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While the functions of carbon materials with precisely controlled nanostructures have been reported in many studies, their

chiral discriminating abilities have not been reported yet. Herein, chiral discrimination is achieved using helical carbon

materials devoid of chiral attachments. A Fe;0, nanoparticle template with ethyl cellulose (carbon source) is self-assembled

on dispersed multiwalled carbon nanotubes (MWCNTs) fixed in a lamellar structure, with helical nanoparticle alignment

induced by the addition of a binaphthyl derivative. Carbonization followed by template removal produces helically aligned

fused carbon hollow nanospheres (CHNSs) with no chiral molecules left. Helicity is confirmed using vacuum-ultraviolet

circular dichroism spectroscopy. Chiral discrimination, as revealed by the electrochemical reactions of binaphthol and a

chiral ferrocene derivative in aqueous and nonaqueous electrolytes, respectively, is attributable to the chiral space formed

between the CHNS and MWCNT surfaces.

Introduction

Carbon materials are typically synthesized from inexpensive
organic compounds using high-temperature heat treatment in
inert atmospheres. The resulting polyaromatic ring generation,
fusion, and m-conjugation development impart high chemical
stability and electron conductivity, which are advantageous for
electrode materials. However, nanostructure tuning is difficult
because C-C bond formation occurs randomly during heat
treatment.

Various techniques have been developed to precisely control
the nanostructure of carbon materials, such as the thermally
induced phase separation of carbon precursor solutions
followed by carbonization.! Recently, selective C—C bond
formation in organic crystals with rigid porphyrin rings and
reactive alkynyl substituents was used to synthesize 3D-ordered
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carbonaceous frameworks.?2 The most effective technique is the
template method, wherein composites are formed between the
raw materials and templates that guide the morphology of the
carbonaceous phase during heat treatment.> Carbon
nanomaterials with 1D-, 2D-, and 3D-ordered structures,
including tubular,? fibrous,> graphene-like,® inverse opal,” and
gyroid-like structures,® have been synthesized and successfully
applied as electrodes in many devices.*1°

New helical morphologies have been realized for carbon
materials in the past 15 years. Chiral compounds, including
nematic liquid crystals, amphiphiles, and gelators, have been
used as templates to generate helical carbon materials derived
from polyacetylene, polypyrrole, and polymeric
silsesquioxanes, respectively.!’"13 Recently, we synthesized
cylindrical carbon with honeycomb-like helically aligned pores
by self-assembling 40 nm polystyrene nanoparticles (NPs) as a
pore formation template with fructose as a carbon source as
well as a chiral inducer.’* These helical carbon materials
exhibited optical activity, as observed by circular dichroism (CD)
measurements, but no chirality-based functions were found. No
studies have reported interactions between chiral molecules
and helical carbon materials, which may be due to size
mismatch; for example, alanine’® and 1,1'-bi-2-naphthol
(BINOL)® have sub- to one-nanometer sizes, and helical carbon
has a diameter of at least ~100 nm.

Chiral discrimination remains challenging because enantiomers
have identical chemical and physical properties. Conventionally,
materials with chiral discrimination ability are synthesized by
attaching chiral molecules or polymers as hosts that interact
with chiral guest molecules.'’-22 The modification of carbon
electrode surfaces with chiral compounds has also been
reported.?> However, these materials potentially suffer from
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host-compound detachment and decomposition under harsh
conditions. In contrast, it has recently been reported that chiral
imprinting is a useful technique for forming inorganic matrices
with nanopores or morphologies that reflect the spatial
arrangement of an enantiomer, which facilitates preferential
interactions with the same enantiomer.24-%7

In this study, inspired by the fabrication of molecule-sensitive
nanostructures, we developed a new helical carbon material
without attached chiral compounds with an appropriate scale
discrimination and

for chiral investigated the formation

mechanism, optical characteristics, and electrochemical
functions thereof. Helically aligned fused carbon hollow
nanospheres (CHNSs) were formed on multiwalled carbon
nanotubes (MWCNTSs) in the presence of a binaphthyl derivative
(Fig. 1). The space between the CHNS and MWCNT surfaces was
enantiomeric, i.e., not superimposable on the mirror-image
counterpart because the right-handed (RH) and left-handed
(LH) helices of the aligned CHNSs possessed different short and
long pitches (Fig. S1). As an electrode material, the intrinsic
defects in the CHNS shell and the hollow space enabled mass
transfer to the chiral space from the bulk electrolyte. Notably,
BINOL with opposite axial chirality to the binaphthyl derivate
used to induce chirality yielded higher electrochemical
than BINOL with

arrangement, indicating that this helical carbon material has a

oxidation currents identical spatial

novel chiral discrimination mechanism.

