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Chapter 1

Preface

1-1. Introduction

Single-walled carbon nanotubes (SWCNTs) possess a unique one-dimensional
structure! with remarkable electronic, mechanical, thermal and photophysical properties.>”
Not only their structural characteristics, but also opto-electronic properties derived from their
diameters and chiral indices, denoted as (n,m)SWNTs, are important for a deep understanding
of their fundamental intrinsic properties.®!® Due to the difficulty in the synthesis of SWNTSs
with a specific chiral index, SWNT chirality-sorting has been an anticipated technique for
realizing practical applications of SWNTs, especially in the field of nano-electronic devices.
Highly purified semiconducting-SWNTs (sem-SWCNTs) not containing metallic-SWNTs
(met-SWNTs) are specifically required for electronic devices, such as field-effect transistors
and photovoltaic applications!'!: 12 because the met-SWNTs decrease and reduce the efficiency
of their associated devices'®: 4. Hence, the separation/purification of SWNTSs according to their
chirality is one of the most important issues in the science of carbon nanotubes. Such
approaches can be simply classified into two ways containing the covalent- and non-covalent
functionalization of the SWNT sidewalls!>. To preserve the intrinsic SWNT properties, the
latter method has an advantage over the former one. This paper describes the efficient and
precise sorting of the chirality of SWCNTs using several supramolecular approaches using
optical isomer recognition (Chapter 2), bulky © system (Chapter 3), metal complex (Chapter

4) and hydrogen bond polymer (Chapter 5), all of which ingeniously utilized weak interactions.



1-2. Chirality of the SWCNT

As referred in the previous section, SWCNT have various isomers with different
chirality indexes. The structures can be totally symmetric that produces optical isomers with

their rolling vectors with right-handed and left-handed (Fig. 1-1).

Left-handed semi- Right-handed semi-
conducting SWNT conducting SWNT

Figure 1-1. Schematic drawing of semiconducting SWNT enantiomers and chemical structures. Adapted from

ref. 67 with kind permission. Copyright 2012 Journal of the American Chemical Society.

Not only their optical properties but also its electronic characters can be described
according to the structure, which is metallic, semi-metallic and semiconducting (Fig. 1-2).
Hirana et al. previously reported experimental observation of SWCNT electronic structures
and prediction of the electronic states for the semiconducting chirality of SWCNTs using the
equation (1) (Fig. 1-3),'6 where E is Ered, Eox, 01 EF, 0 is chiral angle of the SWCNT and A, B,

B’, C and C’ are constants determined by the fitting procedures.

E=A+B/d+B /d*+(C/d)cos30+ (C'/d*)cos30 (1)

For the applications using SWCNTs in opt-electronic devices, separation of the
metallicity and chirality is important issue. In general, as seen in Fig. 1-3, the electronic
property of semiconducting SWCNTs are related its diameter, although, there is definite

differences in their electronic properties are exist. Note that SWCNTs are usually produced



with a small range of diameter distribution according to the used methods and catalyst, in which
always two to one production possibility for semiconducting and metallic SWCNTs. The
limited range of diameters in the production of SWCNT means the small difference get more
important for the applications of SWCNT. Hence, it is very important to sort the chirality of

SWCNTs in the given materials.

(b)

Unit Cell

4 7

Figure 1-2. Graphic representation showing the structure of SWNTs. (a) Schematic illustration of the structures
of a (4,2) SWNT with lattice chiral vector Ch and tube axis T. (b) Graphene sheet map showing the chirality of
various metallic and semiconducting SWNTs with Ch from (0,0) to the shown SWNT chirality. Adapted from ref.

14 with kind permission. Copyright 2015 Elsevier Ltd. All rights reserved.
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Figure 1-3. Experimental determination of the redox potentials of the SWNTs based on in situ PL electrochemical
analysis is limited to the narrow diameter range (regions b and c) of the SWNTs; an empirical equation is needed
in the ranges a and d due to i) the difficulty in synthesis of the SWNTs (region a), and ii) the very low sensitivity
of an IR-enhanced InGaAs detector together with the difficulty in individual dissolution of the SWNTs (region d)
that make in situ PL electrochemical analysis impossible. Adapted from ref. 16 with kind permission. Copyright

2013 Springer Nature.

1-3. Sorting the semiconducting-SWCNTs

Due to the difficulty in the synthesis of SWNTs with a specific chiral index, SWNT
chirality-sorting has been an anticipated technique for realizing practical applications of
SWNTs, especially in the field of nano-electronic devices. Chirality of SWCNTs represents the
arrangement of carbon atoms and electronic properties as semiconducting- or metallic-
SWCNTs with using chiral index (n,m). To date, various methods have been presented for
such separation including density gradient ultracentrifugation (DGU)!-'® and gel

19,20
b

chromatography techniques aqueous two-phase extraction method?! use of

polyfluorenes*>2* and oligo DNAs?*?3.  While, DGU and chromatography techniques are

4



rather complex, the methods using polymers such as DNAs and synthetic polymers are
preferred by their facile, non-destructive and one-pot separation of the sc-SWCNTs; however,

removal of the wrapped polymers on the SWCNTs is difficult in principle.

1-3-1. Using mechanical forces for separating chirality of SWCNTs

SWCNTs are tubular and hollow structured materials and, furthermore, completely
consist of m conjugated surfaces, which make the separation and even solubilization to any
solvent difficult. The first report that efficiently solubilize SWCNTs in the solvent is performed
using aqueous micelles. From the stacked bundles of SWCNT to the isolated form (Fig 1-4),
the aid of ultra-sonication is inevitable. The stronger the ultra-sonication is, the critical their
damage becomes more serious, that means the balance of reservation of SWCNT character is
depending on the performance of the solubilizing surfactants. Fig. 1-5 shows several
representatives of useful surfactants with alkyl chains and natural backbones (bile salts and
nonionic bio-surfactants)?¢. DGU (Fig. 1-6) and agarose gel-column chromatography (Fig. 1-
7) are based on the solubilization and the interaction between the SWCNTs and these

surfactants.

Figure 1-4. From bundled nanotubes to individually solubilized nanotubes.

Although the separation is very clear, these methods with physical external forces are
based on strong ultra-sonication, which potentially harms the structures of m conjugated

structures of SWCNTSs.
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Figure 1-5. Chemical structures of bile salts and nonionic biosurfactants. Adapted from ref. 14 with kind

permission. Copyright 2006 WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim.

05
0.4

03

80UBQI0SqY

0.2

0.1

S P s ST

Wavelength (nm)
Figure 1-6. Sorting of SWNTs by diameter, bandgap and electronic type using density gradient ultracentrifugation.
(a) Schematic of surfactant encapsulation and sorting, where p is density. (b) Photographs and (c) optical
absorbance (1 cm path length) spectra after separation using density gradient ultracentrifugation. Adapted from

ref. 14 with kind permission. Copyright 2015 Elsevier Ltd. All rights reserved.
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Figure 1-7. Effect of overloading single-wall carbon nanotubes (SWCNTs) on gel columns. Schematic diagram
of overloading effect with SWCNTs in the gel columns. Adapted from ref. 19 with kind permission. Copyright
2011, Springer Nature.

1-3-2. Soring SWCNTs according to their chirality using natural polymers

Recently, several papers have described the separation of the chiral mixtures of
semiconducting/metallic SWNTs using natural polymers such as deoxyribonucleic acid
(DNA)?™3% (Fig. 1-8). These reports confined the molecular recognition takes place on the
surface of SWCNTs. DNA can take several possible states such as single-stranded and double
stranded®!-*3. Both the single- and double- forms were individually proven to possible to
solubilize SWCNTSs especially for the semiconducting-parts by Nakashima?®’ (double-stranded
DNA, Fig. 1-8) and Zheng?* (single-stranded DNA, Fig. 1-9), respectively. Furthermore, the
components of DNA can influence the recognition of chirality and Zheng successfully

performed the selective sorting of SWCNT chirality tuned by various sequences of DNA3!,



Figure 1-8. Energy-minimized structure of SWCNT wrapped by (a) double-stranded DNA and (b) single-stranded
DNA. Adapted from ref. 14 with kind permission. Copyright 2015 Elsevier Ltd. All rights reserved.

Natural polymers are elegantly designed and ready for use in SWCNT sorting and,
nowadays, it is accessible to prepared the arranged sequences®?-*¢. Contrary to their limitless
possibility to individually recognize the all individual chirality of SWCNT by DNA sequent,
the problem is its time and cost for the preparation of DNA itself and the follow-up chirality
separation using anion-changing gel-column chromatography?!. For more efficient
solubilization/separation of specific chirality of SWCNT, more facile and more cheap methods

are still demanded.

