,” and they have been prepared by
electrocrystallization using the electrodes with templates
such as porous aluminum oxide® and phospholipid multi-
lamella.”To obtain pure nanowires, we have to remove
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the template, which is difficult in most cases because the
ordered structures are often altered or even destroyed
during the template removal. Recently, the growth of
nanosticks of molecular conductors has been developed
by virtue of supramolecular assembly, where the one-
dimesional (1D) stacks of conducting component are
formed within the space of the insulating networks.® In
this case, the insulating networks may also play arole as a
kind of template.

On the other hand, it is possible to prepare the 1D
micro/nanocrystalline molecular conductors without any
templates by careful design of donor molecules. Such a
donor molecule should have the strong tendency to
assemble along a specific direction. We have noticed that
the bent donor molecules (see Figure 1a) with relatively
large arcs, EDO-EDSe-TTFVS (1),**° EDO-EDSe-
TTFVO (2),* and EDT-EDSe-TTFVS (3),' almost ab-
solutely form the highly 1D columns in the partially
oxidized state. However, the electrochemical oxidation
of these donor molecules afforded only long platelet
single crystals so far. Here we report the facile and
reproducible formation of micro/nanometer crystalline
2:1 radical cation salt of a bent donor molecule EDT-
EDSe-DSDTFVS (4) with FeCl;  ion on the native
platinum rod. The electronic transport and magnetic
properties of the micro/nanocrystals of 4, - FeCl, will also
be reported. To the best of our knowledge, this is the first
case to prepare the micro/nanocrystalline molecular con-
ductors by electrocrystallization using a conventional Pt
electrode without any template.

A solution of 4 (2.0 mg) and BuyN - FeCly (35 mg) in the
mixed solvent of chlorobenzene—ethanol (10 mL, 9: 1, v/v)
was introduced into an H-type electrochemical cell. Both
the cathode and anode were Pt rods with the diameter of
1 mm. Electrocrystallization was performed by applying
a constant current of 1.0 uA at 30 °C under an argon
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The black platelet single crystals of 2:1 radical cation salts of EDO-

EDSe-TTFVS (1) with AsF4~, PFs, and CIO4  ions were ob-

tained by electrocrystallization of 1 in the presence of an appro-

priate supporting electrolyte at 45 °C in chlorobenzene—ethanol

(10 mL, 9: 1, v/v). In the crystal of these salts, the donor molecules

formed 1D columns along the molecular face-to-face direction. All

of these salts show semiconducting behavior with the room tem-

perature conductivities of ca. 2 S cm™ L.

(10) The black platelet single crystals of 2:1 radical cation salts of EDT-
EDSe-TTFVS (3) with FeCl; and FeBry ™ ions as well as the 3:1
salts of 3 with ClO4 ™ ion were obtained by electrochemical oxida-
tion of 3 in the presence of appropriate supporting electrolyte at 45
°C in chlorobenzene—ethanol (10 mL, 1, v/v). Similar to the
crystal structures of the salts based on 1 the donor molecules in
these salts also formed 1D columns along the molecular face-to-
face direction. All of these salts show semiconducting bethlor
with the room temperature conductivities of ca. 5S cm ', The d-
spins of FeX, ™ ions in the 3,-FeX, (X = CI, Br) show relatlvely
strong antiferromagnetic interactions.

©

~

pubs.acs.org/cm



5570 Chem. Mater., Vol. 21, No. 23, 2009

Figure 1. (a) Chemical structures of bent donor molecules; (b—d) SEM
images of micro/nanocrystals of 4,-FeCly corresponding to the length,
width, and thickness of micro/nanocrystals, respectively.