Results and discussion

Self-Assembly of Fe;0, NPs on MWCNTSs with a Carbon Source and
Chiral Inducer

The synthesis of helically aligned fused CHNSs on MWCNTs is
shown schematically in Fig. 1. A carbon shell was formed around
the template (FesO4 NPs, 5 nm in diameter), and a molecular-
level chiral space was created between the carbon shell surface
and the MWCNTSs (Fig. S1). The advantages of using Fe;04 NPs
include the availability of homogeneous nano-sized particles,
their shape retention ability at temperatures above those
required for carbonization, and their easy removability with
common acids.

2| J. Name., 2012, 00, 1-3

Two helical structures with opposite chiralities were fabricated
(S)- (R)-binaphthyl (2,2'-
bis{methoxymethoxy)-1,1"-binaphthyl) as inducers.

using and derivatives
chiral
Highly ordered 3D mesoporous carbon materials have been
previously synthesized through slow solvent evaporation using
self-assembled Fe;04 NPs coated with oleic acid as a carbon
source.?® Helical superstructures of cubic Fe;04 NPs have also
been reported.?® However, these methods produced closely
packed FesO4 NP assemblies with no hollow spaces. Thus, we
added another carbon source to form a carbon shell around the
FesO4 NPs and generate a chiral space. Ethylcellulose (EC) was

chosen as the carbon source owing to its low cost and good
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Fig. 1. Synthesis of helically aligned fused CHNSs on MWCNTs. An aqueous MWCNT
dispersion with sodium alginate and poly(ethylene oxide}/poly(propylene oxide} triblock
copolymer as a carbon binder precursor and pore-forming agent, respectively, is freeze-
dried and heat-treated at 800 °C to form a lamellar porous MWCNT substrate. A mixture
of dispersed Fe;0, NPs, ethylcellulose (EC}, and 2,2-bis(methoxymethoxy}-1,1'-
binaphthyl self-assembles on MWCNTs fixed in the lamellar porous matrix. Subsequent
heat treatment at 550 °C forms helically aligned fused carbon-coated Fe;0,. Acid
treatment then removes Fe;0, to obtain CHNSs. The arrows show left-handed (LH} and
right-handed (RH} helices. Long-pitch RH and short-pitch LH helices are generated from
the mixture with the R-binaphthyl derivative (right}. Long-pitch LH and short-pitch RH
helices are generated from the mixture with the S-binaphthyl derivative (left}.

This journal is © The Royal Society of Chemistry 20xx
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mapping images obtained by field emission scanning electron

Fig. 2. FESEM image of MWCNT substrate (a), FESEM-EDX elemental mapping images of C-EC-NP-S (b), FESEM images of C-EC-NP-S (c), and C-EC-NP-R (d). The inset in (a) shows a

magnified view of the sheet surface in the lamellar structure (scale bar, 100 nm).

NP assembly.

Generating an ordered structure from multiple nanomaterials is
complicated and influenced by subtle condition changes.3° This
complexity is a potential problem in forming helically aligned
CHNSs on MWCNTs. Indeed, a preliminary experiment showed
that the simple mixing of dispersed MWCNTs and the FesO4 NP
dispersion with EC followed by solvent evaporation resulted in
an inhomogeneous composite (Fig. S2). We overcame this
difficulty by simplifying the assembly process. Instead of
multicomponent conditions, wherein all of the multiple
nanomaterials are dispersed within a single liquid phase, the
MWCNTs in a dispersed state were fixed in a highly porous
substrate, onto which the Fe;0, NPs with EC and the chiral
inducer could be effectively self-assembled. The ice-template
method was employed to form a lamellar structure with
sufficient macroporosity3! (Fig. 2a) to supply the Fe;04 NPs to
the MWCNT surface. An aqueous MWCNT dispersion was
prepared with sodium alginate as a carbon binder precursor to
fix MWCNT and poly(ethylene oxide)/poly(propylene oxide)
triblock copolymer (Pluronic F127) as a pore-forming agent to
form pores in the lamellar sheet. The dispersion was freeze-
dried and heat-treated at 800 °C to form a lamellar porous
MWCNT substrate.

The synthesis of helically aligned fused CHNSs on MWCNTSs
comprised three steps: (1) immersion of the MWCNT substrate
in a mixture of dispersed Fe;04 NPs, EC, and the chiral inducer,
followed by solvent evaporation to induce self-assembly and
form the precursor; (2) heat treatment at 550 °C in an Ar
atmosphere for carbonization; and (3) acid treatment to
remove the Fe;04 template. The precursors obtained using the
(R)-binaphthyl derivative, (S)-binaphthyl derivative, and no
chiral inducer are labeled EC-NP-R, EC-NP-S, and EC-NP,
respectively. The corresponding carbonized and acid-treated
samples are labeled with C- and -a, respectively (for example, C-
EC-NP-R and C-EC-NP-R-a). Fig. 2b shows the elemental

This journal is © The Royal Society of Chemistry 20xx

microscopy (FESEM)—energy-dispersive X-ray spectroscopy
(EDX). The observation of uniform distributions of Fe and O
along the MWCNTSs indicated successful Fe;s0,4 loading.

