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cleavable polyfluorenes with defined chirality for handedness
separation of s SWCNTs from as produced nanotubes. Each monomer
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contains a chiral center on the fluorene backbone in the 9 position, and all{R)

the amino and carbonyl groups in the 2 and 7 positions maintain the

head to tail regioselective polymerization resulting in polyimines with strictly all (R) or all (S) configuration. The obtained
chiral polymers exhibit a strong recognition ability toward left or right handed s SWCNTs from commercially available
CoMoCAT SWCNTs with a sorting process requiring only bath sonication and centrifugation. Interestingly, the remaining
polymer on each single nanotube, which helps to prevent aggregation, does not interfere with the circular dichroism signals
from the nanotube at all. Therefore, we observed all four interband transition peaks (E;;, E,,, Ej;, E4) in the circular
dichroism (CD) spectra of the still wrapped optically enriched left handed and right handed (6,5) SWCNTs in toluene.
Binding energies obtained from molecular dynamics simulations were consistent with our experimental results and showed a
significant greference for one specific handedness from each chiral polymer. Moreover, the imine bonds along the polymer
chains enable the release of the nanotubes upon acid treatment. After s SWNT separation, the polymer can be decomposed
into monomers and be cleanly removed under mild acidic conditions, yielding dispersant free handedness sorted s SWNTs.
The monomers can be almost quantitatively recovered to resynthesize the chiral polymer. This approach enables high selective
isolation of polymer free s SWNT enantiomers for their further applications in carbon nanotube (CNT) devices.
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the most intensively studied nanomaterials since their

discovery in the 1990s," owing to their extraordinary
physical, electronic, and optical properties.”® For their diverse
applications as field effect transistors (FETs),” " thin films,'~"*
and optoelectronics'”'* and for computing,'® highly enriched
SWCNTs with a specific conductivity (metallic or semi
conducting) and chiral index (n,m) are of great importance.
Bottom up organic synthesis has always been considered
promising toward tailor made SWCNTSs; however, a scalable
method for controlled growth on precursors and template
molecules is still under investigation.“s_18 An alternative
approach for the enrichment of desired SWCNTs is to sort
them in solution from the as produced carbon nanotube (CNT)

S ingle walled carbon nanotubes (SWCNTs) are among

mixture, such as HiPco and CoMoCAT tubes. Various scalable
methods have been developed to achieve chiral index pure
SWCNTs in solution.'” ™

Nevertheless, the resulting single chiral index SWCNT's are
actually racemic mixtures of two enantiomers, namely, left
handed and right handed isomers. Enantiomerically pure
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After simple sonication and centrifugation steps, the chiral
polymers showed high selectivity toward s SWCNTs and
spontaneously recognized left handed and right handed nano
tubes according to their preference. The imine bonds enable the
easy removal of the polymer from the nanotubes and the
subsequent redispersion of the released nanotube enantiomers
with other dispersants. Additionally, the building blocks after
depolymerization can almost quantitatively be recycled and
reused for the synthesis of the polymers. In order to understand
the origin of the selective interaction between the chiral
polymers and s SWCNTs, molecular dynamics (MD) simu
lations in explicit solvent have been conducted, showing a high

preference of one s%eaﬁc nanotube handedness with a certain
wrapping direction from each chiral po

RESULTS AND DISCUSSION

Synthesis and Characterization of Enantiomeric
Monomers and Polymers. The racemic monomer 1 (Figure

2) was synthesized in five steps starting from 2,7 dibromo
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Figure 2. Chiral HPLC chromatogram of racemic monomer 1 (n
heptane/IPA = 96:4). The inset structure of 1 shows the
corresponding numbering.

fluorene (see the Supporting Information, Experimental details
and synthetic procedures). The subsequent preparative
resolution of two Boc protected enantiomers of 1 was achieved
using chiral HPLC as shown in Figure 2.

