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Furthermore, the conformational flexibility and disorder of
polymer chains in solution cause the very weak CD signal. As for
the polymers, the chiroptical properties are normally created by
a specific helical conformation. In our case, when (R) CP and
(S) CP are dissolved and measured at 25 °C in toluene, which is
a good solvent, the polymeric chains are flexible and adopt
random coil like rather than ordered helical conformation.
Fujiki and co workers46 comprehensively studied the effects of
chiral side chains of polyfluorene derivatives toward CD signs
and magnitudes in solution, aggregates, and films. Inspired by
that, we tried several cosolvents, but no enhancement of CD
intensity was observed.
SWCNT Handedness Recognition by Chiral Polymers

(R)-CP and (S)-CP. CoMoCAT SWCNTs (Signis SG65i,
CHASM Advanced Materials Inc.) were used as raw material
and processed with chiral homopolymers (R) CP and (S) CP.
Each pair of enantiomeric samples and spectra discussed below
are from one parallel trial. The absorption spectra of chiral
polymer wrapped SWCNTs are shown in Figure 5, while the
one of pristine SWCNTs dispersed in toluene is displayed in the
Supporting Information.

After polymer wrapping and the subsequent removal of excess
polymer, the absorption spectra of polymer wrapped SWCNTs
exhibit sharp electronic absorption peaks and flat baselines when
compared to those of pristine tubes (see Figure S36), which are
associated with well dispersed samples of individually sus
pended carbon nanotubes. The absorption peaks in semi
conducting E11 and E22 regions in Figure 5 are labeled with chiral
indices (n,m), indicating that both (R) CP and (S) CP disperse
mainly (6,5), (7,5), and (7,6) s SWCNTs with comparable
intensity. The polymer region between 400 and 500 nm might
partially overlap with the E33 of (7,5) and (7,6) tubes but not
with the E33 transition of the (6,5) tubes, which is assigned the
sharp peak at 345 nm. For better interpretation of the
overlapped area, we plotted the absorption spectra of polymer
wrapped CNTs together with the neat polymer, as shown in
Figure S37. The photoluminescence excitation (PLE) maps in
Figure 6 confirm the similar performance of both chiral
polymers to wrap mainly the three chiral tubes. The content
of these (6,5), (7,5), and (7,6) SWCNTs is calculated according
to the relative intensity of those three chiral indices in the PLE
maps. For both samples, the relative content of (6,5), (7,5), and
(7,6) SWCNTs is approximately 30%, 40%, and 30%,
respectively.
On the basis of these results of PLE maps and absorption

spectra, one can conclude that both chiral (R) CP and (S) CP
polymers have identical wrapping ability and disperse
preferentially semiconducting (6,5), (7,5), and (7,6) SWCNTs.
AFM images prove that the SWCNTs in both samples are
individualized with an average length of about 300 nm (see
Figures S38 and S39). Moreover, the Raman spectra confirm the
absence of metallic tubes in both samples (see Figures S40 and
S41).
On the basis of the previous results, it is not necessary to

remove the chiral polymers wrapped around the tubes and
redisperse the sample with achiral polymer ACP before
performing the CD and UV−vis experiments in order to obtain
all four Eii peaks of the SWCNT interband transitions, because
the absorption peak of the polymer itself (highlighted in gray in
Figure 5) is outside the characteristic Eii tube transitions and the
CD spectrum of the neat polymer is very weak (Figure 4b) and

Figure 4. CD (top) and absorption (bottom) spectra of (a)
monomers (R) 1 and (S) 1 and (b) polymers (R) CP and (S) CP.
The samples were measured with a concentration of∼4× 10−4 M in
toluene at 25 °C.

Figure 5. Absorption spectra of chiral polymer (R) CP and (S) CP
dispersed CoMoCAT SWCNTs. The highlighted gray area
corresponds to the absorption region of the neat polymer. All
samples were measured in toluene at 25 °C.
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does not affect the obtained results of handedness sorted
nanotubes. Therefore, we measured the CD and absorption
spectra before removing the chiral polymers, and the results are
given in Figure 7.
The alternating positive and negative signs as well the mirror

symmetry of the CD spectra indicate that we obtained two
enantiomerically enriched samples. In the UV−vis region, the
highlighted (Figure 7, blue) and labeled semiconducting
transition bands E22, E33, and E44 fit well with the published
results of the (6,5) SWCNT enantiomers.47 On the basis of the
reported data and the IUPAC terminology,48,49 we assigned the
(6,5) enantiomer, which gives a positive or negative E22 CD peak
at 576 nm, as left handed (M) (blue plot) or right handed (P)
(red plot) enantiomers, respectively. The small shoulders at 376
nm in the CD spectra belongs to the E33 transition of (7,6)
SWCNT, and the broad peaks between 395 and 540 nm
correspond to the cross polarized Eij transition of (6,5)
SWCNT.31 (7,5) and (7,6) SWCNTs have E22 transition
energies of 1.90 and 1.89 eV. respectively,50 so that they share

the peak at 654 nm in the absorption spectra, as highlighted in
gray. However, the intensity of the E22 transition peak of the
(7,5) and (7,6) tubes in the corresponding CD region (gray) is
significantly lower than expected when compared to the E22 peak
intensity of (6,5) SWCNTs at 576 nm. In addition, the CD
peaks in this gray area are more likely attributed to the E21
transition of the (6,5) SWCNTs.47 To explain this phenomen
on, we need to first categorize all three tube species into Type 1
or Type 2 SWCNTs. According to Kataura and co workers,31

