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Structural discrimination of double-walled carbon
nanotubes by chiral diporphyrin nanocalipers+

Gang Liu,? Yukie Saito,” Daisuke Nishio-Hamane,® Ajoy K. Bauri, Emmanuel Flahaut,®
Takahide Kimura® and Naoki Komatsu*?

In this contribution, we demonstrate the separation of double-walled carbon nanotubes (DWNTSs) by host—

guest methodology. New chiral diporphyrin nanocalipers with a longer spacer (~1.9 nm) consisting of

carbazole—pyrene—carbazole are rationally designed as a host on the basis of the previous chiral

diporphyrin  nanocalipers with carbazole—anthracene—carbazole spacer

(~1.4 nm). The chiral

nanocalipers are found to recognize the diameter of DWNTs to make diameter distribution much
narrower. In addition, the extracted carbon nanotubes (CNTs) exhibited circular dichroism (CD) after

removal of the chiral nanocalipers and dissolution in water in the presence of achiral surfactant.

1. Introduction

Carbon nanotubes (CNTs) have been in the forefront of nano-
material research in the past decades due to their unique
physical and chemical properties. According to the number of
layers, CNTs have been classified into the following three kinds:
single-walled CNTs (SWNTs), double-walled CNTs (DWNTs),
and multi-walled CNTs (MWNTs). While extensive fundamental
studies and practical applications have been performed on
SWNTSs,"> DWNTs have attracted significant interest because of
their superior properties, including characteristics of both
SWNTs and MWNTs.**¢

Since the properties of CNTs are known to correlate with
their structures,' the structural uniformity of CNTs in terms of
number of walls, diameter, length, roll-up index or (n, m), and/
or handedness is preferable for fine applications. Although
various methods for targeting separation and selective synthesis
have been developed for SWNTs,"** DWNTs are far left behind
from SWNTs in spite of their utility. The direct synthesis of
DWNTs™ results in significant quantity of SWNTs and MWNTs
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accompanied with DWNTs and a broad diameter distribution of
DWNTs."*® The separation of DWNTs has been limited to the
density gradient ultracentrifugation (DGU) method,">* except
for the methods using chromatography® and biopolymers.>**”
Despite the superior properties of DWNTs, the separation of
DWNTs has been rarely reported probably because of the wider
range of diameters and number of walls included in the as-
synthesized DWNTSs. In addition, optically active DWNTs have
not been reported yet, though many optically active SWNTs have
been identified.*>** This motivates us to design chiral dipor-
phyrin nanocalipers to discriminate the handedness of DWNTs.
Herein, we report on the separation of DWNTs through
molecular recognition by chiral diporphyrin nanocalipers with
a larger cavity than the previous ones applied to the separation
of SWNTSs.”® Since an advantage of our host-guest methodology
for CNT separation lies in the flexibility in molecular design of
the host for targeting CNTs, we rationally designed a wider
nanocaliper with carbazole-pyrene-carbazole spacer having 1.9
nm in length for DWNT separation, as shown in Scheme 1.

2. Results

2.1 Synthesis of the chiral diporphyrin nanocalipers

The chiral diporphyrin nanocalipers are synthesized through
Suzuki-Miyaura coupling reaction, as shown in Scheme 1. The
long spacer consisting of three aromatic units (carbazole-pyr-
ene-carbazole) was directly prepared by coupling the commer-
cial pyrene-2,7-diboronate with 3-bromo-9-octyl-9H-carbazole in
62% yield. After bromination, the resulting bromide was
allowed to react with two chiral porphyrins through Suzuki-
Miyaura coupling reaction to give (R)- or (S)-1, respectively, in
~40% yield. The products were fully identified by absorption,
circular dichroism (CD), ESI-MS, and 'H and *C NMR spec-
troscopies (Fig. 1 and ESI?).
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Scheme 1 Synthesis of chiral diporphyrin nanocalipers (R)- and (S)-1.