The determination of the absolute configuration of both
enantiomeric monomers (R) 1 and (S) 1 was carried out by
Mosher’s ester method.**** All details about the synthesis of the
Mosher derivatives of 1 and their NMR analyses are given in the
Supporting Information. The 2D NMR analysis revealed that
the first enantiomer eluted at R, ~ 10 min has an (R)
configuration while the second one eluted at R, ~ 14 min has an
(S) configuration. After removal of the amine protecting Boc
group of 1 under acidic conditions, we found out that the
unprotected monomers spontaneously polymerized to the
corresponding polyimines even during the workup in rather
mild conditions. Therefore, after the workup and removal of the
solvent, deprotected (R) 1, (S) 1, and racemic 1 monomers
were in situ neat polymerized at 100 °C under reduced pressure
without any solvent or catalyst to afford the corresponding chiral
polymers (R) CP, (S) CP, and achiral polymer ACP in nearly
quantitative yields, respectively (Figure 1 and Supporting
Information). Due to the quick polymerization under mild

conditions and the molecular design of monomers for head to

tail polymerization with a stable quaternary stereocenter at the
9 position of the fluorene unit, the obtained (R) CP and (S) CP
polymers maintained all (R) and all (S) configurations,
respectively. The gel permeation chromatography (GPC)
results (Figure 3) show that all three polymers have a broad

——(R)}-cP
— (S)-CP
—— ACP

1,4
138 kDa

-
N
Il

187 kDa ] 118 kDa

Normalized Intensity
o o -
® ® o
1 1 1

=
S
1

o
nN
1

=
=)

T -
10 11 12 13 14 15
Elution Time (min)

©0

Figure 3. GPC results of (R) CP, (S) CP, and ACP with peak
molecular weights of 138 kDa (n ~ 356), 118 kDa (n ~ 304), and
187 kDa (n ~ 482), respectively. All samples were measured with a
concentration of 1 mg/mL in THF at 25 °C.

distribution of molecular weight over 118 kDa (n > 300),
referred to the polystyrene molecular weight standards. The
comparable molecular weights of both chiral polymers benefit
the evaluation and comparison of their enantiomeric recognition
ability. This synthetic procedure for the chiral polymers is fully
reproducible.

In order to prove that both polyimines (R) CP and (S) CP as
well as the monomers (R) 1 and (S) 1 are chiral and optically
active, circular dichroism (CD) absorbance spectroscopy
measurements were carried out in toluene at 25 °C (Figure
4a,b). The CD spectra of these enantiomers are mirror images of
one another, confirming their enantiopurity.

Surprisingly, it has been shown that CD spectra of both
monomers and polymers exhibit quite weak and noisy signals
even with the concentration up to 10~ M. Chirality of the
monomers 1 originates from the presence of asymmetric sp’
carbon at the 9 position of the fluorene chromophore bearing
two nonpolar alkyl chains that differ only in the chain length
(ethyl vs dodecyl). Additionally, the other two substituents that
are in positions 2 and 7 of the fluorene unit are far away from the
chiral sp® center and thus contribute very little to the overall
chirality of the monomers. Therefore, this minor substitution
effect together with the rigidity of the fluorene structure and the
steric hindrance of the chiral C9 centerlead to the low response
of the chiral monomers to circularly polarized light. To further
interpret the observed CD spectra of the monomers, the time
dependent (TD) DFT calculations were used to simulate the
absorption and CD spectra and to determine the transitions in
the spectra (see the Supporting Information). The observed CD
peak in the experimental spectra of the monomers at ~310 nm
(Figure 4a) corresponds to the minor peak in the calculated CD
spectra, which can be attributed to the HOMO — LUMO+1
transition (Figure $33).
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heptane/IPA = 96:4). The inset structure of 1 shows the
corresponding numbering.

fluorene (see the Supporting Information, Experimental details
and synthetic procedures). The subsequent preparative
resolution of two Boc protected enantiomers of 1 was achieved
using chiral HPLC as shown in Figure 2.

The determination of the absolute configuration of both
enantiomeric monomers (R) 1 and (S) 1 was carried out by
Mosher’s ester method.**** All details about the synthesis of the
Mosher derivatives of 1 and their NMR analyses are given in the
Supporting Information. The 2D NMR analysis revealed that
the first enantiomer eluted at R, ~ 10 min has an (R)
configuration while the second one eluted at R, ~ 14 min has an
(S) configuration. After removal of the amine protecting Boc
group of 1 under acidic conditions, we found out that the
unprotected monomers spontaneously polymerized to the
corresponding polyimines even during the workup in rather
mild conditions. Therefore, after the workup and removal of the
solvent, deprotected (R) 1, (S) 1, and racemic 1 monomers
were in situ neat polymerized at 100 °C under reduced pressure
without any solvent or catalyst to afford the corresponding chiral
polymers (R) CP, (S) CP, and achiral polymer ACP in nearly
quantitative yields, respectively (Figure 1 and Supporting
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Figure 3. GPC results of (R) CP, (S) CP, and ACP with peak
molecular weights of 138 kDa (n ~ 356), 118 kDa (n ~ 304), and
187 kDa (n ~ 482), respectively. All samples were measured with a
concentration of 1 mg/mL in THF at 25 °C.

distribution of molecular weight over 118 kDa (n > 300),
referred to the polystyrene molecular weight standards. The
comparable molecular weights of both chiral polymers benefit
the evaluation and comparison of their enantiomeric recognition
ability. This synthetic procedure for the chiral polymers is fully
reproducible.