atmosphere. Within a week, very thin and long black
fibrils were formed on the surface of the anodic Pt rod. At
the temperatures lower than 20 °C, a large amount
of fibrils covered the surface of anodic Pt rod. The length
of fibrils was reduced, whereas the thickness and width of
fibrils remained nearly the same. On the basis of the SEM-
EDX, the fibrils were proved to be a radical cation salt
and the composition of which was determined to be
4,-FeCly. The SEM-EDX result was S:Cl:Fe:Se =
14.37:5.03:1:8.30 ~ 14:4:1:8 (see Figure S1 in the Sup-
porting Information). Note that the electrochemical oxi-
dation of 4 at 45 °C applying a constant current of 0.2 uA
afforded black platelet bulk crystals of 4,-FeCl, with
typical size of 0.5 x 0.2 x 0.02 mm®. X-ray single-crystal
diffraction was carried out for both micro and bulk
crystals, while their crystal structures could not be solved
due to the poor quality of crystals. The unit cell para-
meters for both micro and bulk crystals are similar within
the standard deviations: a = 7.187(7) A b= 17.17(1) A
¢ = 43914) A, o = 78.08(8)°, B = 82.05(6)°, y =
79.24(7)°, V = 4578.2(8) A*. The a-, b-, and c-axes are
colinear to the width, length, and thickness directions
of single crystal, respectively. The powder X-ray diffrac-
tion (XRD) patterns for the bulk and micro/nano crystals
are almost identical (see Figure S3 in the Supporting
Information). Since the bent donor molecules with
large arcs always form the 1D columns without poly-
morphisms in the partially oxidized state. The same
unit cell parameters and powder XRD patterns for the
micro/nano and bulk crystals of 4,-FeCl, indicate that
the crystal structures of these two species should be same
in principle.

As demonstrated by the large-area SEM imaging
shown in Figure 1b, ultralong micro/nanocrystals of
4,-FeCly were obtained. The maximum length of crys-
tals is more than 3 cm with good flexibility, that can
be wrapped to a circle without breaking the crystals.
The width (Figure Ic) and thickness (Figure 1d) of
crystals are in the micrometer and nanometer scales,
respectively.

Figure 2a depicts the AFM images of micro/nanocryst-
als of 4, FeCly. The surface of micro/nanocrystals shows
stepwise morphology. The height of each step is around
4—6 nm, suggesting that the micro/nanocrystals are
intrinsically composed of nano flakes with the thickness
of ca. 5 nm. The flakes adhered to each other along the
crystal c-axis, which may cause the disorder along this
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direction. As a result, we could not solve the crystal
structure of the salt. Moreover, the thickness of nano
flake is very close to the length of the crystal c-axis
(4.4 nm). By careful comparison of the unit cell para-
meters of 4,-FeCl, with those of the radical cation salts
based on 1,**? 2,% and 3,'° the c-axis of 4, FeCl, should
correspond to the donor-anion direction. The a- and
b-axes are along the side-by-side and face-to-face arrays
of donor molecules, respectively.

On the basis of the above results, a schematic display
for the formation of micro/nanocrystals of 4,-FeCly is
shown in Figure 2b. As is well-known, the crystal growth
is a competitive process between the thermodynamic and
kinetic factors. In the early stage of 4, - FeCly nucleation, a
unit cell of radical cation salt is formed. Under the
relatively high temperature (45 °C) and low current (0.2
UA), the thermodynamic factors play the dominant role.
The donor molecules 4 and counter FeCl,  ions diffuse
from the bulk solution and adsorb onto each direction of
the unit cell. Accordingly, the bulk crystals are formed.
On the other hand, when a lower temperature (30 °C) and
a higher current (1.0 uA) are applied to the electrochemi-
cal oxidation, the diffusion rates of donor molecules and
counteranions are suppressed. In this case, the kinetic
factors control the crystal growth. Driven by the large
current density along the face-to-face array, the donor
molecules 4 are quickly electrochemically oxidized and
adsorb to this prior direction.’™!'" The counter FeCl,~
ions migrate to combine with (EDT-EDSe-DSDTF-
VS),™" species, giving rise to the formation of ultralong
micro/nanocrystals of 4,-FeCly. Because the donor—
anion interactions are relatively weak in the alternatingly
layered structures of radical cation salts, the rate of
crystal growth along this direction is the lowest among
the three directions of the crystal. Consequently, only one
unit cell was generated along this direction during the
crystal growth, as demonstrated by the AFM images. At
temperatures below 20 °C, the solubility of the 4,-FeCly
radical cation salt was further decreased. The nucleation
became more rapid to cover the surface of the anodic
Pt rod, that resulted in the suppression of the further
elongation of the fibrils. The best condition to obtain
the ultralong micro/nanocrystals of 4,-FeCly is electro-
chemical oxidation of 4 at 30 + 3 °C by applying a
constant current of 1.0 £ 0.2 uA.Note that no needle-like
crystals of 4,-FeCly could be obtained under any con-
ditions. Although micro/nanocrystals of molecular con-
ductors have been successfully prepared by using the
templates,” ® the removal of the templates may cause
damage to the micro/nanocrystals as mentioned above.
The present method opens up a facile route to the ultra-
long and pure micro/nanocrystals of molecular conductors.
The size of the micro/nanocrystals can be tuned either
by controlling the temperature or time for electrocrys-
tallization.
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Figure 2. (a) AFM images of micro/nanocrystals of 4, FeCl,, where X, Y, and Z correspond to the length, width, and thickness of micro/nanocrystals,
respectively; and (b) schematic depiction of the molecular arrays in micro/nanocrystals. The green rectangles and blue circles indicate the donor molecules 4