(6,5) and (7,6) are Type 1 SWCNTs whereas (7,5) is a Type 2
SWCNT.More importantly, Type 1 and Type 2 SWCNTs with
a specific handedness have opposite signs of the CD signals, and
this statement is supported by theoretical calculations of the CD
spectra.51 In our case, the hypothesis is that each chiral polymer
extracts all three nanotube species with similar handedness
preferentially, so that the E22 CD signals of (7,5) and (7,6)
SWCNTs might cancel each other, in particular because both
samples with the same handedness are present in similar
concentrations. Therefore, in the gray area, we can probably only
observe the E21 transition of the (6,5) SWCNT. Moreover, the
presence of the E33 peak from (7,6) enantiomers at 376 nm in
the CD spectra proves that the handedness recognition of the
chiral polymers is not limited to (6,5) SWCNT only. On the
basis of the CD results in the UV−vis region and the theoretical
calculations reported below, it is clear that the (R) CP polymer
selectively extracts (P) (6,5), (P) (7,6), and (P) (7,5)
SWCNTs, whereas the (S) CP polymer selectively extracts
(M) (6,5), (M) (7,6), and (M) (7,5) SWCNTs. In the NIR
region, the highlighted CD peaks belong to the E11 transition of
the (6,5) enantiomers, and the signs are consistent with the
alternating behavior of the Eii CD signals of both (6,5)
enantiomers. However, no symmetric signals were obtained
from (7,5) and (7,6) enantiomers in the E11 transition region. A
possible explanation for this phenomenon may be the low
sensitivity of the detector and the high noise level of the CD
spectra in the NIR region.
In order to determine the optical purity of the enantiomeri

cally separated samples in terms of the (6,5) SWCNT
enantiomers, we first applied the following eq 1:

L A LCD (CD / )/( / )norm raw CD E22 abs= (1)

Figure 6. PLE maps of chiral polymer (a) (R) CP and (b) (S) CP
dispersed CoMoCAT SWCNTs in toluene at room temperature.
The intensities of the spots are normalized.

Figure 7. UV−vis NIR absorption and CD spectra of chiral polymer
(R) CP and (S) CP dispersed CoMoCAT SWCNTs. All samples
were measured in toluene at 25 °C.
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where CDnorm and CDraw are the CD values of the E22 transition
peaks of the (6,5) SWCNT after and before normalization, AE22
is the absorbance at the E22 transition of the (6,5) SWCNT, LCD
and Labs are the optical path lengths (cm) of the cell used for the
CD and absorption analysis.52 The calculated CDnorm in this
work is −39 mdeg for (P) (6,5) SWCNT in the (R) CP@
CoMoCAT sample and +40mdeg for (M) (6,5) SWCNT in the
(S) CP@CoMoCAT sample, indicating that the chiral polymers
have the same handedness recognition ability owing to their all
(R) and all (S) configurations. The obtained CDnorm values are
higher than those reported by Weisman and co workers29 using
the DGU method (±36 mdeg) and Nakashima and co
workers38 using chiral copolymer wrapping (+24 mdeg) but
lower than those reported by Kataura and co workers31 using gel
column chromatography (+93, −85 mdeg) and Zheng and co
workers32 using DNA differentiation (±84 mdeg).
Furthermore, we applied eqs 2 and 3 to estimate the

enantiomeric purity (EP) of the samples with calculated CDnorm
values, as reported by Kataura and co workers using gel column
chromatography for handedness sorting of the CNTs and the
subsequent redispersion of the CNT enantiomers in a Flavin
mononucleotide aqueous solution,47

MEP( ) (6,5)(%) 50 CDnormα‐ = + (2)

PEP( ) (6,5)(%) 50 CDnormα‐ = − (3)