Helical Alignment of Fused CHNSs

FESEM images of C-EC-NP-R and C-EC-NP-S (Fig. 2c and d; for
magnified views, see Fig. S3) illustrate helically aligned white
dots attributed to FesO4 NPs on the MWCNT surface. Two forms
with opposite helicities were achieved using the stereoisomers
of the chiral inducer, although some disorder was detected,
which was attributed to MWCNT bending. The transmission
electron microscopy (TEM) image of C-EC-NP (Fig. 3a), which
was prepared without a chiral inducer, shows Fe;04 NPs densely
loaded on MWCNTs without noticeable helicity, whereas the
TEM images of C-EC-NP-R and C-EC-NP-S show helical
alignments (Fig. 3b and c). The removal of Fe;0, by acid
treatment left CHNSs on the MWCNTs (Fig. 3d, e, and f). The
helical alighment of the CHNSs was also observed in C-EC-NP-S-
a and C-EC-NP-R-a.

Studies on helical carbon materials have shown that positive
and negative peaks in the CD spectra correspond to LH and RH
helical structures, with the peak position modulated by the
helical pitch.'>14 The disorder was observed in the helical
alignment in the FESEM and TEM images. Therefore, we
recorded the CD spectra of the carbon samples obtained in this
study to confirm the helicity. The CD spectra were recorded in
the vacuum-ultraviolet (VUV) region because these helical
carbon materials have smaller pores and cylindrical diameters,
and consequently, pitches than those of
previously reported materials exhibiting CD peaks in the visible-
light region.1*

Fig. 4a and b show the VUVCD and absorption spectra,
respectively, of substrate-a, C-EC-NP-a, C-EC-NP-R-a, and C-EC-
NP-S-a. The absorbance of each sample increased at
wavelengths lower than 180 nm, which was attributed to the o—

shorter helical

J. Name., 2013, 00, 1-3 | 3
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c* transition.32 The small peak observed at approximately 195
nm for substrate-a might be due to the m-plasmon absorbance
of the MWCNTSs.3334 No appreciable CD signals were observed
in the spectra of substrate-a and C-EC-NP-a, indicating the
absence of helicity or that the RH/LH helicity ratio of each pitch
was near unity. In contrast, positive and negative signals
exceeding a noise level of +0.7 mdeg were observed for C-EC-
NP-S-a and C-EC-NP-R-a, respectively. Although the intensities
were moderate, these sighals demonstrated the chirality of the
fused CHNSs on MWCNTSs synthesized with the chiral inducer.
The correlation between the sign of the CD signal and the
helicities of C-EC-NP-S-a and C-EC-NP-R-a was in agreement
with those reported previously.?13 Despite the low intensity at

(f)).

Journal Name

were similar to those typically observed for amorphous carbon
(Fig. 4d),3738 with some influence of the MWCNT substrate
owing to the thinness of the CHNS carbon shell. Carbonized EC
and EC-NP-R, which were formed without using the MWCNT
substrate, showed typical Raman spectra of amorphous carbon
(Fig. S6) without the influence of the MWCNT substrate, thus
supporting the XPS results. The N, adsorption isotherms of the
CHNS-attached MWCNTs and the MWCNTs were similar (Fig.
4e). The specific surface areas of MWCNTs, C-EC-NP-a, C-EC-NP-
R-a, and C-EC-NP-S-a were 112, 135, 199, and 164 m? g,
respectively. A difference of approximately 40 m? g-! between
the specific surface areas of the CHNS-attached MWCNTs and
the MWCNTs was expected based on the contents of the

&

Fig. 3. TEM images of CHNSs on MWCNTs. CHNSs before (C-EC-NP (a), C-EC-NP-S (b), and C-EC-NP-R (c)) and after acid treatment (C-EC-NP-a (d), C-EC-NP-S-a (e), and C-EC-NP-R-a

the CD spectra of C-EC-NP-S-a and C-EC-NP-R-a, the
reproducibility was confirmed by the nearly identical spectra for
the samples independently synthesized by the same method
(Fig. S4a). The deviation from the mirror-image spectra might
be attributable to marginal interaction between the chiral
inducer and optically active EC, as discussed in the following
section. Numerous CD spectra have been reported for helical
silica3® and Au helical nanostructures.3® In contrast, CD data for
helical carbon materials are limited, and the origins of the CD
signals are presently unknown. At least, possibility of attributing
the origin to any chiral molecule eluted in the dispersion used
for the sample fixing was excluded because the CD spectrum for
the supernatant obtained by removing C-EC-NP-S-a from its
dispersion showed no CD signal (Fig. S4b). Further
investigations are required to clarify the origins of these signals
in helical carbon materials. In addition, the method for fixing the
sample in the CD measurement cell must be optimized to
improve signal intensity.