1-3-3. Sorting semiconducting-SWCNTs using synthetic polymers

One of the important findings in the chirality-sorting methods is the selective extraction
using artificially synthesized polymers3’-°. As described in the previous section, molecular
recognition is powerful tool for the chirality-sorting of SWCNTSs and the key is the strategical
design of the molecules. Poly(9,9-didodecylfluorene-2,7-diyl) (PFOs)*"#°, PFO derivatives,*!-

46 polycarbazole®® and region-regular polyalkylthiophene**->°

are known to dissolve only
semiconducting SWNTs. Especially, molecular recognition methods with (co)polymers are

preferred by their facile, mild-conditioned and one-pot separation of semiconducting -SWNTs;
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however, adsorbed molecules including general surfactants on the separated SWCNTs cannot
be easily removed.’! One other drawback is that these conventional methods require
complicated synthesis or sophisticated machine tools setup. For a facile sorting of chemically
pure semiconducting-SWCNTs, highly-efficient and low-cost purification method has been

demanded.

1-4. Removable solubilizers for SWOCNT based on

supramolecular chemistry

The selective extraction is simple and powerful for the chirality-sorting; however, it is
difficult that the removal of the polymers in the polymer/SWNT hybrids due to the strong

52-55 The First demonstration for

polymer wrapping through molecular interactions.
solubilization and release of SWCNTs using supramolecular polymers was reported by
Stoddart using metal complex.>® For the other weak-bond based supramolecular system,
hydrogen-bond polymer is utilized for the is reversible solubilization/bundling of multi-walled
carbon nanotubes by Bonifazi.’” Unfortunately, both method showed no chirality selectivity

along the solubilization procedures, probably because of the rack of intentionally designed

chirali recognition moieties in the systems.
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Figure 1-9. Schematic of dynamic coordination chemistry in action with SWNTs. Adapted from ref. 56 with

kind permission. Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 1-10. Schematic representation of the envisaged self-assembly processes taking place on the surface of

carbon nanotube. Adapted from ref. 57 with kind permission. Copyright 2011, American Chemical Society.

Practical use of the SWCNTs in the next-generation devices requires the chirality purity
of the SWCNTs. For the purpose, introduction of degradable moieties into the known chirality
selective polymer is the nearest pathway. Recently, several reports for the removal of the
wrapping chirality selective polymers are demonstrated,’3%> but most of them are intended to
ensure the polymer-bond-breaking, which usually realized on the sacrifice of the polymer.
Furthermore, degradable moiety is not suitable for the recognition of the SWCNT chirality,

10



which decrease the purity of the SWCNTs. One more important requirement for the chirality
selective SWCNT solubilizing polymers is the length of the polymer. Reducing the polymer

length should weaken polymer/SWCNT interactions*-4

and the effects of the polymer length
to chirality selectivity and removability have been considered. Henrich et al. synthesized 9,9-
dialkylfluorene oligomers (from dimer to octamer) and compared their dispersing properties
toward SWNTs with those of the parent polymer PFO.%¢ The octamer shows selectivity to
near armchair semiconducting SWNTs and exchange with a conjugated polymer; however, the
oligomers do not show clear semiconducting/metallic selectivity, and naked SWNTs have not
been obtained.

Summarizing these knowledge, it is agreeable that in-situ growing polymers based

on supramolecular mechanism are suitable for the chirality-selective separation/purification of

SWCNTs.

1-5. The aim of this research

In the present research, I describe the sorting of the semiconducting- and the metallic-
SWCNTs based on a supramolecular approach. Furthermore, the separation of the optical and
the structural isomers of SWCNTs are targeted. In order to achieve this multiple functionalities,
I designed supramolecular systems consist of metal-ligand coordination, hydrogen-bond,
optical recognition molecules and bulky n-conjugated adducts. The non-covalent weak bonds
are, furthermore, utilized to design external stimuli-responsive moieties to make the SWCNT
solubilizers removable.

As the goal, we designed and synthesized solubilizer molecules that efficiently
recognize/solubilize semiconducting-SWCNTs based on the difference in the SWCNT chirality
recognition and solubility product between the semiconducting- and metallic-SWCNTs
followed by detachment of the solubilizers from the SWNT surfaces. The chemical structures
of these molecules are covalent polymers, coordination polymers and hydrogen-bond polymers

composed of fluorene moieties and functional parts. The fluorene backbone acts as the

11



semiconducting-SWCNT recognition moiety and the functional parts connecting fluorene units
with giving the polymer new features. Such a technique to combine conventional backbones
and functional moieties are basic, but powerful tool to design efficient solubilizers for
SWCNTs.

Especially, supramolecular coordination complex polymers with semiconducting-
SWCNT selectivity is exhibited for the first time in the field, as far as I know, that opened up
and deepens the cooperation between chemistry and carbon nanotube science. Therefore, such
efficient combinations between SWCNTs and supramolecular systems have been investigated

in this research.

1-6. Content of the research

I expected that the introduction of functional moieties in the conventional fluorene
polymer might control the chirality selectivity and yield of the extracted SWCNTs. In the
present research, thus, I investigated five fluorene based copolymers, which can be devided
into three categories, the polymer carrying optical recognition units, bulky n-system and weak-
bond based polymers. All the presented polymers interact with SWCNTs by supramolecular
recognition and the results are described in four chapters as follows.

Synthesis, characterization and sorting optical isomers of SWCNTs using chiral-
recognizing solubilizers are presented in Chapter 2.

Chapter 3 describes the sysnthesis, characterization and sorting SWCNTs using
fullerene carrying solubilizers.

Coordination polymers for the selective separation of semiconducting-SWCNTs are
presented in Chapter 4.

High chiral selective hydrogen-bond polymers are described in the Chapter 5.

Throughout these researches, I have discovered that the extracting highly chiral-pure
extraction is possible using removable supramolecular solubilizers (Chapter 4 and 5). These

are the first example in designing chiral selective SWCNT solubilizers.

12



References

[1]
[2]
[3]
[4]
[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

S. lijima, Nature 1991, 354, 56.

J. Azamat, A. Balaei, M. Gerami, Comput. Mater. Sci. 2016, 113, 66.

Y. Y. Huang, E. M. Terentjev, Polymers (Basel). 2012, 4, 275.

L. Vaisman, H. D. Wagner, G. Marom, Adv. Colloid Interface Sci. 2006, 128—130, 37.

A. Vijayaraghavan, S. Blatt, D. Weissenberger, M. Oron-Carl, F. Hennrich, D.
Gerthsen, H. Hahn, R. Krupke, Nano Lett. 2007, 7, 1556.

F. J. Martin-Martinez, S. Melchor, J. a Dobado, Phys. Chem. Chem. Phys. 2011, 13,
12844.

Q. Cao, S. Han, G. S. Tulevski, Y. Zhu, D. D. Lu, W. Haensch, Nat. Nanotechnol.
2013, 8, 180.

J. E. Rossi, C. D. Cress, A. Merrill, K. J. Soule, N. D. Cox, B. J. Landi, Carbon N. Y.
2015, 81, 488.

J. a Fagan, J. R. Simpson, B. J. Bauer, S. H. D. P. Lacerda, M. L. Becker, J. Chun, K.
B. Migler, A. R. H. Walker, E. K. Hobbie, J. Am. Chem. Soc. 2007, 129, 10607.

M. Ouyang, J.-L. Huang, C. M. Lieber, Acc. Chem. Res. 2002, 35, 1018.

C. V. V. M. Gopi, M. Venkata-Haritha, S. K. Kim, H. J. Kim, J. Power Sources 2016,
311,111.

R. M. Jain, R. Howden, K. Tvrdy, S. Shimizu, A. J. Hilmer, T. P. McNicholas, K. K.
Gleason, M. S. Strano, Adv. Mater. 2012, 24, 4436.

A.-M. Dowgiallo, K. S. Mistry, J. C. Johnson, J. L. Blackburn, ACS Nano 2014.

Wang, H. & Bao, Z., Nano Today (2016). doi:10.1016/j.nantod.2015.11.008.

V. Likodimos, T. A. Steriotis, S. K. Papageorgiou, G. E. Romanos, R. R. N. Marques,
R. P. Rocha, J. L. Faria, M. F. R. Pereira, J. L. Figueiredo, A. M. T. Silva, P. Falaras,
Carbon N. Y. 2014, 69, 311.

Y. Hirana, G. Juhasz, Y. Miyauchi, S. Mouri, K. Matsuda, N. Nakashima, Sci. Rep.
2013, 3.

S. Ghosh, S. M. Bachilo, R. B. Weisman, Nat. Nanotechnol. 2010, 5, 443.

M. S. Arnold, A. A. Green, J. F. Hulvat, S. 1. Stupp, M. C. Hersam, Nat. Nanotechnol.
2000, 1, 60.

H. Liu, D. Nishide, T. Tanaka, H. Kataura, Nat. Commun. 2011, 2, 309.
T. Tanaka, J. Hehua, Y. Miyata, H. Kataura, Appl. Phys. express 2008, 1, 1.

C. Y. Khripin, J. a Fagan, M. Zheng, J. Am. Chem. Soc. 2013, 135, 6822.
13



[22]
[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

A. Nish, J. Hwang, J. Doig, R. Nicholas, Nat. Nanotechnol. 2007, 2, 640.
F. Chen, B. Wang, Y. Chen, L.-J. Li, Nano Lett. 2007, 7, 3013.