In order to prove that both polyimines (R) CP and (S) CP as
well as the monomers (R) 1 and (S) 1 are chiral and optically
active, circular dichroism (CD) absorbance spectroscopy
measurements were carried out in toluene at 25 °C (Figure
4a,b). The CD spectra of these enantiomers are mirror images of
one another, confirming their enantiopurity.

Surprisingly, it has been shown that CD spectra of both
monomers and polymers exhibit quite weak and noisy signals
even with the concentration up to 10~ M. Chirality of the
monomers 1 originates from the presence of asymmetric sp’
carbon at the 9 position of the fluorene chromophore bearing
two nonpolar alkyl chains that differ only in the chain length
(ethyl vs dodecyl). Additionally, the other two substituents that
are in positions 2 and 7 of the fluorene unit are far away from the
chiral sp® center and thus contribute very little to the overall
chirality of the monomers. Therefore, this minor substitution
effect together with the rigidity of the fluorene structure and the
steric hindrance of the chiral C9 centerlead to the low response
of the chiral monomers to circularly polarized light. To further
interpret the observed CD spectra of the monomers, the time
dependent (TD) DFT calculations were used to simulate the
absorption and CD spectra and to determine the transitions in
the spectra (see the Supporting Information). The observed CD
peak in the experimental spectra of the monomers at ~310 nm
(Figure 4a) corresponds to the minor peak in the calculated CD
spectra, which can be attributed to the HOMO — LUMO+1
transition (Figure $33).
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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 X 10~* M in
toluene at 25 °C.

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 workers*® 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 SG6Si,
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 SWCNT's dispersed in toluene is displayed in the
Supporting Information.
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Figure S. 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.

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 $36), which are
associated with well dispersed samples of individually sus
pended carbon nanotubes. The absorption peaks in semi
conducting E; and E,, 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 SWCNTSs with comparable
intensity. The polymer region between 400 and S00 nm might
partially overlap with the Ey; of (7,5) and (7,6) tubes but not
with the E;; 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 $40 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 E; peaks of the SWCNT interband transitions, because
the absorption peak of the polymer itself (highlighted in gray in
Figure S) is outside the characteristic E;; tube transitions and the
CD spectrum of the neat polymer is very weak (Figure 4b) and
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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.

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 E,,, Ej;, and E,, fit well with the published
results of the (6,5) SWCNT enantiomers.”” On the basis of the
reported data and the TUPAC terminology, "’ we assigned the
(6,5) enantiomer, which gives a positive or negative E,, 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 Ej; transition of (7,6)
SWCNT, and the broad peaks between 395 and 540 nm
correspond to the cross polarized Ej transition of (6,5)
SWCNT.>' (7,5) and (7,6) SWCNTs have E,, transition
energies of 1.90 and 1.89 eV. respectively,”” so that they share
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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.

the peak at 654 nm in the absorption spectra, as highlighted in
gray. However, the intensity of the E,, 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 E,, peak
intensity of (6,5) SWCNTs at 576 nm. In addition, the CD
peaks in this gray area are more likely attributed to the E,,
transition of the (6,5) SWCNTSs."” To explain this phenomen
on, we need to first categorize all three tube species into Type 1
or Type 2 SWCNTSs. According to Kataura and co workers,*'
(6,5) and (7,6) are Type 1 SWCNTs whereas (7,5) is a Type 2
SWCNT. More importantly, Type 1 and Type 2 SWCNTSs with
a specific handedness have opposite signs of the CD signals, and
this statement is supported by theoretical calculations of the CD
spectra.’’ In our case, the hypothesis is that each chiral polymer
extracts all three nanotube species with similar handedness
preferentially, so that the E,, 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 E,, transition of the (6,5) SWCNT. Moreover, the
presence of the E;; 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) SWCNTSs. In the NIR
region, the highlighted CD peaks belong to the E|; transition of
the (6,5) enantiomers, and the signs are consistent with the
alternating behavior of the E; CD signals of both (6,5)
enantiomers. However, no symmetric signals were obtained
from (7,5) and (7,6) enantiomers in the E,; 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 I:

