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Twist Ferrocene Wires from Self-Assembly of Chiral Rod-Coil
Organometallics

Tz-Feng Lin,"”! Rong-Ming Ho,*'*! Chien-Hung Sung,” Ming-Shou Ho," and
Chain-Shu Hsu*"!

Inspired by research on organometallics, the incorporation
of transition metals into organic derivatives through cova-
lent attachment has become a mature field. Because of im-
provements in synthesis, the ferrocene-based moiety is now
a well-known organometallic moiety."! Tunable ferrocene
residues provide an attractive method to expand the range
of properties. By taking advantage of self-assembly, various
self-assembled organometallic morphologies including
spheres, cylinders, vesicles, and lamellae with nanoscale
iron-rich microdomains can be used in applications such as
switches, transistors, and sensors for integration into micro-
electronic technology.? Also, ordered nanostructures trans-
form into semiconducting materials after oxidation and
yield iron-rich magnetic ceramics after pyrolysis treatment.”!

Helical morphologies can be obtained from the self-as-
sembly of chiral supramolecules such as chiral liquid crys-
tals,” folded oligomers,®! chiral counterions,® chiral den-
drimers,["! dendron rod-coils,”®! chiral homopolymers,” chiral
block copolymers,'”! and chiral discotic molecules.'!! In our
previous studies, the self-assembly of a series of chiral Schiff
based rod—coil amphiphiles was systematically examined.['”]
The self-assembled helical superstructures could be induced
by chiral sugar, and a morphological transformation from
helical to platelet-like morphology was driven by simply in-
creasing the hydrophobic chain length at the chain end of
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the chiral rod—coil amphiphiles. The helical morphology re-
sults from the steric-hindrance effect of the chiral sugar
packing in the self-assembly.

Herein we aim to create iron-rich spiral superstructures
by taking advantage of the self-assembly of chiral Schiff
based rod—coil molecules that are end-capped with ferro-
cene (namely, chiral rod-coil organometallics). Figure 1
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Figure 1. Chemical structure of the chiral rod—coil organometallics, FC11.

demonstrates the chemical structure of a chiral rod—coil or-
ganometallic, 4-(11-Ferrocenoyloxy-undecanyl-1-oxy)-
benzylideneaminophenyl-a-p-glucopyranside (FC11). Corre-
sponding synthetic routes and characterization of the chiral
rod—coil organometallics are described in detail in the Sup-
porting Information and are in full agreement with the sug-
gested chemical structure. As found, sugar moieties can
serve as a chiral source for helical twisting and bending. The
rod segment is the mesogenic unit responsible for liquid-
crystalline behavior in the self-assembly process. The alkoxyl
chain end is capped by a ferrocenyl group through the
esterification of the aliphatic tail with ferrocene carboxylic
acid. Consequently, twist superstructures with a ferrocene
core are expected to be obtained through the self-assembly
of the chiral rod—coil organometallics. The self-assembled
superstructure can then be utilized as a template to form an
iron-rich superstructure after pyrolysis, resulting in promis-
ing applications in devices.

Thermal analysis suggests that FC11 possesses enantio-
tropic liquid-crystalline properties (see Figures S1 and S2 in
the Supporting Information). To identify the corresponding
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liquid-crystalline phase transformation during cooling, X-ray
scattering experiments were performed from isotropic melts
to preset temperatures. As illustrated in Figure 2, well-or-

Intensity

Figure 2. X-ray scattering profiles of FC11 examined at different temper-
atures by cooling from an isotropic melt.

dered diffraction peaks at a characteristic ratio of 1:2 are
found when the temperature is below 120°C. The layer-to-
layer d spacing (d) appears to be 6.40 nm according to the
primary scattering peak of the X-ray results. On the basis of
the FC11 chain conformation, the extended chain length (/)
is estimated as approximately 3.36 nm through Hyper-
Chem 7 molecular simulation with an OPLS force field. As
a result, we suggest that instead of interdigitated layer-to-
layer molecular packing, the chiral rod—coil organometallics
adopt a parallel type of molecu-
lar chain packing. Furthermore,
the broadening peak above
120°C is attributed to electron
density contrast between ferro-
cene and organic microdomains
at temperatures above the iso-
tropic melting temperature.

The self-assembly of the
chiral rod—coil organometallic
material was carried out in
dilute aqueous solution with
FC11 (1 mg) dissolved in THF
(1 mL) by introducing distilled
water (9mL) to induce aggre-
gation. After sufficient time for
aggregation, a drop of the mix-
ture was transferred to a
carbon-coated film for TEM
analysis. As shown in Figure 3a
(see Figure S3 in the Support-
ing Information for a comple-
mentary image), self-assembled
FC11 superstructures with a
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clear fibrous texture can be recognized. The dark regions
correspond to ferrocene microdomains owing to the mass-
thickness contrast and the bright regions are the microdo-
mains of the chiral Schiff based rod—coil segment. As esti-
mated, the average diameter of the fibrous texture is 7 nm
and the core diameter of the ferrocene microdomain is ap-
proximately 2 nm. The observed corona and core sizes are
in line with the molecular sizes of the FC11. To examine the
self-assembled superstructure further, platinum was shadow-
evaporated onto the sample. As shown in Figure 3b, not
only the fibrous bundle, but every wirelike twist can be
clearly identified on the basis of its surface topograghy.