X-ray photoelectron spectroscopy (XPS) analysis showed higher
0O 1s peak intensity for the CHNS-attached MWCNTSs than for the
MWCNTs, indicating that the CHNSs were composed of
amorphous carbon (Fig. 4c). Wide-scan XPS spectra (Fig. S5)
confirmed that Fe;O0, was completely removed by the acid
treatment. The Raman spectra of the CHNS-attached MWCNTSs

4 | J. Name., 2012, 00, 1-3

starting mixture, assuming that the 5-nm Fe3;0; NPs were
spherical. Although the observed increase in the specific surface
area varied from the predicted value to some extent, they can
be attributed to the attachment of CHNSs on MWCNTs. No
distinct peaks were observed in the pore size distributions;
nevertheless, it should be noted that nanopores (pore diameter
< 2 nm) were developed.

Formation Mechanism of Helically Aligned Fused CHNSs

The thermal decomposition behavior and carbonization
behavior of the components used for CHNS synthesis were
examined. EC was optically active, as revealed by CD
measurements; however, the optical activity decreased and
was eventually eliminated by carbonization (Fig. S7). The strong
CD signal corresponding to the binaphthyl derivative at 215—
250 nm was also observed in its mixtures with EC (Fig. S7). This
signal disappeared as the heat-treatment temperature
increased, which indicated that the chiral inducer lost its
function during the carbonization step. Thus, the helical
alignment of the Fes04 NPs was generated in the self-assembly
step during solvent evaporation.

Upon dropping the FesO4 NP dispersion in toluene onto the TEM
grid and drying, a close-packed arrangement of Fe3s0, NPs was
observed (Fig. S8). The mixture of Fes04 NPs and EC used for

This journal is © The Royal Society of Chemistry 20xx
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preparing the EC-NP precursor also generated a close-packed
arrangement (Fig. S8). The distance between the particle
centers increased marginally from 8.31 to 8.84 nm (averaged
over 100 recorded values) in the presence of EC. This increase
is insufficient to accommodate EC in the space between the self-
assembled Fe30, NPs, indicating that the majority of EC is
situated outside of the self-assembled FesO4, NP layer on the
MWCNTs. The FESEM images of the EC-NP-R and EC-NP-S
precursors confirm thick EC coverage on the MWCNTSs (Fig. S9).
Considering the potentially favorable interaction between the
naphthyl groups of the binaphthyl derivative and the MWCNT
surface,? it is reasonable to assume that the Fe;0, NPs self-
assembled on the chiral-inducer-adsorbed MWCNT surface,
which caused the helical alignment of the close-packed NPs.
Interference by optically active EC could be marginal because its
presence inside the close-packed NP layer was limited. During
heat treatment, the majority of EC could penetrate the space
between the NPs by softening and partial melting, with
subsequent decomposition and carbonization generating a
carbon shell surrounding the NPs and possibly also the
MWCNTs. Thus, a molecular-level chiral space was created
between the carbon shell surface and the cylindrical surface of
the carbonized-EC-coated or bare MWCNTSs.

Thermogravimetry coupled with differential scanning
calorimetry and mass spectrometry (TG-DSC-MS)
simultaneously demonstrated the mass loss, heat flow, and
decomposition-derived gaseous species. The decomposition of
each component in the starting mixture (EC, Fe3sO, NPs with

This journal is © The Royal Society of Chemistry 20xx

Please do not

Relative pressure

dispersant, and the binaphthyl derivative) occurred at 300—400
°C, 150-500 °C, and above 200 °C, respectively (Fig. S10-S13).
However, significantly altered behavior was observed during
the heat treatment of mixtures, which was attributed to
interactions between the mixture components. The
decomposition behavior of mixtures of EC, FesO; NPs, and
binaphthyl derivatives was similar to that of the mixture of EC
and Fe304 NPs (Fig. S14-S18). Furthermore, the gaseous species
emitted during the decomposition of the EC and FesO; NP
mixture were detected in different temperature ranges than
those emitted during the decomposition of each component,
indicating the occurrence of an EC-NP interaction and
confirming the feasibility of carbon shell formation around the
FesO,; NPs. Similarly, interactions between EC and the
binaphthyl derivatives were indicated by changes in the
decomposition behavior of the mixtures. The gaseous species
observed up to 600 °C during the decomposition of the
binaphthyl derivatives disappeared after the derivatives were
mixed with EC and Fe304 NPs with dispersant, which indicated
that the chiral inducer decomposed completely during heat
treatment and was absent from the CHNS-attached MWCNTs.