M. Zheng, A. Jagota, E. D. Semke, B. A. Diner, R. S. Mclean, S. R. Lustig, R. E.
Richardson, N. G. Tassi, Nat. Mater. 2003, 2, 338.

M. Zheng, E. D. Semke, J. Am. Chem. Soc. 2007, 129, 6084.
A. Ishibashi, N. Nakashima, Chem. - A Eur. J. 2006, 12, 7595.

N. Nakashima, S. Okuzono, H. Murakami, T. Nakai, K. Yoshikawa, Chem. Lett. 2003,
32, 456.

X. Tu, A. R. Hight Walker, C. Y. Khripin, M. Zheng, J. Am. Chem. Soc. 2011, 133,
12998.

L. Zhang, X. Tu, K. Welsher, X. Wang, M. Zheng, H. Dai, J. Am. Chem. Soc. 2009,
131, 2454.

M. Zheng, E. D. Semke, J. Am. Chem. Soc. 2007, 129, 6084.
X. Tu, S. Manohar, A. Jagota, M. Zheng, Nature 2009, 460, 250.

F. Schoppler, C. Mann, T. C. Hain, F. M. Neubauer, G. Privitera, F. Bonaccorso, D.
Chu, A. C. Ferrari, T. Hertel, J. Phys. Chem. C 2011, 115, 14682.

M. Zheng, A. Jagota, M. S. Strano, A. P. Santos, P. Barone, S. G. Chou, B. a Diner, M.
S. Dresselhaus, R. S. McLean, G. B. Onoa, G. G. Samsonidze, E. D. Semke, M. Usrey,
D. J. Walls, Science 2003, 302, 1545.

B. Koh, J. B. Park, X. Hou, W. Cheng, J. Phys. Chem. B 2011, 115, 2627.

R. Sharifi, M. Samaraweera, J. a Gascon, F. Papadimitrakopoulos, J. Am. Chem. Soc.
2014, 136, 7452.

C. F. Chiu, W. A. Saidi, V. E. Kagan, A. Star, J. Am. Chem. Soc. 2017, 139, 4859.
X. Tu, S. Manohar, A. Jagota, M. Zheng, Nature 2009, 460, 250.

J. Zhang, A. a Boghossian, P. W. Barone, A. Rwei, J.-H. Kim, D. Lin, D. a Heller, A.
J. Hilmer, N. Nair, N. F. Reuel, M. S. Strano, J. Am. Chem. Soc. 2011, 133, 567.

T.-G. Cha, J. Pan, H. Chen, J. Salgado, X. Li, C. Mao, J. H. Choi, Nat. Nanotechnol.
2014, 9, 39.

S.-Y. Ju, D. C. Abanulo, C. A. Badalucco, J. A. Gascon, F. Papadimitrakopoulos, J.
Am. Chem. Soc. 2012, 134, 13196.

T. Shiraki, A. Tsuzuki, F. Toshimitsu, N. Nakashima, Chemistry 2016, 22, 4774.
S.-Y. Ju, D. C. Abanulo, C. A. Badalucco, J. A. Gascon, F. Papadimitrakopoulos, J.
Am. Chem. Soc. 2012, 134, 13196.

14



[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

X. Wang, C. Wang, L. Cheng, S.-T. Lee, Z. Liu, J. Am. Chem. Soc. 2012.
Y. Kato, A. Inoue, Y. Niidome, N. Nakashima, Sci. Rep. 2012, 2, 1.

Y. Noguchi, T. Fujigaya, Y. Niidome, N. Nakashima, Chem. Phys. Lett. 2008, 455,
249.

S.-Y. Ju, D. C. Abanulo, C. A. Badalucco, J. A. Gascon, F. Papadimitrakopoulos, J.
Am. Chem. Soc. 2012, 134, 13196.

D. Roxbury, J. Mittal, A. Jagota, Nano Lett. 2012, 12, 1464.

M. Ito, Y. Ito, D. Nii, H. Kato, K. Umemura, Y. Homma, J. Phys. Chem. C 2015,
150828160259001.

M. Zheng, E. D. Semke, J. Am. Chem. Soc. 2007, 129, 6084.

F. Sen, A. A. Boghossian, S. Sen, Z. W. Ulissi, J. Zhang, M. S. Strano, ACS Nano
2012, 6, 10632.

R. R. Johnson, a T. C. Johnson, M. L. Klein, Nano Lett. 2008, 8, 69.

A. N. G. Parra-Vasquez, N. Behabtu, M. J. Green, C. L. Pint, C. C. Young, J. Schmidt,
E. Kesselman, A. Goyal, P. M. Ajayan, Y. Cohen, Y. Talmon, R. H. Hauge, M.
Pasquali, ACS Nano 2010, 4, 3969.

S. K. Samanta, M. Fritsch, U. Scherf, W. Gomulya, S. Z. Bisri, M. A. Loi, Acc. Chem.
Res. 2014, 47, 2446.

A. H. Bae, T. Hatano, N. Nakashima, H. Murakami, S. Shinkai, Org. Biomol. Chem.
2004, 2, 1139.

Y. Noguchi, T. Fujigaya, Y. Niidome, N. Nakashima, Chem. - A Eur. J. 2008, 14,
5966.

K. S. Chichak, A. Star, M. V. P. Altoé, J. F. Stoddart, Small 2005, 1, 452.

A. Llanes-Pallas, K. Yoosaf, H. Traboulsi, J. Mohanraj, T. Seldrum, J. Dumont, A.
Minoia, R. Lazzaroni, N. Armaroli, D. Bonifazi, J. Am. Chem. Soc. 2011, 133, 15412.

M. Imit, A. Adronov, Polym. Chem. 2015, 6, 4742.

A. Graf, Y. Zakharko, S. P. SchieB3l, C. Backes, M. Pfohl, B. S. Flavel, J. Zaumseil,
2016, 105, 593.

K. S. Mistry, B. a Larsen, J. L. Blackburn, ACS Nano 2013, 7, 2231.

L. Hong, F. Toshimitsu, Y. Niidome, N. Nakashima, J. Mater. Chem. C Mater. Opt.
Electron. Devices 2014, 2, 5223.

L. Hong, F. Toshimitsu, Y. Niidome, N. Nakashima, J. Mater. Chem. C 2014, 2.

H. Ozawa, T. Fujigaya, Y. Niidome, N. Nakashima, Chem. Asian J. 2011, 6, 3281.

15



[64] M. Tange, T. Okazaki, S. lijima, ACS Appl. Mater. Interfaces 2012, 4, 6458.
[65] A. Nish, J.-Y. Hwang, J. Doig, R. J. Nicholas, Nanotechnology 2008, 19, 95603.

[66] S. D. Stranks, A. M. R. Baker, J. a Alexander-Webber, B. Dirks, R. J. Nicholas, Small
2013, 1.

[67] Akazaki, K., Toshimitsu, F., Ozawa, H., Fujigaya, T. & Nakashima, N., J. Am. Chem.
Soc. 134, 1270012707 (2012).

16



Chapter 2
Recognition and separation of optical isomers of SWCNTs

using synthetic polymers

2-1. Introduction

As-synthesized SWCNTs are usually mixed isomers of semiconducting- and metallic-
SWCNTs with more than several chirality indices (n,m), and furthermore, they are also racemic
mixtures consist of equal amount of enantiomers with left- or right-handed winding alignment of
carbon atoms along with chirality index.> These SWCNT enantiomers should exhibit
corresponding circular dichroism (CD)!''? as seen in bio, pharmaceutical and chemical
compounds, however, neither detailed properties nor differences of SWCNTSs enantiomers have
not been accessed deeply owing to the absence of suitable separation/purification technique.
Although many techniques and approaches toward chirality separation of SWCNTSs have been
developed, it still needs a breakthrough to extract/separate right- or left-handed SWCNT
enantiomers from their racemic chiral mixtures.

Recently, several challenges describing the separation of the racemic mixtures of SWCNTSs
into each enantiomer have been reported. Komatsu et al. '?!3 used chiral diporphyrin molecules to
separate the left- and right- racemic mixtures. Hersam et al. applied the density gradient
ultracentrifugation (DGU) '*!° technique for sorting SWCNTs and Weisman et al.!® sorted
enantiomers of the SWCNTSs by improved nonlinear DGU gradient using mixed surfactants of

sodium cholate and sodium dodecyl sulphate. However, regarding cost and efficiency of the
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system, simultaneous resolution of SWCNTs according to their metallic or semiconducting
chirality and left- or right-handed helicity is still remains as a big challenge.

Polyfluorene-based copolymers are intensively focused due to their highly specific sorting
ability toward semiconducting SWCNTSs.!”-!8 T have previously demonstrated a rational method
for the selective recognition and solubilization of specific chirality of (n,m)SWCNTs with a series
of systematically designed and synthesized fluorene-based copolymers,'® in which I revealed the
flexible and controllable selectivity of the copolymers over the SWCNT chirality. In that research,
I used chiral moieties as side chains of the polyfluorene, but no significant enantiomer selectivity
was obserbed.