On the basis of the morphological observation and struc-
tural analyses, the self-assembled morphologies arise from
aggregation of FC11 molecules to hierarchical superstruc-
tures through liquid-crystalline behavior in solution.l'**! UV/
Vis and circular dichroism (CD) spectroscopy measurements
were carried out to elucidate the conformational chirality of
the chiral rod—coil organometallics in THF solution (see Fig-
ure S4 in the Supporting Information). The UV/Vis spectra
demonstrates the maximum absorption of the m—n* and n-
nt* transition for FC11 at around 280 nm and 330 nm. The
corresponding positive Cotton effect around the correspond-
ing wavelength indicates a helical packing arrangement of
the chiral rod—coil organometallics as a microdomain. As il-
lustrated in Figure 3¢, the self-assembled FC11 superstruc-
ture is constructed of several wirelike twists. Its internal
structure appears as a smectic-like bilayer that has parallel
molecular chain packing according to the X-ray scattering
experiments and theoretical simulation prediction. Note that
helical architectures might be formed from the self-assembly
of achiral liquid-crystalline molecules through head-to-head
twisted dimers and bent-core induced chirality (i.e., a molec-

1—2 twisting
2—2' shifting

0.43 nm
. >

Figure 3. TEM micrographs of self-assembled FC11 from solution at ambient temperature a) without and
b) with Pt shadowing. The dark regions in (a) correspond to ferrocene microdomains. The morphology in (b)
shows the topography of the self-assembled texture. c) A schematic illustration of the formation of hierarchical
superstructures from the self-assembly of chiral rod—coil organometallics.
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ular shape effect).”™ In our case, the chiral effect (i.e., the
steric-hindrance effect) of the sugar moiety gives rise to the
twisting and shifting forces for the stacking of neighboring
circular plates. Consequently, a dense core of the iron-rich
microdomain is thus formed in the center of the circular
plate because of the strong metal coordination of the ferro-
cene moiety and its incompatibility with water. A spiral
staircase-like architecture is represented as connecting circu-
lar plates to show the helical packing arrangement of the
building blocks.'"! According to the estimated periphery of
the fibrous texture and the calculated width of single chiral
rod—coil organometallics (approximately 0.43 nm), it is com-
posed of about fifty chiral rod—coil organometallics aggre-
gated into a basal circular plate that develops into the for-
mation of the self-assembled FC11 superstructures, which
are several micrometers long.

In an attempt to orient the self-assembled morphology of
chiral rod—coil organometallics, a 1 T external magnetic field
was used for the self-assembly process. The molecular direc-
tor of the chiral rod—coil organometallics follows the direc-
tion of the magnetic field owing to its intrinsic dielectric
constant. The self-assembled superstructures thus appear as
an anisotropic aligned pattern over long distances (see Fig-
ure S5 in the Supporting Information). Pyrolysis was per-
formed at a heating rate of 1°Cmin~' under an N, atmos-
phere from room temperature to a final temperature of
600°C. During the pyrolysis procedure, the organometallic
microdomains transform into a collection of inorganic
arrays as shown in Figure 4. Similar pyrolysis of ferrocene in

Figure 4. TEM micrograph from templates of self-assembled FC11 after
pyrolysis

a self-assembled superstructure with polyferrocenylsilane
cores and polyisoprene coronas has been reported in the
form of micelles.'”] As a result, the superstructure resulting
from the self-assembly of chiral rod—coil organometallics
works as a template for the formation of twist metallic
wires. The observed corona and core sizes of the twist met-
allic wire correspond to the theoretical molecular size of the
FC11 and the results from Figure 3a, which indicate a twist
fibrous superstructure with a ferrocene core (i.e., twist ferro-
cene wires).

In conclusion, we have described the synthesis and char-
acterization of chiral rod—coil organometallics (FC11) that
develop into ferrocene iron-rich spiral superstructures
through self-assembly. This fundamentally new self-assem-
bled FC11 superstructure is a fabrication technology that
acts as a template for the formation of twist ferrocene wires.
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Such wires will contribute to the development of microelec-
tronic organic-inorganic functional devices." Also, the
well-defined building blocks of ferrocene-based derivatives
play an important role in dynamic responsive displays as
well as in biological systems that are stimulated by external
fields.')

Experimental Section

Structural determination: To study the helical hierarchical superstruc-
tures that are driven by a chiral entity, the self-assembly of chiral rod-
coil organometallics were carried out in dilute solution (THF/H,O,
9:1 mL). After sufficient time for aggregation process to occur, a drop of
the mixture was transferred to a carbon-coated film for TEM observa-
tions. Bright-field TEM images were performed on a JEOL TEM-1200
CXII transmission electron microscope at an accelerating voltage of
120 kV. UV/Vis absorption spectra and CD spectroscopy measurements
were recorded on a Hitachi U-3300 spectrophotometer and JASCO J-720
spectrophotometer in quartz tubes, respectively. The spectroscopic ex-
periments were carried out in THF solutions (1x107*m). Temperature-
dependent X-ray scattering experiments were conducted to probe the
phase-separated morphologies of the chiral rod—coil organometallics on a
Bruker Nanostar diffractometer. The instrument was equipped with a
3.0 kW X-ray generator using a rotating copper target and operated at
40 kV %35 mA. The Cug, line (1=0.154 nm) was applied. The intensity
profile was output as the plot of the scattering intensity / versus the scat-
tering vector g, (4m/A) sin(6/2), in which 0 is the scattering angle. All
data were corrected by empty beam scattering, the sensitivity of each
pixel of the area detector.

Molecular simulation: Mechanisms of self-assembly were studied by con-
sidering the interaction of secondary forces through the aid of molecular
simulation. The energy minimization of the self-assembly morphology
was calculated by using HyperChem 7 with the OPLS force field. Be-
cause the OPLS force field was based on a biomolecular database, it
should be suitable for use with chiral supramolecular molecules to search
stable structures by the Monte Carlo method.
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