2.2 Extraction of DWNTs with chiral diporphyrin
nanocalipers

The DWNTs used in this work were prepared by catalytic
chemical vapor deposition (CCVD), as reported previously.'
According to the literature, high-resolution transmission elec-
tron microscopy (HR-TEM) showed that the as-prepared sample
consists of 77% DWNTs, 18% SWNTs, and 5% triple-walled
CNTs (TWNTs). The diameter of DWNTs ranged from 1.23 nm
to 3.23 nm for outer tubes and from 0.53 nm to 2.53 nm for
inner tubes (Fig. 4).** In the extraction, DWNTs and chiral
nanocalipers (R)- or (S)-1 in methanol were bath-sonicated and
centrifuged for two days (see Experimental section in detail).
The resulting greenish extract was quite stable without sedi-
mentation even after four months. The extract was then sub-
jected to UV-vis-NIR, CD, and fluorescence spectroscopy
measurements to confirm the existence of the complex between
DWNTs and 1.
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Fig. 1 Absorption (a) and CD spectra (b) of (R)- and (S)-1 before and after extraction.

In the absorption spectra shown in Fig. 1a, the Q bands of
the porphyrins in the nanocalipers 1 are broadened and red-
shifted from 554 nm to 565 nm upon complexation with
DWNTs. In addition, a new peak appears at 441 nm, which may
be caused by the red shift of the Soret band. These spectral
changes may be attributed to the w-m and/or C-H-7 interac-
tions between the nanocalipers and CNTs.>® The upward shift of
the baseline and the appearance of a broad peak from 700 nm to
900 nm indicate that a significant amount of CNTs was extrac-
ted into the solution phase and present as stable complexes
with nanocalipers in the extract. The complexation of CNTs and
1 is further confirmed by the quenching of fluorescence from
the porphyrins (Fig. S1t) and the enhanced Cotton effects in CD
spectra (Fig. 1b) due to the fixation of the two chiral
porphyrins.*

As shown in the scanning electron microscopy (SEM) and
scanning transmission electron microscopy (STEM) images
(Fig. 2), almost all the strings are individualized without
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complexes were normalized at the absorbance of 419 nm and 441 nm, respectively.
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Fig. 2 SEM (a) and STEM (b) images of the CNT complexes with 1. The two images were taken at the same region.

bundling in the whole scanned region, indicating the high
stability of the CNT complex with 1. Direct evidence of the
complexation between nanocalipers and DWNT is given by the
HR-TEM images, which will be discussed below.

2.3 Diameter distribution of DWNTSs before and after the
extraction

In order to evaluate the recognition ability of the nanocalipers 1
toward the CNT structure, we measured HR-TEM of the extract,
Raman spectra after washing out the nanocalipers from the
extracted CNT complexes, and absorption and CD spectra after
dissolving the washed sample in D,O (see Experimental section
in detail). In the absorption spectra, the observed bands are not
so sharp as those of SWNTs used in our previous studies,***"*>
probably because the large abundance of DWNTs significantly
increases the variety in the tubular carbon structures. Since the
absorption spectra are concluded to have little valuable infor-
mation for structural determination of CNTs before and after
the extraction, the spectra are shown in ESI (Fig. S47) along with
the possible interpretation based on the Kataura plot.

2.3.1 HR-TEM analysis of the extract. For determination of
the enriched diameter range through the extraction, we
measured HR-TEM of the extract with 1. Three typical images of
the extracted DWNTs are shown in Fig. 3. In these images, the
CNTs are wrapped with some materials, which are considered to

be nanocalipers as in the case of SWNTs.?® In addition, the two
walls are discriminated clearly to measure the diameters of the
inner and outer tubes in these DWNTs. The analysis of 81 iso-
lated CNTs allowed us to determine the distribution in the
number of walls and the diameters of the inner and outer tubes
(Fig. 4).

Although SWNTs are found in the images, TWNTs included
at 5% before the extraction disappear after the extraction,
indicating that nanocalipers 1 cannot form a stable complex
with TWNTs because of their large diameters. The distribution
of the number of walls before and after the extraction is shown
in Fig. 4a. The abundance of SWNTs and DWNTs slightly
increases from 18% and 77% to 20% and 80%, respectively,
because TWNTs are not extracted as mentioned above. This
phenomenon implies that the nanocalipers cannot discrimi-
nate SWNTs and DWNTs and may recognize diameters of the
CNTs. Therefore, the ratio between the SWNTs and DWNTSs
after the separation should be influenced by that before the
separation.