Here, α is a linear scaling factor that is set as 0.421 ± 0.030
mdeg−1. Thus, the EP values of the (R) CP@CoMoCAT and
(S) CP@CoMoCAT samples become (66.4 ± 1.2)% and (66.8
± 1.2)%, respectively.
Note that these two enantiomeric samples were prepared in

one parallel trial. In order to obtain comparable results from (R)
CP and (S) CP polymers, it is necessary to maintain strictly the
same conditions during the preparation and sorting process.
However, even a slight change in the parallel separation could
cause a different performance of the chiral polymers, which
affects the wrapping yield and the enantiomeric purity of the
obtained samples. For instance, the sonication strength in a glass
vial may be subject to fluctuations when the vial is placed in
different positions or depths inside the sonication bath.
Moreover, a curved baseline in the CD spectrum could cause
large discrepancies in the calculation of the EP. Due to these
facts, it is difficult to obtain absolutely the same enantiomeric
purities for the pair of enantiomers in one parallel trial and to
absolutely maintain their reproducibility. For better interpreta
tion of the CD spectra and comparison with other published
results, we selected and show in the main text only the pair of
enantiomers giving similar EP and fully symmetric CD spectra
(Figure 7). CD spectra of other batches are in Figure S44. It is
worth noting that for all batches the lowest EP value obtained for
the CNT enantiomers is 57% and the highest one is 89% (see the
Supporting Information and Figure S44). To the best of our
knowledge, these enantiomeric purities ranging from 57% to
89% are so far the highest values achieved for enantiomeric
separation of SWCNTs using a chiral polymer. In the
Supporting Information, we additionally show absorption and
CD spectra (Figure S44) of one pair of samples from two
different and not absolutely equal batches. The calculated
CDnorm value in Figure S44a is −93 mdeg for the (P) (6,5)
SWCNT in the (R) CP@CoMoCAT sample and +59 mdeg for
the (M) (6,5) SWCNT in the (S) CP@CoMoCAT sample
after the baseline correction (zero value line), corresponding to
the EP(%) values of (89.2 ± 2.8)% and (74.8 ± 1.2)%,

respectively. Similar discrepancies in the calculated EP values for
the pair of SWCNT enantiomers have been observed in the
previous studies.28,29,31,32,38,52 On the basis of those findings, we
believe that our chiral polymers (R) CP and (S) CP are able to
selectively extract left handed and right handed SWCNTs from
raw CNT material with comparable enantiomeric purity to that
recently published by Kataura and co workers31 and Zheng and
co workers32 but using a low cost methodology based on
removable chiral polymer sorting.

Cleavage of the Polymer. After the separation process, the
wrapping polymers can be quantitatively removed by cleaving
the imine bonds (CN) in the polymer backbone with a
catalytic amount of acid, yielding dispersant free single handed
s SWCNTs. Upon an addition of a catalytic amount of acid, the
polymer quickly degrades into oligomers and monomers and
thus detaches from the nanotubes and causes the quantitative
precipitation of naked SWCNTs. The advantage of this dynamic
imine bond cleavage approach is that the monomers can be
recovered almost quantitatively and be engaged in the synthesis
of the next chiral polymers.42

In the absorption spectra, as shown in Figure S34, the polymer
peak disappears after acid treatment and washing of monomers
with toluene. The absence of the absorption band in the released
SWCNT sample between 400 and 500 nm also indicates the
absence of metallic SWCNTs. Further kinetic and concentration
studies of polyimine cleavage to the corresponding monomers
are detailed in Figure S35. The quantitative cleavage of the
polymer was further corroborated by X ray photoelectron
spectroscopy (XPS) measurements, where the N 1s peak
attributed to the N atoms in the polyimine disappeared in the
released SWNT sample (see Figure S42).

Rewrapping of Naked SWCNTs with Nonchiral
Polymer. In order to confirm that our chiral polymers (R)
CP and (S) CP have only minor effects on the CD spectra and
the obtained CD signal is intrinsic to the SWCNT enantiomers,
we degraded the chiral polymer and subsequently rewrapped the
enantiomerically pure CNTs with the commercially available
achiral PFO Bpy polymer, which has been reported to have a
specific selectivity for the (6,5) nanotubes.24 As shown in Figure
8, negligible changes in CD intensities of E22, E33, and E44
transitions are observed, confirming that the CD signal is
intrinsic to the nanotube sample and not induced by the chiral
polymers helically wrapped around a SWCNT. The procedure
for the rewrapping and redispersion of triggered SWCNTs with
achiral polymer PFO Bpy is given in the Supporting
Information.

Molecular Dynamics Simulation. In order to understand
the origin of the wrapping selectivity toward handedness sorting
of SWCNTs observed in the experiments, we performed
molecular mechanics simulations. Because the full conforma
tional relaxation of the polymer around the SWCNT is a very
slow process, we first computed low energy conformations of
the twisted polymer using Monte Carlo (MC) simulations.
Statistical fluctuations in the MC simulations automatically
generate conformations with two wrapping directions, i.e.,
clockwise (+) and anticlockwise (−). For each polymer−CNT
complex, two wrapping directions have been considered as the
initial conformations for MD simulation. We then relaxed these
conformations in MD simulations modeling (R) CP M (6,5)
and (S) CP M (6,5) complexes. Structures extracted from the
last 1 ns of the MD simulations for four different systems are
shown in Figure 9.
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