and counter FeCl, ™ ions, respectively.
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Figure 3. Temperature-dependent conductivity of 4, - FeCly measured on
the microcrystal. The bottom insert depicts the Arrhenius plot.

The temperature-dependent resistivity of micro/nano-
crystals of 4,-FeCly; was measured by conventional four-
probe method along the crystal long axis on several pieces of
microcrystals (~800 x 3 x 0.1 um?). The gold wires with
diameter of 10 um were attached to the crystal surface using
carbon paste (see the top insert of Figure 3 for the schematic
depiction). All of the micro/nanocrystals exhibited semicon-
ducting behavior as shown in Figure 3. However, the room
temperature conductivity is considerably high, around
40—60 S cm™ . The activation energy for electric conduction
isabout 10 meV. Along with their good flexibility, the highly
conducting property implies that the present micro/nano-
crystals are good candidates as molecular wires. Note that
the bulk platelet crystal also exhibited a semiconducting
behavior with the room-temperature conductivity of 30 S
cm~ ! and activation energy of about 20 meV. The slight
difference of the electronic transport properties between the
micro/nanocrystals and bulk crystals is most plausibly due to
the quality of the crystals, where the former should have
fewer defects than the latter. Although all of the radical
cation salts so far obtained based on 1,*° 3,'° and 4 exhibit
semicoducting behavior, the room temperature conductiv-
ities of the salts for these three donor molecules increase in
the order of 1 (ca.2Scem™ ') < 3(ca.5Sem™ ') < 4(ca. 50 S
cm ). This tendency may be due to the introduction of the
large-sized chalcogen atoms which enhance the intracolum-
nar intermolecular interactions. In fact, the calculated in-
tracolumnar interactions in the radical cation salts of 3 are
larger than those in the salts of 1.%-1

The temperature-dependent magnetic susceptibility (y)
for the micro/nanocrystals of 4, - FeCl, was measured on
a SQUID magnetometer applying the field of 1000 Oe.
The temperature dependence of y followed the
Curie—Weiss law, ¥y = C/(T — 6), with C = 4.46 emu
K mol 'and 6 = —8.5 K, which indicates that the d-spins
of FeCl, ions show relatively strong antiferromagnetic
interaction (Figure 4). This behavior is very similar
to those of the magnetic conductors based on donor
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Figure 4. Temperature dependence of the y7" product of 4,eFeCly (y,
magnetic susceptibility). The insert depicts the thermal variation of '
(open circle), and the Curie—Weiss fit (solid line).

molecules 1 and 3.***!° The antiferromagnetic inte-
raction of d-spins is most plausibly due to the preferential
d—m—m—d interaction between the donor molecules 4
and counter FeCl, ions as proved in the 1, FeCly salt.*

It is worth noting that by using the similar concept, the
microcrystals of 2,-FeCly- (DCE), s were also obtained by
electrocrystallization without any templates (see Figure S2
in the Supporting Information). In this case, donor molecule
2 (2.0 mg) was electrochemically oxidized in the presence of
BuyN-FeCl, (35 mg) in 1,2-dichloroethane (DCE) applying
the constant current of 1.0 uA at —5 °C under argon
atmosphere. Further investigation on the preparation of
ultralong microcrystals of 2,:FeCly:(DCE)y s and their
transport properties is in progress.

In summary, the bent donor molecules 1, 2, 3, and 4 have a
strong tendency to form the 1D columns along the molecular
face-to-face array. By fine-tuning of the experimental con-
ditions, we could obtain the micro/nanocrystals of the mag-
netic molecular conductors based on 2 and 4 by electrocrys-
tallization on the Pt rod without any templates. This novel
approach may also be used to the other donor molecules
which show the strong tendency to stack along a specific
direction. The good flexibility and high conductivity of
4,- FeCl, make it an excellent candidate as molecular wires.
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