In terms of diameter selectivity, a remarkable diameter shift
through the extraction is indicated by the histogram shown in
Fig. 4b-d. DWNTs with 1.25-2.75 nm outer tube diameters are
the major components (90%) in the raw DWNTSs, as indicated in
Fig. 4b. After the extraction, DWNTs with much narrower
diameter range, i.e., 1.25-1.75 nm, increase from 21% to 84%.
DWNTs with the diameter of 1.50 & 0.25 nm are concluded to be

Fig.3 Typical HR-TEM images of DWNTs wrapped with nanocalipers 1. The respective outer and inner diameters are (a) 1.71 and 1.02 nm, (b) 1.58

and 0.91 nm, and (c) 1.47 and 0.76 nm.
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Fig.4 Frequency of SWNTs, DWNTs and TWNTSs (a), diameter distribution of outer (b) and inner (c) tubes in DWNTSs, and CNTs (SWNTs + DWNTSs)
(d) before and after the extraction with (R)-1. The distribution in the number of walls and in the diameter of raw sample is adapted from ref. 14.

highly enriched through the extraction due to the preference of
the nanocalipers 1 for the diameter range, as we intended
through rational design of the host molecule.

Since 20% of the CNTs found in the HR-TEM images are
SWNTs, their diameter range is also compared before and after
the extraction. As shown in Fig. 4d and S2,7 the diameter range
of the SWNTs became much narrower from 0.75-2.75 nm to
0.75-1.75 nm through the extraction as in the case of the outer
tube mentioned above. The histogram of the SWNT diameters
with narrower steps (0.2 nm) shown in Fig. S3at indicates that
the diameter range of 1.10 & 0.10 nm is highly enriched after
the extraction. The broad diameter range of SWNTs before the
extraction is made to be much narrower and be shifted to
relatively small diameter through the extraction.

Since the nanocalipers 1 are considered to recognize the
diameters of not only the outer tubes of DWNTs but also
SWNTs, the diameter distribution of CNTs irrespective of
number of layers is compared, as shown in Fig. 4d and S3b.f
Although most of the extracted DWNTS are in the range of 1.50
=+ 0.25 nm in diameter as shown in Fig. 4b, CNTs with 0.75-1.75
nm in Fig. 4d or 1.0-1.8 nm in Fig. S3b7 are enriched in the
extracted CNTs (SWNTs + DWNTSs).

2.3.2 Raman analysis of the extract. After the methanol
extracts of DWNTs with (R)- and (S)-1 were concentrated, the
resulting black solids were washed with THF and pyridine
several times to thoroughly remove the nanocalipers from the
complex. More than 70% of the chiral nanocalipers were

recovered and reused after purification. The washed samples
were subjected to Raman spectroscopy at the excitation of 488,
633, and 785 nm to determine the diameter range enriched
through the extraction. Since the DWNTs extracted with (R)- and
(S)-1 exhibited almost the same spectra, the spectra before and
after the extraction with (R)-1 are shown in Fig. 5, and the
results are summarized in Table 1. The diameter of CNTs is
calculated by the following eqn (1);

wrpm = 223.5/d + 12.5 (1)
where wggy is the Raman shift (cm™") of the radial breathing
mode (RBM) and d is the diameter (nm) of CNTs.**

At the excitation of 488 nm, a prominent spectral change is
observed in the lower frequency region through the extraction
with nanocalipers 1. As shown in Fig. 5a, the peaks in the region
of 164-217 cm ™' corresponding to the diameters of 1.09-1.48
nm are significantly enriched through the extraction. Adjacent
peaks at 141 and 228 cm™* corresponding to the diameters of
1.74 and 1.04 nm, respectively, decrease in intensity or relative
abundance. Although most of the peaks increase in the higher
frequency region, they are assigned to be the inner tubes in the
DWNTSs, because their diameters are smaller than 0.8 nm.
Similar phenomena are observed in the spectra excited at 633
and 785 nm (Fig. 5b and c, respectively). The drastic increase in
the intensity is observed in the peaks at 170 and 198 cm™*
corresponding to 1.42 and 1.21 nm, respectively, at 633 nm
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Fig. 5 Raman spectra of DWNTs before and after the extraction with (R)-1 in the RBM. Wave number (cm~?) and the corresponding diameter
(nm) are indicated at each peak. S and M at the top of the spectra indicate semiconducting and metallic, respectively.
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Table1 Comparison of the Raman intensity of CNTs before and after
extraction®