CDnorm = (CDraw/LCD)/(AEZZ/LabS) (1)
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where CD,,, and CD,,,, are the CD values of the E,, transition
peaks of the (6,5) SWCNT after and before normalization, Ag,,
is the absorbance at the E,, transition of the (6,5) SWCNT, L,
and L,y are the optical path lengths (cm) of the cell used for the
CD and absorption analysis.52 The calculated CD,,,, in this
work is —39 mdeg for (P) (6,5) SWCNT in the (R) CP@
CoMoCAT sample and +40 mdeg 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 CD,),,, values are
higher than those reported by Weisman and co workers”” using
the DGU method (+36 mdeg) and Nakashima and co
workers®® using chiral copolymer wrapping (+24 mdeg) but
lower than those reported by Kataura and co workers®" using gel
column chromatography (+93, —85 mdeg) and Zheng and co
workers”” using DNA differentiation (+84 mdeg).

Furthermore, we applied eqs 2 and 3 to estimate the
enantiomeric purity (EP) of the samples with calculated CD,,,,,,
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,””

EP(M)-(6,5)(%) = S0 + aCD,,, 2)

EP(P)-(6,5)(%) = S0 — aCD,,, 3)

Here, a is a linear scaling factor that is set as 0.421 + 0.030
mdeg™". 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 SWCNTSs 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
CD,om 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 + 12)%,

respectively. Similar discrepancies in the calculated EP values for
the pair of SWCNT enantiomers have been observed in the
previous studies.”®*”*"***%°* 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 workers®' and Zheng and
co workers®” 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.**

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 S00 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.”* As shown in Figure
8, negligible changes in CD intensities of E,,, E;3;, and E,,
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 SWCNT's 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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Figure 8. CD spectra of chiral polymer (S) CP dispersed SWCNTs
and achiral PFO Bpy polymer redispersed SWCNTs after trigger
ing. The structure of the PFO Bpy polymer is shown in the figure.
All samples were measured in toluene at 25 °C.
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Figure 9. Structures extracted from MD simulation (solvent
molecules are hidden) for (a) (R) CP M (6,5) clockwise wrapped,
(b) (S) CP M (6,5) clockwise wrapped, (c¢) (R) CP M (6,5)
anticlockwise wrapped, and (d) (S) CP M (6,5) anticlockwise
wrapped.

The binding energy (Ey,g) of the wrapped SWCNT was
calculated by eq 4:

Epa = Epoay.cm:ml - Epoly«sol = Ecnrosol — Epoly — Ecnr — Eq
4
where E cntal i the total energy, E g, o is the interaction
energy between polymer and solvent, and Ecyr. is the
interaction energy between SWCNT and solvent. E g, Ecnr,
and E, are the energies of free polymer, SWCNT, and solvent,
respectively. The calculated potential energies are summarized
in Table 1.

We found more favorable binding energies for the (R) CP P
(6,5) and (S) CP M (6,5) complexes compared to the (S) CP
P (6,5) and (R) CP M (6,5) complexes in both cases where the
polymer wraps the SWCNT in the clockwise (+) or
anticlockwise (—) directions. These results are in full agreement
with the previous experimental CD results, where (R) CP
polymer preferentially extracts right handed (P) SWCNTs and
(S) CP polymer preferentially extracts left handed (M)
SWCNTs.

Since it is expected that the binding energy for such systems is
influenced by sPeciﬁc noncovalent interaction of the polymer
and SWCNT,”’ the contributions of the z—7x stacking

Table 1. Binding Energies (E,;,q) and Contributions of 7—x
Stacking Interactions (E,_,) for Each Enantiomeric Complex
with Polymer Wrapping Direction Clockwise (+) or
Anticlockwise (—=)“

complex Ehind () Ey 2 (+) Epina () E (o)
(R)-CP-M-(6,5) s1 125 105 68
(R)-CP-P-(6,5) 386 494 165 311
(5)-CP-M-(6,5) 165 311 386 494
(S)-CcP-P-(6,5) 105 68 51 125

“All energies are averaged from the last 2 ns of MD simulations and
are reported in kcal/mol.