With this insight, here I developed the strategy to separate semiconducting, left- or right-
handed SWCNT enantiomers with newly designed and synthesized chiral fluorene-based
copolymers (Figure 2-1). The approach was introduction of chiral binaphthol moiety, (R)- and (S)-
2,2'-dimethoxy-1,1'-binaphthyl-6,6’-diyl (RBN and SBN), into the fluorene polymers (poly-9,9-
dioctyl-2,7-fluorene, PFO), which was based on the fundamental idea of hybridizing chirality

20-26

sorting and enantio-selective extraction. PFO and their derivatives*">° are known to dissolve only

semiconducting SWCNTs and RBN and SBN are so-called BINAP family that possess powerful

enantiomer recognizing ability.?’->°

CH;0O OCH,4

Figure. 2-1. Chemical structures of copolymers of Poly{(9,9-dioctylfluorenyl-2,7-diyl)-ran-[(R)-2,2'-dimethoxy-1,1'-
binaphthyl-6,6’-diyl]} (PFO)x(RBN)y (a) and Poly{(9,9-dioctylfluorenyl-2,7-diyl)-ran-[(S)-2,2'-dimethoxy-1,1'-
binaphthyl-6,6’-diyl]} (PFO)x(SBN)y (b). Adapted from ref. 35 with kind permission. Copyright 2012 American
Chemical Society.
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To realize this concept, I synthesized 12 novel copolymers denoted as (PFO)x(RBN)y and
(PFO)x(SBN)y, where x and y are the copolymer composition ratios. The copolymers successfully
extracted only semiconducting SWCNT enantiomers by simple sonication in toluene, and no
further purifications were needed. In particular, I find that the proportion of chiral binaphthol
moiety exhibited dramatic influence on the recognition/extraction of SWCNT enantiomers.

To verify the selectivity features of our copolymers, I simulated the conformation of each
copolymer on SWCNTs in accordance with typical experimental conditions. The calculation well
elucidated that the driving force of enantio-selective sorting was governed not only by chiral
interactions but also by copolymers’ wrapping fashion, those cooperatively altered upon changing

composition ratio of the copolymers.

2-2. Experimental

2-2-1. Synthesis of copolymers. (R)- and (S5)-6,6'-dibromo-2,2'-dimethoxy-1,1'-binaphthalene
were synthesized according to the literature.®? Chiral copolymers, (PFO)x(RBN)y and

3334 Briefly, the synthesis

(PFO)x(SBN)y were synthesized via Yamamoto coupling reaction.
procedure of (PFO)61(RBN)39 is described as following. Ni(COD), (100 mg, 0.36 mmol), 2,2’-
dipyridyl (62 mg, 0.40 mmol), 1,5-cyclooctadiene (0.1 mL), dried DMF (1.5 mL) and dried toluene
(3.0 ml) were placed in a flask and heated at 80 °C for 30 min under a nitrogen flow to obtain a
dark purple complex to which a mixed solution of 2,7-dibromo-9,9’-dioctylfluorene (55 mg) and
(R)-6,6'-dibromo-2,2'-dimethoxy-1,1'-binaphthalene (39 mg) in dried DMF (0.5 mL) and dried
toluene (0.5 mL) was added, and then reacted at 80 °C for 24 h. After the reaction, the solution

was poured into a mixed solution (150 mL) of 2M HCI (50 mL), acetone (50 mL), and methanol

(50 mL) to produce a precipitate, which was collected by filtration, and then rinsed with acetone.
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The obtained solid was dissolved in chloroform, and then reprecipitated from methanol to produce
a yellowish solid (52 mg). 'H NMR (CDCl3, 300 MHz) :  8.30-7.40 (m, 3.2H), 3.80 (m, 1H), 2.04
(m, 1H), 1.35-0.936 (m, 5.2H), 0.916-0.437 (m, 2.6H). Yeild: 52%. M, = 5377, M,, = 20658, PDI
= 3.84. Other 11 different (PFO)x(RBN)y and (PFO)x(SBN)y were synthesized by a similar way.
The composition ratios (x,y) of the copolymers were determined by their 'H NMR spectra.
(PFO)86(RBN)14: 'H NMR (CDCl3, 300 MHz): & 8.3-7.40 (m, 10.2H), 3.80 (m, 1H), 2.04 (m,
4H), 1.35-0.936 (m, 35.7H), 0.916-0.437 (m, 38.9H). Yeild: 52%, M, = 28514, M,, = 55618, PDI
= 1.95. (PFO)76(RBN)24: '"H NMR (CDCl3, 300 MHz): § 8.30-7.40 (m, 5.66H), 3.80 (m, 1H),
2.04 (m, 2.07H), 1.35-0.936 (m, 14.1H), 0.916-0.437 (m, 6.11H). Yeild: 86%, M, = 23962, M,, =
85831, PDI = 3.58. (PFO)71(RBN)29: '"H NMR (CDCls, 300 MHz): & 8.30-7.40 (m, 5.36H), 3.80
(m, 1H), 2.04 (m, 1.62H), 1.35-0.936 (m, 8.88H), 0.916-0.437 (m, 4.3H). Yeild: 63%, M, = 16328,
M,,=42775, PDI = 2.62. (PFO)68(RBN)32: 'H NMR (CDCl3, 300 MHz): & 8.30-7.40 (m, 3.94H),
3.80 (m, 1H), 2.04 (m, 1.44H), 1.35-0.936 (m, 7.89H), 0.916-0.437 (m, 3.73H). Yeild: 46%, M, =
9029, M,, = 30383, PDI = 3.37. (PFO)44(RBN)56: 'H NMR (CDCl3, 300 MHz): & 8.30-7.40 (m,
2.19H), 3.80 (m, 1H), 2.04 (m, 0.533H), 1.35-0.936 (m, 2.85H), 0.916-0.437 (m, 1.55H). Yeild:
37%, M, = 2055, M,, = 11565, PDI = 5.63. (PFO)85(SBN)15: 'H NMR (CDCls, 300 MHz): &
8.30-7.40 (m, 7.61H), 3.80 (m, 1H), 2.04 (m, 3.7H), 1.35-0.936 (m, 21.5H), 0.916-0.437 (m,
9.63H). Yeild: 82%, M, = 20923, M,, = 51138, PDI = 2.44. (PFO)72(SBN)28: 'H NMR (CDCls,
300 MHz): 6 8.30-7.40 (m, 4.4H), 3.80 (m, 1H), 2.04 (m, 1.73H), 1.35-0.936 (m, 9.48H), 0.916-
0.437 (m, 4.46H). Yeild: 49%, M, = 12461, M, = 36663, PDI = 2.94. (PFO)65(SBN)35: '"H NMR
(CDCl3, 300 MHz): 6 8.30-7.40 (m, 3.76H), 3.80 (m, 1H), 2.04 (m, 1.25H), 1.35-0.936 (m, 6.73H),
0.916-0.437 (m, 3.33H). Yeild: 56%, M,, = 9966, M,, = 24790, PDI = 2.49.(PFO)55(SBN)45: 'H

NMR (CDCls, 300 MHz): § 8.30-7.40 (m, 2.90H), 3.80 (m, 1H), 2.04 (m, 0.804H), 1.35-0.936 (m,

20



5.67H), 0.916-0.437 (m, 3.22H). Yeild: 53%, M, = 4489, M, = 14086, PDI = 3.14.
(PFO)51(SBN)49: 'H NMR (CDCls, 300 MHz): & 8.30-7.40 (m, 2.63H), 3.80 (m, 1H), 2.04 (m,
0.692H), 1.35-0.936 (m, 3.69H), 0.916-0.437 (m, 1.78H). Yeild: 45%, M, = 3818, M,, = 24110,
PDI = 6.31. (PFO)47(SBN)53: 'H NMR (CDCl3, 300 MHz): 8 8.30-7.40 (m, 2.33H), 3.80 (m,
1H), 2.04 (m, 0.584H), 1.35-0.936 (m, 3.14H), 0.916-0.437 (m, 1.55H). Yeild: 47%, M, = 3292,
M,, = 16873, PDI = 5.13.

2-2-2. Enantio-selective separation of (n,m)SWCNTs. CoMoCAT-SWCNTs (SWeNT®SG65,
SouthWest NanoTechnologies, Co.) were purchased from Aldrich and used as received. A typical
procedure for the SWCNT dissolution using the copolymers is as follows. The SWCNTs (1 mg)
and the copolymer (3 mg) were sonicated in toluene (3 ml) for 1 h and the dispersion was
centrifuged at 10000 g for 1 h followed by collection of the supernatant (upper 80%) for
measurements. Vis-NIR absorption, circular dichroism and PL spectra were measured using a
spectrophotometer (JASCO, type V-570), a circular dichroism spectropolarimeter (JASCO, type
J-820), and a spectrofluorometer equipped with a liquid-nitrogen-cooled InGaAs near-IR detector
(Horiba-Jobin Yvon, SPEX Fluorolog-3-NIR), respectively. The excitation and emission

wavelengths for PL measurements were in the range of 500-850 and 900—-1400 nm, respectively.