Table 2 Diameter range of CNTSs responsible to the CD

Range/nm Corresponding
Excitation in CD Corresponding diameter range/nm
wavelength/nm 488 633 785 observation  energy range/eV  (optical transition)*  Assignment
Increased 1.09-1.48 (S) 1.20 (M), 1.42 (M) 1.53 (M)  550-600 2.1-2.3 ~0.7 (E3,) Inner tube
diameters’/nm 1.0-1.2 (EY) SWNT
Decreased 1.04 (M), 1.74 1.10 (M), 1.08 (M) 0.88 (S) 1.4-1.6 (E33) Outer tube
diameters‘/nm
B ) ) ) ) 600-680 1.8-2.1 0.7-0.9 (E3,) Inner tube
M and S in parentheses denote metallic and semiconducting, M
oS ) . , > 1.1-1.3 (E33) SWNT
respectively. ” Diameters or diameter range of CNTs increased in their 1.5-1.8 (ESy) Outer tub
Raman intensity. © Diameters of CNTs decreased in their Raman TS s uter tube
intensity. S
680-770 1.6-1.8 0.8-1.0 (E3s) Inner tube
1.3-1.5 (E%) Outer tube
>1.8 (E5;) Outer tube

excitation, and at 159 em ™' corresponding to 1.53 nm at 785 nm
excitation. The reduction in the peak intensity is detected at 215
and 220 cm ™" (1.11 and 1.08 nm, respectively) at 633 nm exci-
tation and at 266 cm™ ' (0.88 nm) at 785 nm excitation.

From the summary of the results in the Raman analyses
shown in Table 1, we can conclude that the diameter range of
1.1-1.5 nm is enriched through the extraction with nanocalipers
1. The enriched diameter range determined by HR-TEM as
mentioned above (Fig. S3bt) is 1.0-1.8 nm, which will be nar-
rowed by applying the results of the Raman analysis (Table 1). At
the small diameter region, the border between increase and
decrease is distinct at 1.1 nm as shown in Table 1, reducing the
above diameter range from 1.0-1.8 nm to 1.1-1.8 nm. At the
large diameter region, CNTs with 1.7 nm decrease their relative
abundance, as shown in Table 1. Because of lack in Raman
information between 1.5-1.7 nm in diameter, the enriched
diameter range is concluded to be 1.1-1.7 nm, taking into
consideration the results in both the HR-TEM and the Raman
measurements.

2.4 Optical enrichment of extracted CNTs

The optical enrichment of the extracted CNTs is confirmed by
CD spectra of the SDBS-D,O dispersion of the washed CNTs
after the extraction, as shown in Fig. 6. The CNTs extracted with
(R)- and (S)-1 exhibit almost symmetrical CD, indicating that the
extracted CNTs are optically active.

Clear CDs are observed at the regions of 550-600 nm, 600-
680 nm, and 680-770 nm, which correspond to the diameter
ranges of the extracted CNTs shown in Table 2, based on the

2k Extract with (R)-1 |
Extract with (S)-1

Wavelength (nm)

Fig. 6 CD spectra of DWNTSs extracted with (R)- and (S)-1.

% The italic diameter range indicates that the tubes in the range may
contribute to the CD more than those in the other ranges.

Kataura plot.* Although a much smaller number of CNTs are
theoretically possible to exhibit a higher intensity of CD than
much more abundant CNTs, we would assume that the CD
intensity is proportional to the abundance of the optically active
CNTs to interpret the result of the CD.

