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ABSTRACT: One-handed helical graphite films with a hierarchically

controlled morphology were prepared from iodine-doped helical
polyacetylene (H-PA) films using the recently developed morphol-
ogy-retaining carbonization method. Results from scanning electron
microscopy indicate that the hierarchical helical morphology of the
H-PA film remains unchanged even after carbonization at 800 °C.
The weight loss of the film due to carbonization was very small; only
10—29% of the weight of the film before doping was lost. Further-
more, the graphite film prepared by subsequent heating at 2600 °C

Graphite Film

Zum

Left-Handed Helical Graphite Right-Handed Helical Graphite

retained the same morphology as that of the original H-PA film and

that of the helical carbon film prepared at 800 °C. The screwed direction, twisted degree, and vertical or horizontal alignment of the
helical graphite film were well controlled by changing the helical sense, helical pitch, and orientation state of the chiral nematic liquid
crystal (N*-LC) used as an asymmetric LC reaction field. X-ray diffraction and Raman scattering measurements showed that
graphitic crystallization proceeds in the carbon film during heat treatment at 2600 °C. Transmission electron microscopy
measurements indicate that ultrasonication of the helical graphite film in ethanol for several hours gives rise to a single helical
graphite fibril. The profound potentiality of the present graphite films is exemplified in their electrical properties. The horizontally
aligned helical graphite film exhibits an enhancement in electrical conductivity and an evolution of electrical anisotropy in which
conductivity parallel to the helical axis of the fibril bundle is higher than that perpendicular to the axis.

1. INTRODUCTION

Carbon materials have recently attracted considerable atten-
tion because of their versatile applicability in the fields of
electronics, mechanics, transport, energy, and environmental
science.”” The carbon materials prepared from organic com-
pounds are ordinarily in the form of bulk, particles, and fibers,
such as carbon black and carbon fiber.” There are few carbon
materials in the form of films, except for an evaporated carbon
membrane supported by a substrate." Carbon films and mem-
branes are interesting materials because of their special mechan-
ical and physicochemical properties as well as their chemical and
thermal stabilities. They have been used in various applications,
such as electrochemical energy storage, " fuel- and photovoltaic-
cell electrodes,*” field-effect transistors, * catalyst supports,” and
wear-resistant coatings.” A large number of chemical approaches
have been reported for preparing carbon films that consist of
evaporated amorphous carbons,” graphene-based materials,*’
and randomly networked or macroscopically aligned carbon
nanotubes (CNTs).'” It is well-known that a freestanding
graphite film can be prepared from an aromatic polymer film,
such as a commercially available polyimide film, by carbonization
and graphitization at high temperature and normal pressure.”
However, it is difficult to prepare freestanding graphite films by
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the carbonization of organic polymer films in the desired form,
especially in the form of a hierarchical nanostructure. This
difficulty is because high-temperature carbonization causes ther-
mal decomposition and volatilization of hydrocarbon gases,
destroying the morphology of the original film.""

One-handed excess helical structures have also gained increas-
ing interest due to their fruitful chiroptical properties. They are
ordinarily composed of various organic materials, such as
amphiphiles,'? oligomers,"* and nonconjugated'* or conjugated
polymers.'> At the same time, these structures with highlz
twisted helices or superhelices are particularly desirable.'*>"
However, there are few helical structures in which helical carbon
materials form hierarchical morphologies. Carbon films with
peculiar structures, such as hierarchically controlled helical
structures, are expected to afford novel chiroptical properties as
well as electrical and electromagnetic properties. It is therefore
intriguing to control the helical morphology of the carbon film to
develop new carbon materials. To this end, an organic polymer
film consisting of hierarchical helical fibrils may be suitable as a
precursor for the carbon film.
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Figure 1. Schematic representation of the preparation of a helical graphite film with concentrically curled morphology using the carbonization of H-PA

synthesized in a N*-LC field.

The liquid-crystal (LC) polymerization method using chiral
nematic LC (N*-LC) as an asymmetric reaction field has enabled
the preparation of an H-PA film in which bundles consisting of
fibrils with diameters of approximately 100 nm are twisted and
concentrically curled.'® The N*-LC is prepared through the
addition of a small amount of a chiral dopant into an N-LC."”
This addition allows us to control the helical sense and helical
power (helical pitch) of the N*-LC by selecting the chirality and
helical twisting power (HTP; By;) of the chiral dopant.'® Because
the N*-LC is composed of N-LC and a chiral dopant, such as an
axially chiral compound with a (R)- or (S)-configuration, the
screwed direction and twisted degree of the H-PA are rigorously
controlled by tuning the chirality and HTP of the chiral dopant.
Binaphthyl derivatives are useful in controlling the helical sense
and helical pitch of the N*-LC, especially when their molecular
structures are chemically modified by such methods as the
introduction of mesogenic substituents into the binaphthyl
rings..lé}l

Meanwhile, the macroscopic alignment of H-PA has also been
successfully carried out using the N*-LC reaction field with a
monodomain structure, which was constructed using gravity
flow"® or a magnetic field*° as an external perturbation. A vertical-
orientation inducer is useful for the construction of vertically
oriented N*-LC reaction fields, allowing an orientation control
without any external force.”’ The macroscopically oriented N*-
LC produces vertically or horizontally aligned H-PA films.