J. Name., 2013, 00, 1-3 | 5
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Fig. 5. Helically aligned fused CHNSs as chiral electrodes in an aqueous system. Linear sweep voltammograms of substrate-a (a), C-EC-NP-a (b), C-EC-NP-S-a (c), and C-
EC-NP-R-a (d) electrodes in 1 mmol dm (R)- (—) and (S)-BINOL (—) dissolved in Ar-saturated 0.1 mol dm= KOH aqueous solution at 25 °C (sweep rate: 10 mV s7). The
current was normalized by the maximum current of P2. A typical non-normalized linear sweep voltammogram is shown in Fig. S21.

Helically Aligned Fused CHNSs as Chiral Electrodes

5 and S21). Based on a previous study showing that MWCNTs

Fig. 4. Characteristics of helically aligned fused CHNSs on MWCNTSs. CD spectra (a), absorption spectra (b), O 1s XPS spectra (c), Raman spectra (d), and N, adsorption isotherms at
-196 °C (e) of MWCNTSs, substrate-a, C-EC-NP-a, C-EC-NP-R-a, and C-EC-NP-S-a. The inset in (e) shows the pore size distributions. The O 1s XPS peak intensity in (c) was normalized
by the area of the C 1s XPS peak. The Raman spectra in (d) were deconvoluted into four components: graphitic peak (G peak) at 1600-1580 cm™, disorder peak (D peak) at 1355—
1345 cm™, a peak ascribed to amorphous carbon (Am peak) at 1525-1490 cm™, and a peak ascribed to sp3-bonded carbon atoms (P peak) at 1190-1150 cm™™.

The CHNS-attached MWCNT samples were fixed between a
porous carbon paper sheet and expanded graphite foil backing
as a sample holder to form an electrode (Fig. S19). A pair of
enantiomers, (R)-(+)- and (S)-(-)-BINOL, dissolved in an alkaline
electrolyte®® was used as a chiral guest to evaluate the
performance of the helically aligned fused CHNSs as an
electrode material for chiral discrimination. This chiral guest
was selected because it exhibits reactivity on carbon electrodes
without requiring additional catalyst within a moderate
potential range, wherein carbon electrodes have been reported
to perform stably in alkaline electrolytes.*%42

The electrochemical oxidation of BINOL on the carbon
electrodes was similar to that of hydroquinone (HQ) and
catechol (CC). The position of the oxidation peak in the current—
potential curve depended on the properties of the carbon
surface, and surface activation by roughening and functional-
group enrichment shifted the peak to a lower potential (Fig.
S20).4344 The current—potential curve for (R)-BINOL on the
sample holder comprised two peaks at low and high potentials,
labeled P1 and P2, respectively. P2 was dominant (Fig. S20),
indicating that the surface consisted of two areas having
different activities and that most of the surface was less active.
The development of P1 was observed on the electrodes
containing CHNS-attached MWCNTSs as well as substrate-a (Fig.

6 | J. Name., 2012, 00, 1-3

are active for HQ and CC oxidation,*® P1 and P2 were attributed
to BINOL oxidation on the MWCNT-based samples (substrate-a,
C-EC-NP-a, C-EC-NP-R-a, and C-EC-NP-S-a) and the sample
holder, respectively.

As discussed above, the electrochemical BINOL oxidation
process involved an adsorption step, owing to the affinity
between the naphthyl groups of BINOL and the MWCNT
surface. Cyclic voltammograms recorded in the BINOL-free
electrolyte after linear sweep voltammetry measurements
showed that P1 was retained after immersion for 1 h in the
BINOL-free electrolyte; however, it disappeared after repeated
scanning, whereas P2 was absent. This behavior indicated that
BINOL was strongly adsorbed on the MWCNT-based samples
but weakly adsorbed on the sample holder (Fig. S22). To
facilitate the comparison of P1, which was associated with the
MWCNT-based samples, the current was normalized by the
maximum current of P2 using the sample holder as an internal
reference with no chirality. This normalization corrected minor
current fluctuations caused by slight differences in the amount
of BINOL supplied to the electrode surface from the bulk
electrolyte solution and subsequent adsorption.

We found that the current of P1 depended on the spatial
arrangement of BINOL and helicity of the CHNSs. In contrast to
the marginal difference in the currents of (R)- and (S)-BINOL on

This journal is © The Royal Society of Chemistry 20xx
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the substrate-a and C-EC-NP-a electrodes, the P1 current of (R)-
BINOL was higher than that of (S)-BINOL on the C-EC-NP-S-a
electrode, whereas the C-EC-NP-R-a electrode showed the
opposite trend. The higher and lower P1 current ratios on the
C-EC-NP-S-a and C-EC-NP-R-a electrodes were 1.16 and 1.26,
respectively (Fig. S23). After correcting for the influence of the
sample holder, these values were 1.37 and 1.81, which are
comparable to those reported previously for the
photoelectrochemical chiral discrimination of BINOL.*¢ These
values were expected to be identical for the C-EC-NP-S-a and C-
EC-NP-R-a electrodes; however, the results deviated from the
theoretical behavior. The deviation was attributed to the
imperfect mirror-image alignment of the CHNSs on MWCNTs as
discussed above and to slight differences in the carbon surface
states, including edge-plane exposure and the number of
functional groups, which influenced the kinetics of the oxidation
reaction.