For the CDs in the range of 550-600 nm (Table 2), semi-
conducting outer tubes with 1.4-1.6 nm are considered to be
more responsible than semiconducting inner tubes with ~0.7
nm and metallic SWNTs with 1.0-1.2 nm because of their
abundance shown in Fig. 4c and d. In the range of 600-680 nm,
the inner tubes with 0.7-0.9 nm, SWNTs with 1.1-1.3 nm, and
the outer tubes with 1.5-1.8 nm are included in their most
abundant regions of the inner tube (0.75-1.25 nm, Fig. 4c),
SWNTs (1.0-1.2 nm, Fig. S3at), and the outer tube (1.25-1.75
nm, Fig. 4b), respectively. However, the metallic SWNTs with
1.1-1.3 nm should be less responsible to the CD in the region
because of the much smaller abundance of SWNTs than
DWNTs shown in Fig. 4a and metallic tubes than semicon-
ducting ones theoretically. Since the chiral diporphyrin nano-
calipers can recognize the helical structures of the outer tubes
in DWNTs, the CD in the region of 600-680 nm may have
originated mostly from the outer tubes with 1.5-1.8 nm. If the
helicity of the inner tubes has some influence from that of the
outer tubes upon the DWNT synthesis, optically active inner
tubes may occur indirectly through the optical resolution of the
outer tubes.

In the range of 680-770 nm, inner tubes with 0.8-1.0 nm and
outer tubes with 1.3-1.5 nm are still in the abundant diameter
regions as indicated in Fig. 4c and b, respectively, though outer
tubes having more than 1.8 nm diameter are out of the range
(Fig. 4b). Therefore, the CD in the region of 680-770 nm can be
attributed to the semiconducting inner tubes with 0.8-1.0 nm
and/or the metallic outer tubes with 1.3-1.5 nm. If the afore-
mentioned helical correlation between the outer and inner
tubes is not so strong in DWNTs, the metallic outer tubes with
1.3-1.5 nm are concluded to contribute mainly to the CD in the
region of 680-770 nm. Due to much higher abundance of
DWNTs than SWNTs (Fig. 4a), the metallic outer tubes with 1.3-
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1.5 nm are considered to exhibit CD in much higher intensity
than the metallic SWNTs with 1.1-1.3 nm mentioned above.

From the above discussion based on the CD (Fig. 6 and
Table 2), we can conclude that the optically active forms of
DWNTs are most probably obtained through molecular recog-
nition with chiral diporphyrin nanocalipers.

3. Discussion

In order to understand the diameter preference of nanocalipers
1 toward CNTs, we carried out molecular modeling calculations
(molecular mechanics) for the 1 : 1 complex between (R)-1 and a
SWNT with diameter of 1.0 nm (Fig. 7a), and DWNTs with outer
tube diameters of 1.5 and 2.0 nm (Fig. 7b and c, respectively).
The energy-minimized structures shown in Fig. 7 indicate that
nanocalipers 1 are somewhat flexible to accept different diam-
eters of CNTs. In all the complex structures, there are -7
interactions between CNT surface and porphyrin or pyrene to
stabilize the complexes, as indicated by blue arrows in Fig. 7. In
addition, C-H- interactions between carbazole in the spacer
and the CNT surface improve the stability in the complexes (red
arrows in Fig. 7). Although the same numbers of these inter-
actions exist in all the complexes of 1 with CNTs, the shape of
the host molecule in these complexes and the distances in these
interactions are not exactly the same, resulting in differences in
the complex stability.

For the SWNT with diameter of 1.0 nm, the corresponding
complex shown in Fig. 7a is considered to be less stable,
because the pyrene moiety and the adjacent single bonds are
bent significantly to accommodate the SWNT with much
smaller diameter than the cavity size. The degree in the defor-
mation of the nanocalipers is quantified by the dihedral angle
between the two porphyrins and the distance between the two
carbon atoms bound to the pyrene moiety as shown in Fig. 7a
(Table 1). In this case, the dihedral angle is made to be 26° and
the C-C distance becomes 9.97 A. The bending of the pyrene
moiety, shortening the C-C distance, makes the dihedral angle
between two porphyrins larger and the cavity smaller to
accommodate the small diameter SWNT.