2-2-3. Molecular mechanical simulations. The molecular mechanics simulations were carried
out using MacroModel (Infocom, version 8.6) with the OPLS-2005 force field. Dielectric constants
were kept at 2.3. Minimization on the calculation was carried out using the Polak-Ribiere
conjugate gradient with a convergence threshold on the gradient of 0.05 kJmol!. Default values

were used for all other parameters.
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2-3. Results and discussion

2-3-1. Selective recognition/extraction of SWCNTs by chiral copolymers

Twelve copolymers were synthesized with different compositions by means of altering
copolymerization ratios through Yamamoto coupling reaction. The resulting ratio between PFO(x)
and RBN/SBN(y) was determined quantitatively by 'H NMR spectroscopy, that is, For
(PFO)x(RBN)y, (x:y) = (86:14), (76:24), (71:29), (68:32), (61:39) and (44:56), and for
(PFO)x(SBN)y, (x:y) = (85:15), (72:28), (65:35), (55:45), (51:49) and (47:53), respectively.
Throughout this thesis the copolymers are named based on the percentage of each comonomer
units.

The UV-Vis absorption and circular dichroism (CD) spectra of typical copolymers in toluene
are shown in Figure 2-2 (a, b), in which (PFO)x(RBN)y and (PFO)x(SBN)y showed almost
mirror-image CD spectra (Fig. 2-3 and 2-4). The introduction of bulky binaphthol moiety caused
blue shift due to the decreased effective conjugation, which suggests that copolymers were allowed
to have various conformations compared to normal PFOs. CD intensity also reflected the amount
of chiral BN moiety as shown in Figure 2-2 (c, d) in which CD intensity was plotted as a function

of RBN or SBN ratios (y).
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Figure 2-2. UV-Vis absorption and CD spectra of (PFO)x(RBN)y (x: y; 86: 14, 61: 39, 44: 56) (a) and (PFO)x(SBN)y
(x: y; 85: 15, 65: 35, 47: 53) (b). CD spectra are normalized based on the absorbance intensity of the copolymers at
maximum wavelength. The CD intensity are plotted as a function of RBN (c) and SBN ratios (d). Adapted from ref.
35 with kind permission. Copyright 2012 American Chemical Society.
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The Vis-NIR absorption spectra of the solubilized SWCNTSs using the copolymers are shown
in Figure 2-5, in which I observe the first (E%i1) and second (E®») semiconducting bands of the
SWCNTs, and almost no metallic band appeared in the range of 400-550 nm. The results clearly
indicate that all the used copolymers dissolved semiconducting SWCNTs with a high selectivity
like normal PFO. Furthermore, the introduction of RBN or SBN into the PFO gradually altered
the preferred chirality indices (n,m) of the extracted SWCNTs as compared to normal PFO,

depending on the composition ratios of the copolymers.
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In order to assign the precise chirality index and the relative amount of solubilized SWCNT
species, photoluminescence (PL) spectroscopy was measured on all the twelve samples. The
typical two-dimensional PL mapping of the copolymer-solubilized SWCNTs is shown in Figure
2-6 and calibrated content of the SWCNT species assessed from the PL mappings are summarized
in Table 2-1 and 2-2. It is evident that the composition ratio of each comonomer units plays an
important roll in sorting SWCNT chirality, as seen in our previous report on fluorene-based
copolymers.!” In the present (PFO)x(RBN/SBN)y copolymers, higher content of PFO enriched

(7,5 SWCNT, whereas the increase of RBN/SBN composition ratio enabled extraction of (6,5),

(7,6) and (8,6) species.
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Figure 2-6. Two-dimensional Photoluminescence (PL) mapping of SWCNTs solubilized by copolymers
(PFO)x(RBN)y (x: y; 86: 14, 61 : 39, 44: 56) (a) and (PFO)x(SBN)y (x: y; 85: 15, 65: 35, 47: 53) (b). Adapted from
ref. 35 with kind permission. Copyright 2012 American Chemical Society.
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Table 2-1. Calibrated content of the SWCNT species deduced from the PL mappings of the samples prepared using
copolymers (PFO)x(RBN)y or (PFO)x(SBN)y in toluene. Adapted from ref. 35 with kind permission. Copyright 2012

American Chemical Society.

chiral index

calibrated content/ %2

,m) (PFO)86(RBN)14 (PFO)61(RBN)39 (PFO)44(RBN)56
6.5 4.27 27.2 18.3
(7,5) 82.7 39.6 18.7
(7,6) 10.6 23.4 39.0
(8,6) 2.46 9.76 24.0
chiral index calibrated content/ %2
(,m) (PFO)85(SBN)15 (PFO)65(SBN)35 (PFO)47(SBN)53
©.5 38.0 25.9 23.1
(7,5) 48.7 50.7 445
(7,6) 9.88 16.4 19.4
(8,6) 3.39 6.98 13.1
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with kind permission. Copyright 2012 American Chemical Society.

Figure 2-7 shows the Visible-NIR absorption and CD spectra (intensity is normalized at 574
nm) of the SWCNTs solubilized by (PFO)61(RBN)39 and (PFO)65(SBN)35, in which evident
CD peaks are observed in the region of the second (E®»2) and the first (E®11) semiconducting bands
of the SWCNTs (for absorption and CD spectra of the SWCNTSs solubilized with the other
copolymers, see Fig. 2-8 and 2-9). To eliminate the possibility of induced CD?* from chiral
copolymers on SWCNT/copolymers composites, in-situ copolymer exchange reaction with the
incorporation of optically neutral copolymer was conducted. Here, as an achiral copolymer,
poly(9,9-dioctylfluorene 2,2’-bipyridine) (PFO-Bpy) was used to replace the chiral copolymers
on solubilized (6,5)SWCNTs because it has stronger affinity especially to (6,5)SWCNT and

causes indicative absorption peak shift (~9 nm) relative to the pristine (6,5)SWCNT in the NIR
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Figure 2-8. Absorption and CD spectra of SWCNTs extracted with (PFO)x(RBN)y (x: y; 86: 14, 76: 24, 71 : 29, 67 :
33, 44: 56). CD spectra are normalized based on the absorbance intensity of the SWCNTs at 574 nm. Adapted from

ref. 35 with kind permission. Copyright 2012 American Chemical Society.
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region, which I reported previously.?? As a control, I found no optical activity over the same
spectral range in PFO-Bpy-solubilized SWCNTs, in which I confirmed that PFO-Bpy extracts
racemic (6,5 SWCNTs. The obtained Vis-NIR absorption spectra of ESi; region of the
(6,5 SWCNT after copolymer exchange in SWCNTs/(PFO)61(RBN)39 solution was almost
identical to that obtained with PFO-Bpy (See the Figure 2-10). These demonstrated that the
solubilizing copolymers on (6,5) SWCNT were successfully exchanged from the original chiral
copolymer to PFO-Bpy. On the other hand, the CD spectral change was not significant after the
addition of PFO-Bpy to the solution, namely, before and after addition of PFO-Bpy, CD intensity
around 574 and 653 nm was 9.52 and 9.35, respectively. Consequently, it is evident that the observed
spectra was not induced CD but real ones arose from the E%» band of the enantiomers of the

semiconducting (6,5)SWCNTs (around 574 nm), and (7,5)SWCNTs (around 653 nm).
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Figure 2-10. Absorption (left) and CD (right) spectra of SWCNTs extracted with (PFO)64(RBN)36 and PFO-BPy.
Absorption spectra normalized at their maximum absorption wavelength. CD spectra are normalized based on the
absorbance intensity of the SWCNTs at 574 nm. Adapted from ref. 35 with kind permission. Copyright 2012 American
Chemical Society.
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2-3-2. The effect of composition ratios of solubilizing copolymers.