It should be noted that the binaphthyl compounds used for
fabricating the CHNSs and chiral guests had opposite spatial
arrangements, suggesting that the binaphthyl compounds
functioned as chiral inducers for the helical alignment and the
chiral guests fit into the chiral spaces resulting from the
alignment. This relationship is different from that observed in
the materials synthesized by the chiral imprinting technique.?4-
27 Butcha et al.#” used 3,4-dihydroxyphenylalanine (DOPA) as a
chiral imprinting agent to form pores in a Pt—Ir alloy that
exhibited excellent chiral discrimination for the corresponding
DOPA spatial arrangement. Nevertheless, the carbon material
synthesized in this study has the advantages of low cost and a
chiral discrimination ability for various compounds.

As an example of the broad applicability of helically aligned
fused CHNSs, the chiral
demonstrated for N,N-dimethyl-1-ferrocenylethylamine (FcA)

discrimination performance was

in a nonaqueous electrolyte (Fig. S24).%8 Although the retention
of FcA in the FcA-free electrolyte was low compared to that of
BINOL (Fig. S25), thereby limiting its effect, an FcA-adsorption
step might also be involved in the oxidation process.*>>° The
higher/lower current ratios for the FcA oxidation peak on C-EC-
NP-S-a and C-EC-NP-R-a were 1.26 and 1.08, respectively.
Although these values were lower than those for BINOL, the
results indicate the presence of a chiral space in the helically
aligned fused CHNSs on MWCNTSs that can interact with chiral
molecules with specific spatial arrangements (Fig. S26).

Experimental
Materials and Methods

MWCNTs (diameter: 20-40 nm; length: 1-2 um) were
purchased from Tokyo Chemical Industry and used as received.
Sodium alginate (300 cps for a 1 wt% aqueous solution, Nacalai
Tesque) was used as a carbon binder precursor to prepare a
porous MWCNT substrate based on the previously reported
strong interaction between sodium alginate and carbon
surfaces.>! Poly(ethylene oxide)/poly(propylene oxide) triblock
copolymer (Pluronic F127, Sigma-Aldrich) was used as a
dispersant in the substrate preparation process and as a pore-

This journal is © The Royal Society of Chemistry 20xx

forming agent. EC (STD grade, Industrial, 4 cps, Nisshin Kasei),
Fe3O4 NP dispersion in toluene (average particle size: 5 nm, 5
wt% including dispersant, Sigma-Aldrich), and (R)- and (S)-2,2'-
bis(methoxymethoxy)-1,1'-binaphthyl (Tokyo Chemical
Industry) were used as a carbon source, template, and chiral
inducers, respectively. HCl (6 mol dm=3, Nacalai Tesque) was
used for acid treatment. High-purity water was obtained by
circulating ion-exchanged water through a Barnstead
MicroPure water purification system (Thermo Scientific). (R)-
(+)- or (S)-(-)-BINOL (Tokyo Chemical Industry), LiClIO4 (Nacalai
Tesque), ferrocene (Fc, Nacalai Tesque), and (R)-(+)- or (S)-(-)-
FcA (Tokyo Chemical Industry) were used for electrochemical
measurements. A solution of Nafion as a perfluorosulfonate
ion-exchange resin [equivalent weight (molar mass/mol of ion-
exchange sites) = 1100, 5 wt% in a mixture of lower aliphatic
alcohols and 15-20% water] was purchased from Sigma-Aldrich.

Preparation of Porous Substrate

MWCNTs in a dispersed state were fixed in a carbonaceous
porous substrate using a carbon binder, and pores were formed
via the ice-template method and micelle decomposition. The
MWCNT surfaces were treated using a UV/ozone processor
(PL16-110, Sen Lights Corporation) to impart hydrophilicity and
prepare an aqueous MWCNT dispersion.52 A 0.75 cm? aqueous
dispersion was prepared by ultrasonication of 5 mg each of the
surface-treated MWCNTSs, sodium alginate, and Pluronic F127.
After pouring the dispersion into a 15 cm3 crucible, the bottom
of the crucible was immersed in liquid nitrogen to freeze the
dispersion, which was then dried under vacuum. Subsequently,
the precursor in the crucible was heat-treated at 800 °C for 1 h
in an Ar atmosphere to obtain the porous carbon substrate.