D
C - C distance

a

Table 3 The dihedral angle of the two porphyrins and the C-C
distance indicated in Fig. 7a

Diameter of CNT/nm 1.0 1.5 2.0
Dihedral angle/° 26 10 42
C-C distance/A 9.97 9.99 9.96

Significant deformation of the nanocalipers 1 is also
observed in the case of DWNT with outer tube diameter of 2.0
nm (Fig. 7c). In contrast to Fig. 7a, the cavity of the nanocalipers
is made to be open to accept the DWNT with 2.0 nm in diam-
eter, as shown in Fig. 7c. The degree of the deformation is larger
in Fig. 7c than that in Fig. 7a; that is, the dihedral angle and C-C
distance become 42° and 9.96 A, respectively (Table 3).

On the other hand, the host molecule accommodates the
DWNT with 1.5 nm without any distinct strain, as shown in
Fig. 7b. The two porphyrins are nearly in parallel with the
dihedral angle of only 10° and the pyrene is flat with longer C-C
distance of 9.99 A. The order in the degree of deformation in
these complexes estimated from Table 3, DWNT (2.0 nm)/1 >
SWNT (1.0 nm)/1 > DWNT (1.5 nm)/1, correlates with that in
the abundance of CNTs after the extraction as shown in Fig. 4d.
This indicates that the diameters of CNTs are discriminated on
the basis of the stability of the complex. In addition, left- and
right-handed (M- and P-) structures'>** of the DWNTs may be
discriminated by the difference in the stability between the
diastereomers; (R)-1/(M)-DWNT and (R)-1/(P)-DWNT, and (S)-1/
(M)-DWNT and (S)-1/(P)-DWNT.

4. Conclusions

Based on the previous research on the separation of SWNTs
with chiral diporphyrins, we rationally designed and synthe-
sized new chiral diporphyrin nanocalipers with a much longer
spacer consisting of carbazole-pyrene-carbazole (~1.9 nm) for
the separation of DWNTSs. As designed, the chiral nanocalipers
are found to discriminate the diameter of DWNTs; DWNTSs with
1.25-1.75 nm in diameter are highly enriched through the
extraction with the chiral diporphyrin nanocalipers. CD is also

Fig. 7 Computer-generated molecular modeling of the complex structures of chiral diporphyrin nanocalipers 1 with SWNT with a diameter of
1.0 nm (a), and DWNTSs with outer tube diameter of 1.5 nm (b) and 2.0 nm (c). Blue and red arrows indicate T—m and C—H- interactions,
respectively. C—C distance indicated in (a) is compared with those in (b) and (c) in Table 3.
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observed in the extracted CNTs. The diameters of the experi-
mentally increased and decreased CNTs correlate with the
degree of deformation or stability of the complexes on the basis
of the computer generated complex structures.

5. Experimental section

Extraction of DWNTs with nanocalipers

Chiral nanocalipers (R)- or (S)-1 (10 mg) and DWNTs (10 mg) in
methanol (40 mL) were bath-sonicated at 20 °C for 36 h. After
centrifugation of the resulting suspension at 50 400g for 45 h,
the supernatant was poured for UV-vis-NIR, fluorescence, CD,
HR-TEM, SEM, and STEM measurements. After concentration
of the supernatant, the residual solid was washed with THF and
pyridine several times until the porphyrin Soret band dis-
appeared in the UV-vis spectra of the washings. The thoroughly
washed DWNTs (0.3 mg) were analyzed with Raman spectros-
copy at excitation of 488, 633, and 785 nm. The solid sample was
dispersed in D,0 (10 mL) in the presence of SDBS (10 mg mL ™)
by tip-sonication in a rosette cooling cell*® for 1.5 h at 0 °C. After
centrifugation at 136 000g for 40 min, the upper layer (about
85%) of the supernatant was poured and subjected to UV-vis-
NIR and CD measurements. For the dispersion of the raw
DWNTs, tip-sonication was carried out for 40 min under the
same conditions, followed by centrifugation at 543 000g for
30 min.
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