From the viewpoint of evaluating physical, chiroptical, elec-
trical, and electromagnetic properties, macroscopically aligned
materials are favorable. Carbonization of H-PA films is one of the
most promising ways to prepare a stable carbon film embodied
with a peculiar structure if the precursor morphology is pre-
served during the carbonization even at high temperature.”
Very recently, we developed a novel carbonization procedure
using iodine-doped conjugated polymers as precursors, called
“morphology-retaining carbonization”. The iodine dopant reacts
with the hydrogen atoms in the polymer chain, leading to the
formation of hydrogen iodide (HI) gas during the carbonization
heating. Consequently, this method enabled us to prepare carbon
and graphitic films with completely preserved morphologies and
even nanofibril structures.>®

Here we present a comprehensive study of the morphology-
retaining carbonization that produces helical carbon and graphite
films with hierarchically controlled spiral and aligned morphol-
ogies based on H-PA precursors (Figure 1). First we show
(i) left- and right-handed H-PA films with a multidomain spiral
morphology that were synthesized in N*-LCs and (i) macro-
scopically aligned H-PA films with monodomain spiral morphology

that were synthesized in oriented N*-LCs. Next, we show
(iii) left- and right-handed helical carbon films with spiral and
vertically aligned morphologies, where the distances of the fibril
bundle intrinsically depend on the HTPs of the chiral dopants in
the N*-LCs used for the synthesis of H-PAs. Finally, we show
(iv) left- and right-handed helical graphite films with macro-
scopically aligned morphologies. Special emphasis is laid on the
fact that the carbon and graphite films are well controlled in
terms of morphology and helicity despite the intrinsic difficulty in

the fabrication of morphology and helical structures.

2. EXPERIMENTAL SECTION

Synthesis and Preparation of N*-LCs. Scheme 1 depicts the
molecular structures of the chiral dopants, the vertical-orientation
inducer, and the N-LCs. Di- and tetra-substituted axially chiral bi-
naphthyl derivatives were synthesized as described in a previous
report.'®** The former has LC substituents at the 2,2’ positions of the
binaphthyl rings, (R)- or (S)-2,2'-PCHS06-1,1’-binaphthyl [abbreviated
as (R)- or (S)-D1];"° the latter has LC substituents at the 2,2" and 6,6’
positions of the binaphthyl rings, (R)- or (S)-2,2’-6,6'-PCHS06-1,
1'-binaphthyl [abbreviated as (R)- or (S)-D2]** and (R)- or (S)-2,2'-
PCHS012-6,6'-PCH5-1,1'-binaphthyl [abbreviated as (R)- or (8)-D3].'%
The vertical-orientation inducer with an octamethylene chain, 1,8-bis-
[(trans-4-n-pentylcyclohexyl)phenoxy]octane [(PCHS0),8], was
synthesized according to the previous work.”" The N-LCs, p-(trans-4-
n-propylcyclohexyl)ethoxybenzene (PCH302), p-(trans-4-n-propylcyclo-
hexyl)butoxybenzene (PCH304), and p-(trans-4-n-pentylcyclohexyl)-
hexyloxybenzene (PCHSO06), were synthesized using a method similar
to that for (PCHS0),8.

Table 1 summarizes the HTPs of the chiral dopants, the concentra-
tion ratios, and the helical pitches of the N*-LCs. The N*-LC of system 1
was prepared by adding 2 mol % of the chiral dopant, D1, into an
equimolar mixture of the N-LCs, PCH302 and PCH304. The N*-LC of
system 2 was prepared by adding 0.5 mol % of D2 into the N-LC. The
N*-LC of system 4 was prepared by adding 3 mol % of D3 into the N-LC.
The vertically oriented N*-LC of system 3 was prepared by adding 3 mol %
of the vertical-orientation inducer, (PCH50),8, and 0.5 mol % of D2
into the N-LC, PCHS06. The phenylcyclohexyl (PCH) substituent in
the D1—D3 enhances the miscibility between the N-LC mixture and the
binaphthyl derivative used as the chiral dopant. It is important to note
that the liquid crystallinity of D2 and D3 contributes the miscibility.**
The high miscibility of the chiral dopant allows the increase of the
concentration of the chiral dopant for the construction of highly twisted
N*-LC and the widening of the temperature region of the N*-LC phase.
A wide range of temperatures for the N*-LC is favorable for the acetylene
polymerization because the heat produced during the polymerization
reaction raises the temperature inside a Schlenk flask, easily destroying
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Scheme 1. Components of (R)- and (S)-N*-LC Systems: Chiral Dopants, Vertical Orientation Inducer, and Nematic LCs
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the LC phase into an isotropic phase. Therefore, the high miscibility
achieved by the PCH substituent and the liquid crystallinity of the chiral
dopants, in addition to the high HTPs, are important factors in the
preparation of highly twisted N*-LCs.

3. RESULTS AND DISCUSSION

3.1. Characterization of N*-LCs. The helical senses of the
N*LCs were determined using the miscibility test (contact
method).>® This method is based on the observation of the
mixing area between the N*-LC and the standard LC using a
polarizing optical microscope (POM). Cholesteryl oleyl carbonate

is known to be a left-handed N*-LC (cholesteric LC) at room
temperature, and therefore it is useful as a standard for the miscibility
test. If the helical sense of the N*-LC is the same as that of the
standard LC, the mixing area will be continuous. Otherwise, it will be
discontinuous (shown as a Schlieren texture of the N-LC). The
miscibility tests indicate that the N*-LCs induced by (R)-chiral and
(S)-chiral dopants have right- and left-handed screw structures,
respectively.