Synthesis of Helically Aligned Fused CHNSs on MWCNTs

EC (2.5 mg) and chiral inducer (0.25 mg) were added to 1 cm3 of
the Fes04 dispersion and mixed well. This starting mixture was
poured into the abovementioned crucible containing the
substrate. The crucible was covered with a lid and then heated
at 30 °C, resulting in the slow evaporation of toluene through
small openings between the lid and the rim of the crucible. After
solvent evaporation, the complex was dried overnight under a
vacuum at 90 °C. Samples obtained using (R)- and (S)-2,2'-
bis(methoxymethoxy)-1,1'-binaphthyl as the chiral inducer (EC-
NP-R and EC-NP-S, respectively) were heat-treated at 550 °C for
1 hin an Ar atmosphere to produce the carbonized samples (C-
EC-NP-R and C-EC-NP-S, respectively). The EC-NP and C-EC-NP
samples were produced using the same method without the
chiral inducer. To investigate the effect of the MWCNT
substrate, a mixture of ultrasonically dispersed MWCNTs, the
Fes04 NP dispersion, EC, and the chiral inducer, in a similar
composition, was slowly dried and carbonized at 550 °C to form
a composite. The carbonized samples (C-EC-NP, C-EC-NP-R, and
C-EC-NP-S) were treated in boiling 6 mol dm=3 HCI for 1 h,
thoroughly washed with high-purity water, and dried under
vacuum to obtain C-EC-NP-a, C-EC-NP-R-a, and C-EC-NP-S-a,
respectively. The substrate before complex formation was
subjected to a similar acid treatment to obtain substrate-a.

J. Name., 2013, 00, 1-3 | 7
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Characterization

FESEM and TEM images were obtained using JSM-6700F (JEOL)
and JEM-2100IM (JEOL) instruments, respectively. For the
FESEM observations of EC-NP-R and EC-NP-S, the samples were
coated with a thin osmium film using an osmium plasma coater
(OPC80T, Filgen). EDX was performed using a JSM-7800F
instrument (JEOL). XPS was performed using an AXIS ULTRA DLD
system (Kratos Analytical) with Al Ka radiation (1486.6 eV).
Raman spectra were collected in backscattering mode using a
(NRS-5100, JASCO or LabRAM HR
Evolution, HORIBA) with a 532 nm laser as the excitation source.
The CD (R)-, (5)-2,2'-
bis(methoxymethoxy)-1,1'-binaphthyl (0.1 mmol dm=3 in
ethanol) were performed using a J-820 spectrophotometer
(JASCO) with a 0.1 cm cell. The CD spectra of EC, mixtures of EC,
and the chiral inducers (EC-R and EC-S) and their intermediate
states during carbonization were recorded by fixing the samples
on silica glass plates. The starting mixtures with and without the
chiral inducer (EC, EC-R, and EC-S) were prepared using 1 cm3 of
toluene instead of the FesO, NP dispersion. After dropping 0.1
cm? of the mixture on a @2 cm silica glass plate, toluene was
evaporated at 30 °C, and the sample was dried under vacuum
at 90 °C before being carbonized at 550 °C for 1 h in an Ar
atmosphere to yield C-EC, C-EC-R, and C-EC-S. The intermediate
states were prepared by increasing the heat treatment
temperature to 200, 300, and 400 °C at 5 °C min'. No
substantial dependence of the CD spectra on the plate angle or
the process of plate flipping was observed, which confirmed the
absence of linear dichroism (LD) and linear birefringence (LB)
for these samples.

The pyrolysis behavior of the precursors was analyzed using a
thermogravimeter (TG-DSC, STA2500, Netzsch) from 60 to 600
°C at 10 °C min~! under He flow (150 cm3® min~1). Effluent gas
from the TG-DSC measurement was analyzed using a
quadrupole mass spectrometer (JMS-Q1500GC, JEOL). N,
adsorption isotherms were measured at —196 °C using a Belsorp
Max Il analyzer (MicrotracBEL). From the N, adsorption
isotherms, specific surface areas were calculated using the
Brunauer—-Emmett—Teller (BET) method in the pressure range
of P/Py = 0.05-0.35. Pore size distributions were calculated with
the nonlocal density functional theory using a slit-pore model.
VUVCD spectroscopy with a wavelength range including the

Raman spectrometer

measurements for and

VUV region (160 nm, the lower limit of the
spectrophotometer) was performed using synchrotron
radiation as the light source with the VUVCD

spectrophotometer at the Hiroshima Synchrotron Radiation
Center.>® The optical devices and sample cells have been
described in  detail elsewhere’*>> A 50-um-thick
polytetrafluoroethylene (PTFE) sheet with a 1.4 cm hole on a
22 cm silica glass plate was used as the substrate for sample
fixation. The carbon sample (0.8 mg) was ground and
ultrasonically dispersed in 0.2 cm3 of 2-butanone for 1 min and
then fixed on the substrate by dropping 20 mm?3 of the
dispersion on the silica plate. Another silica glass plate was
placed on the substrate to allow slow solvent evaporation and
avoid sample detachment during measurements. After drying,