interaction to the binding energies are also reported for each
complex in Table 1. The calculated E, , indicates that the
increased tendency for (R) CP (or (S) CP) to wrap around the
P (6,5) (orM (6,5)) SWCNT originates from an increased 7—7
interaction between polymer and SWCNT, which is made
possible by the favorable geometry of the polymer aromatic rings
to interact with the SWCNT surface. Furthermore, free energy
calculations show that (S) CP interacts more favorably with the
M (6,5) SWCNT in the anticlockwise direction (—) than in the
clockwise (+) direction (Table 1 and Figure 9d).In this case, the
backbone of (S) CP lies along the vector line of the M (6,5)
SWCNT, thus maximizing the contacts as well as the 7—x
interactions between the polymer and SWCNT aromatic rings,
while the long side chains stretch into the solvent, thus reducing

the steric effects, as shown in Figure 9b. Hence, it can be
concluded that maximizing the 7—7z stacking nonbonded

interactions along with minimizing the steric effects of the
long side chains are the driving forces for the selective
interaction between chiral polymers and SWCNT enantiomers.

Owing to the all (R) or all (S) configuration of the chiral

lymers, the obtained binding energy difference between (R
%)Pylr»’n(6,'5) and (R) CP M (g,S) crgzlplexes in the clockSVis)e

direction or between (S) CP M (6,5) and (S) CP P (6,5)
complexes in the anticlockwise direction is 437 kcal/mol. This
value is significantly higher than the one calculated previously
for binaphthol—fluorene based chiral copolymers, supporting
the tight geometry of the chiral polymer ‘along the carbon

nanotubes and thus increasing the difference between these two
wrapping scenarios.” The assignment of positive and negative
E,, CD peaks of the (6,5) SWCNTs to the left handed (M) and
right handed (P) enantiomers is therefore also strongly
supported by these calculations.

CONCLUSIONS
We designed and synthesized all (R) and all (S) acid cleavable
chiral polyfluorenes with the quaternary stereocenter on each
monomeric unit for handedness sorting of semiconducting
SWCNTs. Each chiral polymer selectively extracts either left
handed or right handed (6,5), (7,5), and (7,6) s SWCNTs in
one pot from commercially available CoMoCAT SWCNTs with
a high enantiomeric excess according to its respective
preference. In the experimental CD spectra, we clearly observed
all four typical E,}, E,,, E33, and E,, transitions of the polymer
wrapped optically enriched (6,5) SWCNT enantiomers, while
the E,, CD signals of the (7,5) and (7,6) SWCNTs have
opposite signs and cancel each other due to the different type of
CNT index. Quantitative removal of the chiral polymer was
achieved by an acid treatment, and the released nanotubes can
be easily rewrapped with a nonchiral polymer. Results obtained

from all atom MD simulations are in good qualitative agreement
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with the experimental observations, indicating that the (R) CP
polymer tends to wrap around the right handed (P) (6,5)
SWCNT in the clockwise direction while the (S) CP polymer
tends to wrap around the left handed (M) (6,5) SWCNT in the
anticlockwise direction. Our approach to sort enantiomerically

e polymer free s SWCNTs is beneficial in terms of low cost,

igh selectivity, and high purity of sorted nanotubes. It provides

easier access to handedness selected SWCNTs with better
electronic properties for future electronic applications.

EXPERIMENTAL SECTION

Synthesis of Polymers. The detailed synthetic steps for the
racemic monomer 1 are given in the Supporting Information. All three
polyimines (ACP, (R) CP, and (S) CP) were synthesized by the
polycondensation reaction with the same procedure starting from 1,
(R) 1, and (8) 1, respectively. The synthetic procedure for the achiral
ACP polymer is described as an example, while the synthetic details for
the chiral polymers are given in the Supporting Information. For ACP, a

25 mL Schlenk flask was charged with 1 (100 mg, 0.20 mmol) and
anhydrous DCM (8 mL) under an argon atmosphere. Trifluoroacetic
acid (1.6 mL, 99%) and thioanisole (48 L, 0.40 mmol, 2.0 equiv) were
subsequently added, and the mixture was stirred at room temperature
ovemight. The resulting red mixture was quenched with saturated
NaHCO; solution and extracted with DCM. The combined organic
phase was washed with brine, dried over MgSO;, and filtrated. All
solvents were removed under reduced pressure, and the residue was
polymerized directly in the flask at 100 °C under vacuum (~107> mbar)
for 48 h. 77 mg of a yellow polymeric film was obtained as the final
product in 98%. 'H (CE)(??: 500 MHz): § ppm = 8.66 (s, 1H),
8.01—7.80 (m, 4H), 7.32 (m, 2H), 2.13 (m, 4H), 125—1.09 (m, 18H),
0.85 (t,3H),0.73 (m, 2H), 0.37 (m, 3H); GPC (in THF): M,, = 90 kDa,
M, =287 kDa, PDI = 3.14.