In the POM image of system 1, which is a mixture of PCH302,
PCH304, and (R)-2,2'-PCHS06-1,1’-binaphthyl [(R)-D1], a
fingerprint texture that is characteristic of the N*-LC phase is
observed (Figure 2a). The distance between the striae corresponds

17979 dx.doi.org/10.1021/ja2082922 |J. Am. Chem. Soc. 2011, 133, 17977-17992



Journal of the American Chemical Society

Table 1. Helical Twisting Powers (HTPs) of Chiral Dopants, Concentration Ratios, and Helical Pitches of N*-LCs

chiral dopants N*-LCs
helical twisting power; liquid mole ratios between helical pitch  orientation
rigidity” B (um™)° crystallinity®  system components of N*-LCs (um)? state
di-substituted DI low R: 46 no 1 PCH302:PCH304:(R)- or (S)-D1 = 100:100:2 R: 22 horizontal
S: 46 S:2.2
tetra-substituted D2 low R: 154 yes 2 PCH302:PCH304:(R)- or (S)-D2 = 100:100:0.5 R: 2.6 horizontal
S: 160 S:2.5
R: 87° 3 PCHS506:(PCH50),8:(R)- or (S)-D2 = 100:3:0.5  R: 2.3 vertical
S: 83 S:2.4
D3 high R:256 yes 4 PCH302:PCH304:(R)- or (S)-D3 = 100:100:3 R:026  Horizontal
S: 247 S:0.27

“ Rigidity in terms of linkages between the 6,6 positions of the binaphthyl rings and the PCH moieties. ® The HTP of the chiral dopant, i.e., the ability to
convert host N-LC into N*-LC, was evaluated in N-LC of the equimolar two mixture of PCH302 and PCH304 using, 3y = (pcr)fl, where p is the helical
pitch in micrometers, ¢ is the molar concentration of the chiral dopant in the N*-LC represented as (mole of chiral dopant)/(mole of PCH302 + mole of
PCH304), and r i the enantiomeric purity of the chiral dopant; here, r s assumed to be 1. ° Liquid crystallinity of chiral dopant itself.  The helical pitches
of N*-LCs [systems 1—3] were precisely evaluated by measuring the distance between Cano lines appearing on the surface of a wedge-type cell under the
POM at polymerization temperature.'**® Meanwhile, when the helical pitch was smaller than 1 um [system 4], it was evaluated with the selective light
reflection method. The helical pitch was evaluated accordin§ to the equation, p = A,,,,/n, Where A, is the center wavelength for the maximally reflected
light, and n is the mean refraction index of N*-LC (n = L.5). 7¢The HTP was evaluated in N-LC of PCH506. The molar concentration cis represented as
(mole of chiral dopant)/(mole of PCHS06).

m““mu

Figure 2. (a) POM image of the mixture of PCH302, PCH304, and (R)-2,2’-PCHS06-1,1"-binaphthyl [system 1; PCH302:PCH304:(R)-D1 =
100:100:2 (mol %)] with a multidomain texture at 10 °C in the cooling process. The inset shows a magnified image of the POM. (b) SEM image of the
H-PA film with a multidomain morphology synthesized in the (R)-N*-LC of system 1. SEM images of (c) left- and (d) right-handed H-PA films with
spiral morphologies synthesized in N*-LC using the (c) (R)- and (d) (S)-D1 of system 1, respectively. The inset shows the DICM image of the left-
handed H-PA film.
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Figure 3. (a) DICM image of a highly twisted H-PA film with a multidomain morphology synthesized in the (R)-N*-LC of system 4. The upper-right
inset shows the POM image of the mixture of PCH302, PCH304, and (S)-2,2'-PCH506-6,6'-PCHS-1,1’-binaphthyl [system 4; PCH302:PCH304:(S)-
D3 =100:100:3 (mol %)] with a multidomain texture at 20 °C in the cooling process. The lower-left inset shows the spherulitic domains of the H-PA
film. (b) SEM image of the H-PA film, which is magnified in the upper-left inset. The lower-left inset shows the SEM image of the single helical fibrils.
The upper-right inset shows the SEM images of the left- and right-handed helical fibrils, respectively.

to the half-helical pitch of the N*-LC. The N*-LC phase was
observed in the temperature range of 17—33 °C and
—16—32 °C during the heating and cooling processes, re-
spectively. In systems 2 and 3, a texture similar to that of
system 1 is observed. The N*-LC phase of system 2 was
observed in the temperature range of 17—34 and —11—33 °C
during the heating and cooling processes, respectively. Note
that system 3 is a vertically oriented N*-LC because it includes
(PCHS0),8 as a vertical-orientation inducer. The vertically
oriented N*-LC phase was observed in the temperature range

of 33—49 °C and 34—49 °C during the heating and cooling
processes, respectively.

By contrast, in the POM image of system 4, which is the
mixture of PCH302, PCH304, and (S)-2,2’-PCH5012-6,6/-
PCHS-1,1’-binaphthyl [(S)-D3], a fan-shaped focal conic texture
is observed, but no striae characteristic of N*-LC phase are seen
(Figure 3a, inset). This lack of observed striae is due to the fact
that the distance between the striae is too short to be detected in
the POM. Note that as the degree of twist in the N*-LC increases,
the helical pitch observed with POM decreases. The N*-LC
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Figure 4. (a) POM image of the vertically oriented N*-LC field at 39 °C in the cooling process, which is the mixture of PCHS06, (PCHS0),8, and (R)-
2,2/-6,6'-PCHS06-1,1"-binaphthyl [system 3; PCHS06:(PCHS0),8:(R)-D2 = 100:3:0.5 (mol %)] including the Ziegler—Natta catalyst. (b) SEM image
of the left-handed H-PA film with vertically aligned morphology synthesized in the (R)-N*-LC of system 3.

phase was observed in the temperature range of 16—37 °C and
—12—37 °C during the heating and cooling processes, respec-
tively. This sufficiently wide temperature region enabled us to
perform the acetylene polymerization in the N*-LC phase.