The effect of composition ratios of (PFO)x(RBN)y and (PFO)x(SBN)y is now discussed
based on the CD intensity of the extracted SWCNT enantiomers. This result is shown in Figure 2-
11 as a plot of CD intensity at 574 nm of the extracted SWCNTSs versus composition ratios (y) of
RBN or SBN in the copolymers. In this thesis, SWCNT enantiomers are labeled as (+) or (-)
according to whether their CD signals at the E%» band are positive or negative. It was to our
surprise that the CD intensity of solubilized SWCNT enantiomers was not simply proportional to
the amount of chiral binaphthol in the copolymers. In the case with (PFO)x(RBN)y, during the
ratio of RBN moiety (y) in the copolymer was up to 39%, the (+)SWCNTs were enriched, whereas
CD signal dramatically inverted at higher y values ending up at (-)SWCNTs enrichment with the
copolymer (PFO)44(RBN)56. Comparable behavior was also observed when (PFO)x(SBN)y was
used, namely, with the y value in the (PFO)x(SBN)y was 15 to 35, the amount of (-)SWCNTs
were multiplied, while the other copolymers with higher y values extracted (+)SWCNTs.
Considering the large structural change of the copolymers upon altering the composition ratio, as
indicated by the blue shift in Figure 2-2(a, b), it was suggested that the amount of chiral moiety
and the conformation of the copolymers cooperatively determine the affinity to the handedness of
SWCNT enantiomers. These chiral copolymers’ drastic but still controllable preference on
extracting both SWCNT enantiomers allows the relevant separation parameters to be identified
and optimized. For the origin of crossover observed for the recognition of enantiomer according
to the composition ratios of the copolymer is discussed using molecular mechanics simulation in

the section 2-3-3.
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Figure 2-11. CD intensity at 574 nm of the extracted SWCNTs plotted as a function of composition ratios of RBN or
SBN in the copolymers. Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.
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To estimate the performance of enantio-selective extraction of SWCNTs by our chiral
copolymers, I applied the following equation (1), which was presented by Wang et al.'*, placing

optical purity of the extracted enantiomer as CDnorm,

CDrorm = (CDraw / LCD) / (AE22 / Labs) (1)

where CDnw is the CD intensity at 574 nm of the E%; transition, Ag2 is the background-
corrected absorption intensity at 574 nm of the E% transition, and Lcp and Lays are the path lengths
of the optical cell used in the measurements. Our result and other reported values obtained by
different method are summarized in Table 2-2. In our study so far, the maximum enantiomer purity

(CDrorm) of 24 mdeg was obtained by using (PFO)68(RBN)32 toward (+)(6,5)SWCNT, and this
recorded the equivalent value to molecular recognition method by Komatsu et al.13 This value is

14,15 , 6
lower than those obtained by Hersam et al. and Weisman et al. using DGU methods.
Nevertheless, our copolymer method still has room for improving purity and selectivity of
enantiomer recognition by optimizing the composition ratios and molecular weight of the

copolymer.
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Table 2-2. Comparison of Enantiomer Purity of (6,5)SWCNTs Extracted by Four Different Methods. Adapted from
ref. 35 with kind permission. Copyright 2012 American Chemical Society.

CDraw LCD Labs CDnorm
method Ag22 reference
/ mdeg / cm / cm / mdeg
DGU -41.6 1.0 0.77 1.0 54 Ref 15
DGU 20 1.0 0.55 1.0 36 Ref 16
Molecular recognition 4.0 10 0.017 1.0 24 Ref 13
Enantiomer separation
0.60 1.0 0.025 1.0 24 This study

using (PFO)68(RBN)32
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2-3-3. Molecular mechanics simulations

In this study, our copolymers exhibited two intriguing SWCNT recognition/extraction
behavior, one is specific enantiomer recognition and the other is drastic inversion of preference
between copolymer (R) or (S) to SWCNT (+) or (-) depending on the copolymer composition ratios.
In an effort to understand the origin of these enantiomer recognition behavior of the copolymers
toward the SWCNTs, molecular mechanics simulations using the OPLS2005 force field*” were
utilized to model the interactions between (6,5)SWCNT enantiomers with the copolymers, and as
a comparison, PFO was also employed. The initial structure of the polymers were reflected the
composition ratio and the average molecular weight of the synthesized polymers, and the length
were set around 86 nm. (6,5)SWCNTs in the calculation were 172 nm long so as to keep
copolymers to stay around the center of SWCNT surface, and enantiomers are identical except for

helicity. The binding energy (Ebind) of the wrapped SWCNT is calculated by using equation (2),

Ebind = Ecomplex_ ( ESWCNT + Epolymer ) (2)

Where Ecomplex, Epolymer, and Eswent represent the potential energies of the complex, polymer,
and SWCNTs, respectively. Assuming same energy would be obtained from identical
conformation, and neglecting periodic heterogeneous fluctuation on the surface of calculated
SWCNTs induced by their edge structure, resulting binding energy could be considered as an
indicator of chiral interactions between copolymers and SWCNTs. As the representative
copolymer of lower content of RBN/SBN, (PFO)60(RBN)40 and (PFO)60(SBN)40 were
modeled to simulate the copolymers which extracted SWCNT enantiomers most efficiently in the

experiment. The calculated potential energies using (PFO)60(RBN)40 are summarized in Table
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2-3 showing greater binding energies (-632.547 kcal mol') was obtained with left-handed
(6,5) SWCNT compared to that with right-handed one (-621.032 kcal mol!). Contrastive behavior
was observed when (PFO)60(SBN)40 were applied, anmely, the binding energy with right-handed
SWCNT was greater (-634.383 kcal mol™!) than that with left-handed SWCNT (-618.727 kcal mol
) (Table 2-4). In order to confirm this values to be distinguished, PFO were applied in the
calculation with each SWCNT enantiomers. The Eping of left-handed SWCNT with the PFO was
-623 kcal mol'!, meanwhile, Eping of right-handed SWCNT with the PFO was -625 kcal mol™!'. The
difference (~2 kcal mol™!) is relatively smaller compared to that obtained with chiral copolymers.
Considering that the same energies were obtained for each enantiomers of SWCNT and also
(PFO)60(RBN)40 and (PFO)60(SBN)40 showed negligible difference among their Epolymer, all
those results indicate the distinct enantiomer recognition of (PFO)60(RBN)40 and
(PFO)60(SBN)40 on the (6,5) SWCNT enantiomers. A further calculations were carried out for
the (6,5) SWCNT enantiomers with (PFO)44(RBN)56 and (PFO)44(SBN)56 in order to explain
the enantiomer recognition inversion by changing the composition ratios of the copolymers. The
Ebind of the complex of (PFO)44(RBN)56 with right-handed SWCNT was -635 kcal mol!, and
with left-handed SWCNT resulted in lower value of -627 kcal mol!. Opposite behavior was
observed when (PFO)44(SBN)56 were applied, namely, the Epinda were -648 and -634 kcal mol™!
for the complex with left-handed SWCNT and right-handed SWCNT, respectively (Table 2-5,
Table 2-6). These contrastive behaviors of the copolymers depending on their composition ratio
agreed well to the experimental results. I sought the reason for the energy change of the complexes
from comparing their wrapping conformations shown in Figure 2-12 and Figure 2-13. It is
remarkable that the wrapping direction of the copolymers flipped by altering the composition ratios

even though they have same chiral moieties, in other words, for the complex with (+)(6,5)SWCNT,
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(PFO)60(RBN)40 showed clockwise winding, while (PFO)44(RBN)56 wrapped the SWCNT in
anticlockwise direction, and the other copolymers behaved in the same manner. Such dramatic
conformation change could be the trigger to adapt the preferential interaction between the chiral
copolymers and the SWCNTs cooperatively with the degree of the embedded chirality. To the best
of our knowledge, the relationship between SWCNT’s handedness and optical activity is still in
discussion, therefore, I could not simply conclude that these simulations explain the realistic
situations, nevertheless, I believe this approach and result might be a help to understand and design

the interaction between copolymers and SWCNTs.

Table 2-3. Calculated potential and binding energies between (6,5)SWCNT enantiomers with (PFO)60(RBN)40.
Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.

binding energy

potential energy of potential energy of  total potential potential energy
Ebind =
SWNT (PFO)60(RBN)40 energy of complex
(6,5)SWNTS Ecump]cx - (Epu]ymcr +
(ESWNT) (Epulymcr) (Epulymcr + ESWNT) (Ecnmplcx)
Eswnr)
/ kcal mol”! / keal mol! / kcal mol! / keal mol!
/ keal mol*!
Left-handed 88163 1437 89600 88967 -633
Right-handed 88163 1437 89600 88979 -621

Table 2-4. Calculated potential and binding energies between (6,5)SWCNT enantiomers with (PFO)60(SBN)40.
Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.

binding energy

potential energy of  potential energy of  total potential potential energy
Eping =
SWNT (PFO)60(SBN)40 energy of complex
(6’5)SWNTS Ecomp]cx - (Epulymcr +
(ESWNT) (Epolymcr) (Epolymcr + ESWNT) (Ecmnp]cx)
Eswnr)
/ kcal mol! / kcal mol! / kcal mol™! / kcal mol™!
/ keal mol*!
Left-handed 88163 1437 89600 88981 -619
Right-handed 88163 1437 89600 88965 -635
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Table 2-5. Calculated potential and binding energies between (6,5)SWCNT enantiomers with the (PFO)44(RBN)56.
Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.

potential energy of

potential energy of

binding energy

total potential potential energy

Ebind =
SWNT (PFO)44(RBN)56 energy of complex
(6,5)SWNTS Ecump]cx - (Epolymcr +
(ESWNT) (Epulymcr) (Epolymcr + ESWNT) (Ecumplcx)
Eswnr)
/ kcal mol™! / keal mol™! / kcal mol™! / keal mol™!
/ kcal mol™!