Enantiomeric Separation of s-SWCNTs. The pristine material
CoMoCAT SWCNTs were purchased from CHASM Advanced
Materials (LOT# SG65i L64). The typical procedure for wrapping
with our polyimine polymers is as follows: 0.5 mg of CoMoCAT
SWCNTs and 1.5 mg of polymer were dispersed in $ mL of toluene
under ice water bath sonication for 6 h. The temperature during the
sonication was kept around 15 °C. The suspension was then centrifuged
at 17 920 RCEF for 1 h, and the upper solution was collected and further
centrifuged at 112 000 RCF for 3 h. The precipitate was redispersed,
sonicated, and centrifuged again to remove the polymer excess in
toluene. The resulting samples were dispersed in 1 mL of toluene for
characterization. The procedure for acid triggered polymer cleavage of
the wrapped samples is given in the Supporting Information. The PFO
Bpy polymer used for rewrapping of the released SWCNTs was
purchased from American Dye Source, Inc. (ADS153UV, Lot#
15L007A1).

Computational Method. We utilized a fully atomistic molecular
model in our simulations, which treats all atoms and solvent explicitly.
(6,5) SWCNTs of 11 nm length were generated as model SWCNTs
using VMD,** and the unsaturated boundary effect was avoided by
adding hydrogen atoms at the ends of the tubes. A trimer structure of
the polymer optimized using the B3 LYP exchange correlation
functional®>*® and the def2 SV(P) basis set’”*® using TURBO
MOLE®? were used to generate a polymer of 10 repeating units using
AmberTools.** Monte Carlo sampling was performed to obtain the
1 n n ion of lymer using SIMONA,®' wh
e Sorsionc b the holesule work shonpled s e backbond dibedral
angles to create a helical conformation that fits around the SWCNT. To
create (R) and (S) polymers, the backbone configuration from Monte
Carlo calculations was kept completely the same but the side chains
were substituted with different chiralities.

The solvent molecules (toluene) were added to the box of size § X §
X 15 nm (~29 000 atoms) modeled with the experimental density of
0.87 g/mL using PACKMOL.®> MD simulations were carried out with

LAMMPS using the COMPASS force field.*>~* After minimizing and
eliminating any voids in the system, a 1 ns NPT simulation was carried

out to equilibrate the system at 1 atm and 300 K. These equilibration
steps were followed by a 4 ns production run to collect statistical data.
In the production run, the time step was 1.0 fs; structures were saved
every 0.2 ps, and cubic periodic boundary conditions (PBCs) were
applied in all directions. Electrostatic interactions were calculated using
the particle—particle particle mesh method (pppm) with a real space
cutoff of 12 A.%

Instrumentation. The enantiomers of 1 were separated by chiral

flash chromatography usinﬁ a SHIMADZU LC 20AT HPLC, which
was equipped with a CH PAK IB N 5§ HPLC column (n heptane/

isopropanol = 96:4) and a UV—vis detector. The molecular weights of
the polymers were measured by an Agilent HPLC system equipped
with two PLgel GPC/SEC columns (S gm, 300 X 7.5 mm), and the
polystyrene molecular weight standards have been used. The
sonication process was carried out in a water bath sonicator, which
was purchased from VWR (Model USCS00T) with an output
frequency of 45 kHz. The absorption spectra were recorded on a
Varian Cary 500 UV—vis NIR spectrophotometer in a quartz cuvette
with a path length of 1 cm. The CD spectra were recorded on a JASCO
J 1500 CD spectrometer with a PMT detector and a Xe lamp as the
light source for the UV—vis region. For the NIR region, an InGaAs
detector and a halogen lamp as the light source were used. All CD
spectra were acquired with a 2 s digital integration time and 4 nm
bandwidth in a quartz cuvette with a path length of 1 cm. The PLE maps
were measured in the emission range of 934—1700 nm and excitation
range of 500—-950 nm (in 3 nm steps) using a modified FTIR
spectrometer (Bruker IFS66) equipped with a liquid nitrogen cooled
Ge photodiode and a monochromatized excitation light source.
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