The helical pitches of systems 1—3 (including D1 and D2)
were evaluated using Cano’s wedge method.'®*% This method is
based on the observation of the distance between the disconti-
nuity lines that appear when the N*-LC is inserted into a cell with
a thickness gradient. The helical pitches of the N*-LCs of system
1—3 are 2.2, 2.5—2.6, and 2.3—2.4 um, respectively (Table 1).

In contrast, the helical pitch of system 4 (including D3) was
evaluated using the selective light-reflection method because the
helical pitch of system 4 is too short to be observed using the
Cano’s wedge method. The center wavelength for the maximally
reflected light (A10x) was 390—405 nm. Thus, the helical pitch of
system 4 was evaluated as 260—270 nm using the equation p =
Amax/n (n = 1.5).%7

The HTPs of DI and D2 are 46 and 154—160 um ',
respectively. It is clear that the HTP of the chiral dopant D2 is
approximately 3 times larger than that of D1. This difference can
be rationalized by the difference in the number of substituents.
Namely, the axially twisting torque of D2 is more effectively
transferred to the parent N-LC because of the interactions
between the four PCH substituents of D2 and the PCH moieties
of LC molecules, whereas D1 bears only two PCH substituents.

In addition, the HTP of D3 is 247—256 um ', which is
1.5—1.7 times larger than that of D2 (154—160 um™ ). The
structural difference between D2 and D3 is that the PCH
moieties are indirectly and directly linked with the 6,6’ positions
of the binaphthyl rings, respectively. That is, the absence of the
hexamethylene spacer [-O(CH,)s-] in D3 leads to a rigidity in
the linkage between the PCH moieties and the binaphthyl rings,
resulting in a larger HTP than in the case of D2.

3.2. Morphologies of H-PA Films. Concentrically curled and
vertically or macroscopically aligned H-PA films were synthe-
sized through interfacial acetylene polymerizations in asym-
metric reaction fields consisting of the N*-LC systems and the
Ziegler—Natta catalyst tetra-n-butoxytitanium, Ti(O-n-Bu),,
and triethylaluminum, AlEt;. The full experimental details of

the polymerization methods are in the Supporting Information.
Figure 2b—d show scanning electron microscope (SEM) and
differential-interference contrast microscope (DICM) images of
the concentrically curled H-PA films synthesized using the N*-
LC of system 1 with a helical pitch of 2.2 um. The SEM images
show the formation of a large domain of spiral morphology that is
composed of a helical structure of a bundle of fibrils with a one-
handed screw direction. The hierarchical helical morphology of
the H-PA replicates that of the N*-LC during an interfacial
acetylene polymerization (insets of Figure 2a and c). The H-PA is
lying on the surface, i.e., the helical axis of the PA fibril bundle is
parallel to the film surface. The distance between the fibril
bundles is almost half of the helical pitch in the N*-LC, and
the screw directions of the spiral and the fibril run opposite to the
helical senses of the N*-LCs.'% ¢

In contrast, Figure 3a shows the spherulitic multidomain
morphology of the highly twisted H-PA film synthesized using
the ultimately screwed (R)-N*-LC of system 4 (Figure 3a, inset)
with a helical pitch as narrow as 260 nm. The DICM and SEM
images of the H-PA films show that many spiral domains exist in
the film and that the single fibrils screwed in the left- or right-
hand directions form the spiral domains (Figure 3).

Figure 4b shows an SEM image of the vertically aligned H-PA
film synthesized using the (R)-N*-LC of system 3 (Figure 4a).
The fibril bundles of the H-PA are vertically aligned and highly
twisted in the left-hand direction. The helical axis of the fibril
bundle is perpendicular to the film surface.”'* This finding is in
contrast to the case of the concentrically curled H-PAs synthe-
sized in the N*-LCs of systems 1, 2, and 4, where the helical axis is
parallel to the film surface (Figure 1).

Horizontally aligned H-PA films were synthesized via acety-
lene polymerization in the N*-LC reaction field composed of
system 1 or 2 with a monodomain structure. The monodomain
of the LC phase was prepared by gravity flow as an external
perturbation to the N*-LC. The POM results indicate that the
N*-LC aligns from a multidomain to a monodomain structure
under an applied gravity flow, giving rise to an anisotropic field
(Figure Sa, inset). The N*-LC exhibits an aligned optical texture
in which the direction of the striae is parallel to that of the gravity
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Figure S. (a) DICM image of the horizontally aligned H-PA film synthesized in the (S)-N*-LC of system 1. The inset shows the POM image of the free
surface of horizontally oriented (§)-N*-LC under gravity flow at 10 °C in the cooling process. The arrow indicates the direction of the gravity flow.
(b) Schematic representation of the horizontally oriented N*-LC. SEM images of the left- (c) and (d) right-handed H-PA films with horizontally aligned
morphologies synthesized in N*-LC using (c) (R)- and (d) (S)-D2 [system 2], respectively.

of flow. Thus, the helical axis of the N*-LC aligns perpendicularly
to the direction of the gravity of flow, while the helical pitch of
N*-LC remains unchanged after applying the gravity flow
(Figure Sb). Note that the half-helical pitch of the aligned N*-
LC (1.1 #m) was same as the half-helical pitch of the spiraled
N*LC (1.1 um) (insets of Figures Sla and Slc in Supporting
Information). Namely, the chirality of the N*-LC remains preserved
even after the application of the gravity flow. It is therefore
expected that the interfacial acetylene polymerization in the
asymmetric reaction field constructed with the aligned N*-LC
field gives a uniaxially aligned H-PA film, as seen in Figure S1d in
Supporting Information.