8 | J. Name., 2012, 00, 1-3

the substrate was assembled in the sample cell equipped with a
motorized incident
perpendicular to the plate. Five spectra were collected by
rotating the cell around the beam direction every 22.5°. Five
additional spectra at the same angles were measured by
flipping the cell, and then these 10 spectra were averaged to

minimize the influence of LD and LB.>6->°

rotation stage. The light beam was

Electrochemical Measurements in an Aqueous System

A three-electrode glass cell and an electrochemical analyzer
(ALS760E, BAS) were wused for the -electrochemical
measurements. A sample holder was constructed from 28 mm
sheets of porous carbon paper (TGP-H-090, Toray) and the
expanded graphite foil (Perma-foil, PF-UHPL, Toyo Tanso) as
backing. This sample holder was then sandwiched between two
sheets of adhesive PTFE tape with a @6 mm hole in the carbon
paper side for exposure to the electrolyte solution and with an
Au wire as a lead. The carbon sample (0.25 mg) was sandwiched
between the carbon paper and expanded graphite foil to form
a working electrode. A glassy carbon (GC) plate polished with
0.05-um alumina paste (Baikowski), which was ultrasonically
cleaned in high-purity water, and subsequently masked using
the PTFE adhesive tape with a @6 mm hole was also tested as a
working electrode. An activated GC surface (GC-ox) was
prepared by surface oxidation in Ar-saturated 0.5 mol dm™3
H,SO, at 2.0 V vs. Ag/AgCl/3 mol dm~3 NaCl for 30 min as
previously reported.®® Aqueous 3 mol dm=3 KOH solution
(Ultrapure, Kanto Chemical) was diluted with high-purity water
to prepare 0.1 mol dm=3 KOH, which was used as the electrolyte
with and without 1 mmol dm=3 (R)-(+)- or (S)-(-)-BINOL. To
obtain complete electrolyte penetration, before immersing the
working electrode in the electrolyte, the pores in the carbon
sample were filled with high-purity water by soaking in boiling
high-purity water at reduced pressure and room temperature
(approximately 23 °C). The counter and reference electrodes
were carbon cloth and Hg/HgO/0.1 mol dm=3 KOH, respectively.
After repeated potential scans between -0.9 and 0.3 V to reach
a steady state, cyclic voltammograms were recorded in the Ar-
saturated electrolyte without BINOL. Linear sweep
voltammograms for BINOL oxidation were collected after
immersing the working electrode in the BINOL-containing Ar-
saturated electrolyte for 1 h. Thereafter, cyclic voltammograms
were recorded in the Ar-saturated electrolyte without BINOL
after immersing the working electrode in 0.1 mol dm~3 KOH for
1h.

Electrochemical Measurements in a Nonaqueous System

A 23 mm GC disc was polished with 0.05 um alumina paste and
ultrasonically cleaned in high-purity water for use as a support.
The carbon sample (0.2 mg) was ultrasonically dispersed in a
mixture of 10 mm3 of Nafion solution, 90 mm?3 of ethanol, and
100 mm? of high-purity water for 30 min. Then, 2 mm?3 of the
dispersion was pipetted onto the GC surface and dried
overnight at room temperature (approximately 23 °C). The
electrolyte was 0.1 mol dm~3 LiClO, dissolved in acetonitrile. Fc,
(R)-(+)-FcA, and (S)-(-)-FcA were used as the redox species at a
concentration of 10 mmol dm=. The counter and reference

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 10



Page 9 of 10

Nanosdale

electrodes were a Pt wire and Ag/Ag* (10 mmol dm=3 AgNO; +
0.1 mol dm=3 tetrabutylammonium perchlorate in acetonitrile),
respectively. Linear sweep voltammograms were recorded in
the Ar-saturated electrolyte at 25 °C. Thereafter, cyclic
voltammograms were recorded in the Ar-saturated 0.1 mol
dm™3 LiClO,4 acetonitrile solution without FcA.

Conclusions

A new form of helical structure was realized in carbon materials,
that is, helically aligned fused CHNSs on MWCNTs, which
differed from the previously reported twisted-strand-like!1-13 or
honeycomb-like porous? structures. Helicity was confirmed by
VUVCD measurements, and the carbonizing behavior was
characterized by TG-DSC-MS measurements to elucidate the
generated helicity. The chiral spaces between the CHNSs and
MWCNTs, which can interact with chiral molecules, in
combination with the electron conductivity and chemical
stability of carbon materials, are advantageous for the
realization of chiral discriminating electrodes that are usable
under a wide range of conditions. The following step in this
work involves improving the enantioselectivity. To this end,
more precise control of the helical alignment is required, which
will lead to the synthesis of suitable samples for clarifying the
origins of the CD peaks for helical carbon materials. Such control
would also facilitate a more detailed examination of the
performance (e.g., sensitivity, repeatability, reliability, and
universality) of helically aligned fused CHNSs on MWCNTs as
chiral discriminating sensors for enantiomers with different
functional chiral centers, molecular weights, and
polarities.
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