Left-handed 88163 1566 89729 89102 -627
Right-handed 88163 1566 89729 89094 -635

Table 2-6. Calculated potential and binding energies between (6,5)SWCNT enantiomers with (PFO)44(SBN)56.
Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.

binding energy
potential energy of  potential energy of  total potential potential energy
Ebina =
SWNT (PFO)44(SBN)56 energy of complex
(6’5)SWNTS Ecump]ex - (Epulymer +
(ESWNT) (Epulymcr) (Emlymcr + ESWNT) (Ecnmplcx)
EswnT)
/ keal mol™! / kcal mol™! / kcal mol! / kcal mol!
/ keal mol™!
Left-handed 88163 1566 89729 89081 -648
Right-handed 88163 1566 89729 89095 -634
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Figure 2-12. Modeled structures of left-handed SWCNT with (PFO)60(RBN)40 (a), left-handed SWCNT with
(PFO)60(SBN)40 (b), right-handed SWCNT with (PFO)60(RBN)40 (c), and right-handed SWCNT with
(PFO)60(SBN)40 (d). Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.

Figure 2-13. Modeled structures of left-handed SWCNT with the (PFO)44(RBN)56 (a), left-handed SWCNT with
(PFO)44(SBN)56 (b), right-handed SWCNT with (PFO)44(RBN)56 (c), and right-handed SWCNT with
(PFO)44(SBN)56 (d). Adapted from ref. 35 with kind permission. Copyright 2012 American Chemical Society.
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2-4. Conclusions

In summary, I have rationally extended the ability of fluorene-based copolymer family for
sorting semiconducting SWCNTs with enantio-selective separation/extraction. The key factor was
introducing bulky (R)- or (S)- chiral binaphtol moieties. All of our chiral copolymers separated the
SWCNT enantiomers successfully, and the maximum separation efficiency was obtained with
(PFO)68(RBN)32 toward (+) (6,5 SWCNT. With the systematically synthesized twelve
copolymers with various composition ratios between fluorene and binaphthol, I have disclosed
that the synthesized (R)- or (S)- chiral copolymers extract both right- and left-handed SWCNT
enantiomers by altering the composition ratios of the copolymers. This recognition inversion
behavior was moderately accounted by the cooperative effect of chiral and conformational
interactions, which was revealed by molecular mechanics simulation based on binding energies.
The basic idea of this study will accelerate further improvement of strategic molecular design for
enantio-selective SWCNT sorting with a selected or single chirality. Additional investigations for
improving this method including the newly designed and synthesized copolymers with various

chiral moieties are now undergoing.
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Chapter 3
Recognition and separation of semiconducting-

SWCNTs using fullerene carrying copolymers

3-1. Introduction

Single-walled carbon nanotubes (SWCNTs) possess remarkable electronic and
photophysical properties!!! that surpass conventional organic electronic materials. The
combination of the SWCNTs and fullerenes?) is one of the desirable systems for the
development of nanotube-based electronic devices, such as organic photovoltaic and
optoelectronic  devices.®) Highly purified semiconducting-SWCNTs (semiconducting-
SWCNTs) without containing metallic-SWCNTs (met-SWCNTs) are suitable for near-IR
(NIR) light harvesting photovoltaic applications.'¥! However, the efficiency of the
semiconducting-SWCNT-based optoelectronic devices has been limited due to coexistence of
the met-SWCNTsP! and random molecular orientations in such composites, in which the
semiconducting-SWCNTs and the acceptor, such as fullerenes, do not form suitable conducting
pathways.!%! Although hybrid materials of covalent-modified SWCNTs and fullerenes with
high power conversion efficiencies (PCE) have been developed,!”! the covalent nanotube
modification lowers the intrinsic properties of the SWCNTSs, which leads to lower efficiency
than the theoretical value.’] While, in case of non-covalent bonding, the interaction of
fullerenes and the SWCNTs is only Van der Waals interaction, which is too weak to fix the

molecular orientation of the fullerene moieties on the surfaces of the SWCNTs. Various
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methods such as graphene sheet wrapping!® and bulk-heterojunction formation!'%! have been
developed in order to increase the interactions between the SWCNTs and the fullerenes.
However, they did not control the semiconducting- or met-SWCNT separation and molecular
orientation of the composites simultaneously. Recently, Arnold et al. reported that an organic
photovoltaic device with a bulk-heterojunction structure prepared by a simple mixture of
fullerene (Ceo) and pure semiconducting-SWCNTs extracted using poly(9,9-di-n-
octylfluorenyl-2,7-diyl (PFO) showed high PCE values.[''] However, the molecular orientation
between the semiconducting-SWCNTs and the fullerenes are still not controlled in such a
simple mixture system.

In this study, I describe the design and synthesis of three different new copolymers (1-3,
Figure 1) that are composed of fullerene-carrying carbazole and fluorene units with the
composition ratios (fluorene unit : carbazole unit = x:y) of 1:1 (Copolymer 1), 5:1 (Copolymer
2) and 10:1 (Copolymer 3). The SWCNT sorting using these copolymers were examined using
vis-NIR absorption, photoluminescence (PL) and Raman spectroscopies and atomic force
microscopy (AFM), and found that 1) all these copolymers acted as semiconducting-SWCNT
solubilizers, and ii) the amounts of the solubilized semiconducting-SWCNTs depended on the
copolymer composition ratios. Furthermore, I propose optimized molecular structures and
orientations between the fullerene moieties, copolymer’s main chains and semiconducting-

SWCNTs based on molecular mechanics calculations.
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Figure 3-1. Chemical structures of copolymers 1, 2 and 3. Adapted from ref. 21with kind permission. Copyright

2015 John Wiley and Sons.
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Polyfluorenes (PFs), such as PFO, are known to selectively extract only semiconducting-
SWCNTs,!2! and resulted highly isolated PFs/SWCNT composites can educe potential high
PL quantum yield and radiative lifetime of semiconducting-SWCNTs. 1 have previously
determined a structural effect of the PFs for the selective recognition and solubilization of a
specific chirality of semiconducting-SWCNTs using a series of systematically designed and
synthesized PF-based copolymers!!¥] and demonstrated enhanced switching FET properties of
the polymer-wrapped semiconducting-SWCNTs by the complexation with metal
nanoparticles.['*] Such synthetic introduction of functional groups into the wrapping polymer
is very beneficial because both selective semiconducting-SWCNT-sorting and the molecular
orientation of introduced functional groups can be regulated at the same time by a suitable

polymer design.

3-2. Experimental

3-2-1. Instruments. 'H NMR spectra were recorded on a Bruker AV300M spectrometer. High-
resolution mass spectra (HRMS) were obtained using Bruker MicroTOF-QIII electrospray
ionization time-of-flight (ESI-TOF) mass spectrometer. Analytical gel permeation
chromatography (GPC) measurements were recorded using a Jasco MD-2015 Plus with the use
of Toso TSK-GEL -3000 and TSK-GEL a-M in THF as the mobile phase at the flow rate of
0.5 ml /min, in which calibration was carried using the polystyrene standard. The UV-vis-NIR
absorption and PL spectra, and two-dimensional (2D) PL mapping were recorded using a V-
670 (Jasco) and a Horiba Jobin Yvon spectrofluorometer (FluorologR-3 with FluorEssence),

respectively. The Raman spectra at excitation of 633-nm were recorded using a RAMANtouch
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(Nanophoton Corporation). AFM images were recorded using an Agilent Technologies
Agilent5500. The molecular mechanics simulations were carried out using MacroModel
(Schrodinger, version 9.7) with the OPLS-2005 force field [2°]. Dielectric constant (2.3) of
toluene was used in calculations. Minimization on the calculation was carried out using the
Polak-Ribiere conjugate gradient (PRCG) with a convergence threshold on the gradient of 0.05

kJ/mol. Default values were used for all the other parameters.

3-2-2. Synthesis of a carbazole derivative (4). A mixture of 2,6-dibromo-9-(6’-
bromobutyl)carbazole (500 mg, 1.09 mmol), and 4-hydroxybenzaldehyde (240 mg, 2 mmol),
and potassium carbonate (1 g, 7.24 mmol) in DMF (20 mL) was heated at 95 C° under flowing
nitrogen for 24 h. After cooling, dichloroethane (200 mL) was poured into the crude reaction
mixture. The organic phase was washed with 2x100 mL portions of water, and then the organic
layers were collected followed by drying in the presence of Na;SOs. A solid by solvent
evaporation was washed with ethylacetate to provide compound 4 (400 mg, 73%) as a white
solid. 'TH-NMR (300 MHz, CDCl3):8 9.88 (s, 1 H, CHO), 7.90 (d, J= 8.30 Hz, 2H, Arcar), 7.82
(d,J=8.7Hz, 2 H, Ar), 7.55 (s, 2 H, Arcar), 7.36 (m, J=8.30 Hz, 2 H, Arcar), 6.97 (d, J= 8.7
Hz, 2 H, Ar), 4.32 (t, J= 7.1 Hz, 2 H, CHzN), 4.06 (t, J = 5.97 Hz, 2H, CH20Ar), 2.09 (m, 2
H, CH,) and 1.88 (m, 2 H, CH,). 3*C-NMR (75 MHz, CDCl3):5 190.32, 165.33, 130.98, 129.28,
124.72,122.49, 121.49, 121.35, 118.92, 114.54, 112.61, 70.11, 68.00, 28.16, 24.51. FTIR (thin
film): 2942, 2830, 1690, 1604, 1584, 1578, 1449, 1425, 1253, 1161, 997, 866, 828, 801 and
790 cm!. HRMS (ESI): caled. for C23Hi9BraNO> ([M]+) 498.9783 found 498.9785. Elemental