Figure S2a in Supporting Information shows a photograph of
the aligned H-PA film synthesized in an N*-LC using the gravity-
flow technique. The aligned H-PA film exhibits a dull metallic
luster. It shows a linearly polarized dichroism when the polarizer
is arranged parallel (bright) or perpendicular (dark) to the
aligned direction of the H-PA film (Figure S2b in Supporting
Information). The DICM and SEM images of the H-PA films
synthesized in the N*-LCs of systems 1 and 2 using the gravity-
flow technique are shown in Figure 5. These images show that
the helically screwed fibril bundles are well aligned parallel to the

direction of gravity flow. Thus, the helical axis of the PA fibril
bundle is perpendicular to that of the N*-LC.'*“"® The ortho-
gonal relationship in the helical axis between the fibril bundle and
N*-LC holds, which is irrespective of the orientation state of
N*-LC. The distance between the fibril bundles (1.0—1.1 m) is
almost the same as the half-helical pitch of the aligned N*-LC
(1.1 um) (Table 1 and Figure S3 in Supporting Information). It
is worth noting that the aligned H-PA film synthesized in the (R)-
N*-LC of system 1 showed anisotropy in electrical conductivity,
where the conductivity parallel (dy) to the helical axis of the fibril
bundle is higher than that perpendicular (0 ) to it. The electrical
conductivities were measured using the four-probe method.
Maximum values of parallel and perpendicular conductivities
were 6.4 x 10° and 2.8 x 10° S/cm, respectively. Figure $4 in
Supporting Information shows changes of parallel (0j) and
perpendicular (o) conductivities during vapor phase iodine
doping, giving an anisotropic ratio (defined as 0 /0, ) of 2.3.
Figure S5 in Supporting Information shows a schematic
representation of the synthesis of an aligned H-PA film using a
gravity-flow technique. The N*LC containing the catalyst
macroscopically aligns from a multidomain to a monodomain
structure under an applied gravity flow in a few minutes of
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Figure 6. (a) Photograph of the carbon particles. The carbon particles were prepared from the pristine PA film at 800 °C. Elemental analysis exhibited
that the film has hydrogen content of 1.4 wt %. (b) SEM image of the helical carbon film with multidomain spiral morphology prepared from an iodine-
doped H-PA film at 800 °C using the (R)-N*-LC of system 1. The inset shows the flexible freestanding carbon film. SEM images of (c) left- and (d) right-
handed helical carbon films with spiral morphologies prepared at 800 °C for H-PAs that are synthesized in N*-LC using (c) (R)- and (d) (S)-D1 [system 1],
respectively.

Figure 7. SEM images of the helical carbon films with spiral morphologies prepared at 800 °C using N*-LCs including (a) (S)-D1 [system 1],
(b) (S)-D2 [system 2], and (c) (R)-D3 [system 4]. The insets show the DICM images of the helical carbon films.

orientation time, giving rise to an anisotropic reaction field. The field constructed with the aligned N*-LC field gives a uniaxially
interfacial acetylene polymerization in the anisotropic reaction aligned H-PA film. The H-PA film thus obtained is completely

17984 dx.doi.org/10.1021/ja2082922 |J. Am. Chem. Soc. 2011, 133, 1797717992
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Figure 8. (a) DICM image of a highly twisted helical carbon film with a multidomain morphology prepared by the morphology-retaining carbonization
of an iodine-doped H-PA film at 800 °C using (R)-N*-LC [system 4]. The insets show the flexible freestanding carbon film (upper right) and its
spherulitic domains (lower left). (b) Top-view SEM image of the carbon film. The inset shows a diameter distribution histogram of the multidomain.
(c) Isometric-view SEM image of the carbon film. The inset shows the SEM image of the left-handed helical carbon fibril.

washed with organic solvents for the removal of the catalyst
solution consisting of the LC mixture. The aligned H-PA film has
aligned helical bundles of fibrils parallel to the direction of the
gravity flow that are free from spiraled morphology.

3.3. lodine Doping, Carbonization, and Graphitization.
Iodine doping was performed by exposing the H-PA film to
iodine gas at room temperature for 24 h in a glass vessel. The
amount of doped iodine was determined by weighing the doped
H-PA films. The atomic ratio of doped iodine to carbon in the
H-PA film (I/C) was 0.26—0.30. These results indicate that a
fully doped H-PA film was used for the carbonization. The doped
H-PA film was placed between graphite plates (80 x 80 X 2 mm)
and was inserted into an electric furnace (KDF75, Denken). The
doped H-PA film was then carbonized at 800 °C using the
electric furnace for 1 h under flowing argon gas. The prepared

carbon film was furthermore heated at 2600 °C for 30 min with a
graphitizing apparatus (Sanriko denki) under flowing argon gas.
The hydrogen contents of the carbon films after carbonization
and graphitization were less than 1.0 and 0.5 wt %, respectively.
The bulk densities of the helical carbon films prepared using the
(S)-N*-LC of system 1 after carbonization and graphitization
were 0.59 and 0.39 g/cm’, respectively.

3.4. Morphologies of Helical Carbon Films. As shown in
inset of Figure 6b, the freestanding carbon film was prepared
from the iodine-doped H-PA film by the carbonization at 800 °C
(Figures S6 and S7 in Supporting Information). The carboniza-
tion was confirmed by the elemental analysis of the film.
Interestingly, the hierarchical helical morphology of the H-PA
film remains unchanged after the carbonization. Figures 6b—d
and 7a show the SEM images of helical carbon films prepared
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Figure 9. (a) Typical XRD profile of the PA film. The inset shows the XRD pattern of the PA film. The XRD profile for the film (b) carbonized at 800 °C
(black) and (c) heat-treated at 2600 °C after the carbonization (red). The insets show the XRD patterns of (b) carbon and (c) graphite films prepared by
the morphology-retaining carbonization. (d) Typical Raman-scattering spectrum of the PA film and its magnified spectrum. (e) Raman-scattering
spectra of the carbon (black) and graphite (red) films and (f) their magnified spectra.
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using the N*-LC of system 1 (see Table 1). A spiral morphology
consisting of helical bundles of fibrils is observed in a domain.
The yield of the carbon film after the carbonization at 800 °C is as
high as 71—90% of the weight of the H-PA film before iodine
doping. It is worth noting that the carbon film prepared from
undoped H-PA preserves neither its fibrous structure nor its
spiral morphology after the carbonization at 800 °C. A black char

17986

less than 30% in weight remained at temperature above 800 °C
in the form of particles (Figure 6a). This char is due to the
thermal decomposition usually encountered in the carbo-
nization of organic films. The helical carbon films prepared
using the H-PAs, synthesized in N*-LCs including the chiral
dopants of (R)- and (S)-configurations, exhibit screwed bun-
dle of fibrils with left- and right-hand directions, respectively
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Figure 11. SEM image of the helical graphite films with spiral morphology prepared by carbonization and then heat treatment at 2600 °C for H-PAs that
were synthesized in N*-LCs, including (a) (R)-D1 [system 1], (b) (S)-D1 [system 1], and (c) (R)-D3 [system 4]. The inset shows the DICM image of
the helical graphite film. (d) Photograph of the freestanding graphite film with structural color. (e) TEM image of the dispersed helical graphitic fibrils
prepared through the graphitization of H-PA film synthesized in the (R)-N*-LC of system 4 and (f) the corresponding high-resolution TEM image of the
helical graphite fibrils. The inset shows a photograph of the well-dispersed helical graphitic fibrils in ethanol. (g) SAED pattern showing two pairs of the
(002) reflection of the helical graphitic fibril. The four dotted circles drawn in the image indicate the positions of the two pairs’ reflections. An arrow
indicates the direction of the fiber axis. (h) Schematic representation of the helical graphitic fibril.

(Figure 6¢c and d). Therefore it can be argued that the screw Figure 7b shows the SEM image of the helical carbon film with
directions of the carbon fibrils can be controlled by choosing spiral morphology prepared using (S)-N*-LC of system 2 (see
chirality of the chiral dopant.'®** Table 1). It is clear that the bundles of the helical carbon fibrils are
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Figure 12. (a) SEM image of the left-handed helical carbon film with vertically aligned morphology prepared using H-PA synthesized in the (R)-N*-LC
of system 3. (b) Schematic representation of the vertically aligned helical carbon. (c) Photograph of a drop of water on the surface of the vertically aligned

helical carbon film that has water-repellent property.

highly twisted in the right-hand direction. The addition of a small
amount of D2 (0.5 mol %) into a N-LC enabled us to prepare a
highly twisted helical carbon film; the molar concentration of D2 in
system 2 is less than one-quarter that of D1 in system 1. This
situation is attributed to the HTP (fy) of D2 being 154—
160 um ™", which is much larger than that of D1 (B = 46 um ™ ")
in system 1, resulting in a highly twisted N*-LC despite the lower
concentration of D2 in system 2. The hierarchical helical structure
was also observed in the resultant carbon film.

3.5. Helical Carbon Films with Bundle-Free Fibrils. Figures 7c
and 8 show micrographs of the helical carbon film prepared using
(R)-N*-LC of system 4 (see Table 1). System 4 is a highly twisted
N*-LC with a helical pitch of 260—270 nm due to the influence of
a ultimately twisted chiral dopant, such as tetra-substituted
binaphthyl derivative, D3, whose HTP (247—256 um ") is larger
than that (154—160 um ') of D2. Figure 7c shows that the
helical carbon film has left-handed fibrils but no fibril bundles,
which is in stark contrast to the morphology of the other helical
carbon films prepared using systems 1 and 2. This morphology
difference can be explained as follows. In the moderately twisted
N*-LCs (systems 1 and 2) whose helical pitches are larger than
1 um (2.2—2.6 um), the fibrils of the H-PA film are gathered
to form bundles. However, in the ultimately twisted N*-LC
(system 4) whose helical pitch is much smaller than 1 um
(260—270 nm), the H-PA film has highly screwed fibrils but
cannot form bundles of the fibrils because of the very narrow
helical pitches of the N*-LC.

Figure 8b and c show the top- and isometric-view SEM images
of the helical carbon film, respectively. The diameters of the spiral
domains are less than 70 um. Owing to the hierarchical mor-
phology, the highly twisted helical carbon film has a spherulitic
multidomain morphology, as shown in the lower-left inset of
Figure 8a. The bundle-free morphology might be useful in
evaluating the inherent electromagnetic properties of the single-
screwed fibril.'*" From the experimental results mentioned
above, it is confirmed that the spiral morphology of the helical
carbon film crucially depends on the chirality and HTP of the
chiral dopant (Figure 7).

3.6. XRD Intensity Curves and Raman Scattering Spectra.
Figure 9a depicts the X-ray diffraction (XRD) pattern of the PA
film and the magnified pattern. The pattern shows sharp (110)
and (200) reflections at 3.8 A (23.6° in 20), a (210) reflection at
3.0A (30.9°in 26), and a (002) reflection at 2.2 A (41.8° in 26).
This indicates that the PA thin film has a highly crystalline region
inside the fibril.***” The Raman spectrum of the PA film is shown
in Figure 9d. The spectrum for the PA thin film has two large
peaks at about 1500 and 1100 cm ™', which are assigned to the
C=C stretching vibration and the mixed vibration of C—C stretch-
ing and C—H in-plane bending of trans-PA, respectively.*’

The XRD of the carbon film prepared from the iodine-doped
PA film at 800 °C has no crystalline reflection (Figure 9b).
However, the Raman spectrum of the carbon film shows a broad
peak at 1350 cm ™" that is attributed to the disordered structure
(D-band) and a stronger peak at 1580 cm ™' corresponding to
the structure of the sp” hexagonal carbon network (G-band)
(Figure 9e and f).!

It is clear that the iodine doping prevents the H-PA film from
thermally decomposing at high temperature. According to the
structural model of the iodine-doped H-PA film,*" polyiodide
ionssuch as I3~ and I~ are situated between the H-PA chains to
form charge-transfer complexes (Figure 10a). Iodine tends to
react with hydrogen at high temperatures.”” Because an out-
gassing of hydrogen iodide has been detected by gas chromato-
graphy—mass spectrometry (GC—MS) during the heating of the
doped H-PA film, it can be assumed that the hydrogen atoms
contained in the doped H-PA are removed to some extent as
hydrogen iodide from the H-PA chain (Figure 10b) and that the
H-PA chains partially cross-link between the adjacent chains
(Figure 10c). Thus, most of the hydrogens are removed from the
H-PA main chain with further heating. Consequently, the net-
works of sp” hexagonal carbon bonds are formed during carbo-
nization (Figure 10d). The thermal behaviors of the undoped
and doped PA films during carbonization were also examined
using thermogravimetry and differential thermal analysis
(TG-DTA). Experimental details are described in the Supporting
Information (Figure S8). These results imply that the helical
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Figure 13. (a) SEM image of the horizontally aligned helical carbon film prepared using H-PA synthesized in the (S)-N*-LC of system 2. The inset
shows the DICM image of the helical carbon film. (b) Schematic representation of the horizontally aligned helical carbon. SEM images of the (c) left- and
(d) right-handed helical carbon films with horizontally aligned morphologies prepared by the carbonization at 800 °C for H-PAs that were synthesized in

N*-LC using (c) (R)- and (d) (S)-D2 [system 2], respectively.

carbon film prepared from the doped H-PA film at 800 °C exists
in an almost amorphous state.

The carbon film prepared at 800 °C was further graphitized by
heat treatment at 2600 °C. The two Raman bands at 1350 and
1580 cm ™! become sharp, and at the same time the former and
the latter decrease and increase in intensity, respectively
(Figure 9e and f). The sharp XRD peak corresponding to the
(002) plane of a graphitic crystal® indicates that the graphitic
crystallization further proceeds in the carbon film through the
heat treatment at 2600 °C (Figure 9c). The sharp peak of the
graphite film, 26.0° in 26, was evaluated to be 3.4 A. It should be
emphasized that the graphite film prepared by the heat treatment
at 2600 °C (Figure 1la—d and Figure S9 in Supporting
Information) has almost the same helical structure as that of
the original H-PA film and that of the helical carbon film
prepared at 800 °C (Figures 2—8). Note that although the
natural color of the H-PA, helical carbon, and helical graphite
films are dark gray or black, the films exhibited structural color
upon irradiation with white light. This is due to their hierarchical

structure composed of the fibril bundles (Figure 11d and Figure S10
in Supporting Information).

3.7. TEM Images of Helical Graphitic Fibrils. Transmission
electron microscopy (TEM) measurements indicate that ultra-
sonication of the helical graphite film gives rise to a single helical
graphite fibril. Ultrasonication was applied to a small piece of the
helical graphite film immersed in ethanol (EtOH) for several
hours to separate the fibril bundle of the film (Figure 11e, inset).
The TEM image of the dispersed helical graphitic fibrils is given
in Figure 1le, and the high-resolution TEM image is given in
Figure 11f. The interplanar distance of 3.4 A corresponds to the
distance between the hexagonal carbon layers. Figure 11g shows
a typical selected-area electron-diffraction (SAED) pattern of the
single helical graphitic fibril. SAED pattern of the single helical
graphite fibril shows two pairs of the (002) reflection of the
graphitic crystals” with an intersection angle in the range of
45—60° along the fibril axis. Figure 11h shows a schematic
representation of a single helical graphitic fibril, which can be
deduced from the SEM and TEM images and SAED profiles.”®
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Figure 15. (a) SEM image of helical graphite nitrate film doped with fuming HNO; [Css"(NO;)]. The helical graphite film was prepared by
carbonization and then heat treatment at 2600 °C for H-PA that was synthesized in N*-LC using (R)-D1 [system 1]. The inset shows the graphite film
immersed in fuming HNOj. (b) IR spectra of the graphite and the graphite nitrate films. The absorption peak of 1385 cm ™" is attributed to N—O

vibration of the NO; ™ ion.”*

3.8. Vertical and Horizontal Alignments. Figure 12a shows
the SEM image of the vertically aligned helical carbon film
prepared using the iodine-doped H-PA films synthesized in the
(R)-N*-LC of system 3 (see Table 1). The fibril bundle of the
helical carbon are vertically aligned and highly twisted in the left-
hand direction (Figure 12b). Interestingly, the vertically aligned
carbon film plays the role of a hydrophobic substrate. Because the
carbon film has both a fibril structure and a vertically aligned
morphology, it is anticipated to show water-repellent property.
The optical image of the carbon film with a drop of water
(Figure 12c) reveals a contact angle of around 136°, depending
on the sample. It is notable that the surface is hydrophobic without
any further surface treatment for lowering the surface energy.

The horizontally aligned H-PA films were synthesized in the
N*-LC composed of system 2 with a monodomain structure
using the gravity-flow method."” The gravity flow enabled us to
achieve a highly ordered macroscopic orientation of the N*-LC in
a few minutes of orientation time (Figure Sa, inset). The H-PA
films exhibit highly aligned helical bundles of fibrils, as shown in
Figure Sc and d. The horizontally aligned helical carbon films
were prepared through the carbonization of the aligned H-PA
films at 800 °C after iodine doping. Figure 13 shows the SEM and
DICM images of the horizontally aligned helical carbon films
prepared from iodine-doped horizontally aligned H-PA films.

Furthermore, the horizontally aligned helical graphite films
were then prepared through the subsequent heating of the carbon
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films at 2600 °C. Figure 14 shows the SEM images of the screw-
direction-controlled helical graphitic fibrils with a horizontally
aligned morphology. The helical graphite films prepared using
the horizontally aligned H-PA films, synthesized in the macro-
scopically oriented N*-LCs of system 2 including the chiral
dopants of (R)- and (S)-D2, exhibit screwed fibril bundles with
left- and right-hand directions, respectively. It is clear that the
screwed fibril bundles are aligned parallel to the direction of the
gravity flow (Figure S11 in Supporting Information). This
finding is in stark contrast to the spiral helical graphite films
prepared from the concentrically curled H-PA films that were
synthesized in N*-LCs composed of system 2 with a multidomain
structure. The aligned helical graphite film has not only helically
screwed but also horizontally aligned fibril bundles. It is antici-
pated that the macroscopically aligned helical graphite film might
be available for carbon materials with induced solenoid magnetism.

3.9. Electrical Conductivities of Helical Carbon and Gra-
phite Films. Lastly, it is worthwhile to remark that although the
original undoped H-PA film has an electrical conductivity of less
than 10> S/cm at room temperature,® the helical carbon and
graphite films have conductivities on the order of 10 and 10* S/cm,
respectively, without doping. The conductivity of the graphite
film was increased by several times through the doping with
fuming nitric acid (HNO;). HNO; doping was performed by
immersing the helical graphite film in fuming HNOj5 in a Schlenk
flask at room temperature for over 24 h (inset of Figure 15a). The
amount of dopant was determined by weighing the doped helical
graphite films. The atomic ratio of carbon to doped NO; ™ in the
helical graphite film (C/NO3) was about 68. The doped graphite
film retains its helical morphology throughout the doping
(Figure 15a). Figure 1Sb shows typical IR absorption spectra
of the graphite and the graphite nitrate films. The absorption
peak of 1385 cm ™' provides an evidence for that a NO; ™ ion is
formed as a dopant species in the graphite film.>* Furthermore,
the carbon and graphite films prepared from the horizontally
aligned H-PA film exhibit an enhancement in the electrical
conductivity and an evolution of electrical anisotropy, where
the conductivity parallel (o)) to the helical axis of the fibril
bundle is higher than that (0, ) perpendicular to the axis. The
electrical anisotropy, defined as the parallel-to-perpendicular value
of conductivity (01/0,), is 1.5—2.0, depending on the sample.
This value is nearly equal to the values of the original H-PA films
(Figure S4 in Supporting Information). The unexpectedly small
anisotropy is attributed to closely neighboring fibrils due to the
helical structure, which increases the perpendicular conductivity
through interfibril hoppings of charged carriers and diagonal
transportation passes.

4. CONCLUSIONS

The carbonization of H-PA films via iodine doping was found
to produce hierarchically controlled helical carbon films, where
the concentrically curled or macroscopically aligned morpholo-
gies and even helical fibril structures were completely preserved.
The carbon film prepared by carbonization at 800 °C can be
graphitized by subsequent heating at 2600 °C while retaining the
morphology, when the iodine-doped H-PA is employed as a
precursor of the carbonization and graphitization. Furthermore,
the screw direction, twist degree, and macroscopic alignment of
the helical graphite film are rigorously controlled by changing the
helical sense, helical pitch, and orientation of N*-LC used as
asymmetric reaction field for the synthesis of the H-PA films.

The PA films are generally unstable under atmospheric con-
ditions, irrespective of being pristine or doped films because PA
conjugated bonds tend to react easily with oxygen due to its low
ionization potential. This is the reason why the PA films are less
feasible for practical use. However, the hierarchically controlled
helical graphite films prepared using the present method are
quite stable under atmospheric conditions. It is therefore ex-
pected that the graphite films will exhibit intrinsic functions and
performances characteristic of the helical structure, and their
morphologies bearing bundle-free fibrils or macroscopically
aligned helical fibrils might be useful for exploring the properties
of helical graphite fibrils that are still not cultivated before.
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