analysis: caled. for C23H19BraNO2 C 55.12 H 3.82 N, 2.79 found C 54.91 H 3.77 N 2.52.
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3-2-3. Synthesis of fullerene-carrying carbazole derivative (5). A mixture of compound 4
(100 mg, 0.2 mmol), Ceo (125 mg, 0.138 mmol), and sarcosine (80 mg, 0.898 mmol) in dry
toluene (200 mL) was refluxed under nitrogen for 24 h. After cooling, the resulting solution
was evaporated, then drying. After purification by column chromatography (silica gel, eluent
solvent; n-hexane/dichloromethane 4:1) provided compound 5 (37 g, 21%) as a brown solid.
'H-NMR (300 MHz, CDCl3): & 7.89 (d, J = 8.30 Hz, 2H, Arcar), 7.72 (m, 2 H, Ar), 7.55 (s, 2
H, Arcar), 7.36 (m, J = 8.30 Hz, 2 H, Arcar), 6.97 (d, J = 8.7 Hz, 2 H, Ar), 4.98 (d, J = 9.94
Hz, 1 H), 4.88 (s, 1 H), 4.30 (t, /= 7.1 Hz, 2 H, CH2N), 4.24 (d, /= 9.53 Hz, 1 H),4.00 (t,J =
5.97 Hz, 2H, CH,0Ar), 2.07 (m, 2 H, CH>), 1.85 (m, 2 H, CH»). 3 C-NMR (75 MHz, CDCl3):8
158.81, 156.38, 154.11, 153.64, 147.30, 146.80, 146.52, 146.35, 146.27, 146.13, 145.94,
145.78, 145.54, 145.46, 145.31, 145.27, 145.23, 145.14, 144.70, 144.60, 144.39, 143.10,
142.98, 142.68, 142.53, 142.28, 142.16, 142.09, 141.99, 141.79, 141.68, 141.53, 141.29,
140.16, 140.12, 139.90, 139.55, 136.79, 135.80, 135.75, 130.56, 129.16, 129.05, 128.24,
125.31, 122.68, 121.55, 121.34, 119.81, 114.55, 112.02, 93.40, 83.15, 69.99, 68.97, 67.27,
43.07, 26.74, 25.75. FTIR (thin film) 2948, 2777, 1735, 1587, 1510, 1450, 1426, 1244, 1182,
1056, 839 cm!. HRMS (ESI): caled. for CssH24BraN2O ([M]+) 1246.0255 found 1246.0255.
Elemental analysis: calcd. for CgsH24BraN2O+2H>O C 79.45 H 1.94 N, 2.18 found C 79.41 H

2.28 N 2.27.

3-2-4. General procedure for the synthesis of copolymers 1-3. Typical procedure (Scheme
1) for the synthesis of Copolymer 1 is as follows. Ni(COD), (100 mg, 0.36 mmol), 2,2’-
dipyridyl (57 mg, 0.36 mmol), 1,5-cyclooctadiene (0.2 mL), dried DMF (1 mL) and dried
toluene (10 ml) were placed in a two-necked round bottle flask under nitrogen and heated at

80 °C for 30 min to obtain a dark purple complex, to which 2,7-dibromo-9,9’-dioctylfluorene
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(54 mg, 0.1 mmol) and compound 5 (124 mg, 0.1 mmol) dissolved in dried toluene (10 mL)
were added, then the mixture was heated at 80 °C for 48 h, and then poured into methanol (50
mL) and filtrated. The solution was precipitated in a mixture of methanol/acetone/conc.
hydrochloric acid to obtain a solid, which was collected and then dissolved in toluene, in which
an undissolved solid was removed by filtration. After removing ~90 vol% of toluene under
reduced pressure, the concentrated solution was poured into methanol (50 mL) to produced a
precipitate, which was filtered, then dried under vacuum at room temperature to provide a
brown solid (31 mg) as Copolymer 1. Copolymer 1: 'HNMR (CDCls, 300 MHz):5 9.31-8.8 (m,
B-position), 8.34-7.94 (m, ph), 7.94-7.68 (m, fluorene), 6.9-6.75 (m, ph), 4.06 (m, OCH>), 2.11
(m, CH»), 1.84 (m, CH>), 1.1-1.5 (m, CH3), 0.85-0.80 (m, CH3). UV-vis (toluene): Amax = 386
nm. Fluorescence (toluene, Aex = 350 nm), Aem =413, 438 nm. FTIR (thin film) 2926, 2854,
1607, 1458, 1252, 1062, 885, 757 and 722 cm™!. Copolymers 2 and 3 were synthesized by a
similar manner, in which 2,7-dibromo-9,9’-dioctylfluorene (54 mg, 0.1 mmol) and compound
5 (25 mg, 0.02 mmol) and 2,7-dibromo-9,9’-dioctylfluorene (54 mg, 0.1 mmol) and compound
5 (12 mg, 0.01 mmol) were used for the synthesis of Copolymers 2 and 3, respectively.
Copolymer 2: 'THNMR (CDCls, 300 MHz):8 9.31-8.8 (m, B-position), 8.34-7.94 (m, ph), 7.94-
7.68 (m, fluorene), 6.9-6.75 (m, ph), 4.06 (m, OCH), 2.11 (m, CHy), 1.84 (m, CH»), 1.1-1.5
(m, CHy), 0.85-0.80 (m, CH3). UV-vis (toluene): Amax = 386 nm. Fluorescence (toluene, Aex
=350 nm), Aem = 413, 438 nm. FTIR (thin film) 2926, 2854, 1607, 1458, 1252, 1062, 885,
757 and 722 cm™!. Copolymer 3: 'THNMR (CDCls, 300 MHz):5 9.31-8.8 (m, B-position), 8.34-
7.94 (m, ph), 7.94-7.68 (m, fluorene), 6.9-6.75 (m, ph), 4.06 (m, OCH), 2.11 (m, CH»), 1.84
(m, CH»), 1.1-1.5 (m, CH), 0.85-0.80 (m, CH3). UV-vis (toluene): Amax = 386 nm.

Fluorescence (toluene, Aex =350 nm), Aem =413, 438 nm. FTIR (thin film) 2926, 2854, 1607,
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1458, 1252, 1062, 885, 757 and 722 cm™!. The molecular weights and Mw/Mn values deduced
using analytical GPC for the Copolymers 1, 2 and 3 were: 98,400 and 2.4, 65,900 and 2.1 and

70,200 and 1.7, respectively.

3-2-5. Solubilization and resolubilization of SWCNTs using Copolymers 1-3

Purified SWCNTs (HiPco; the length and diameter of the pristine SWCNTs were 100-1000 nm
and 0.8-1.2 nm, respectively) was purchased from Unidym (Lot. No. P0261) and used as
received. The SWCNTs (1 mg) were added to Copolymer 1 (or 2 or 3) (3 mg) dissolved in
toluene (3 mL) and sonicated with a bath-type ultrasonic cleaner (Branson 2210) for 1 h,
followed by centrifugation at 10,000 g for 1 h (Hitachi himac CS 100GXL). The collected
supernatant was then passed through a filter (Advantec Inc., PTFE; pore size 1 um) to obtain
a solid, which was washed with toluene to remove any excess Copolymers 1 (or 2 or 3). The
obtained hybrids were added to toluene (3 ml) and then resonicated for 30 min to obtain three

different resolubilized hybrid solutions.
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3-3. Results and discussion

3-3-1. Synthesis of copolymers

As shown in Scheme 3-1, the copolymers were synthesized by Yamamoto coupling of a
fullerene-containing Bromo-terminated carbazole 5 and dibromofluorene monomer, in which
compound 5 was synthesized according to Prato reaction, and the products were characterized

using '"H NMR, UV-Vis absorption, FT-IR and fluorescence spectroscopies and GPC analysis.

5 Copolymer 1-3

Scheme 3-1. Synthetic route of copolymers 1-3. Reagents and conditions: (i) K2COs, DMF, 95 °C, 24h; (ii) Ceo,
sarcosine, toluene, 120 °C, 24h; (iii) Ni(COD),, 2,2’-dipyridyl, 1,5-cyclooctadiene, 2,7-dibromo-9,9’-
dioctylfluorene, DMF, toluene, 85°C, 24h. Adapted from ref. 21 with kind permission. Copyright 2015 John Wiley
and Sons.
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3-3-2. Solubilization of SWCNTs using the copolymers

All the three copolymers were found to successfully solubilize the SWCNTSs as shown in
Figure 3-2. Figure 3-3 and 3-4 show AFM images of the three different copolymer-wrapped
SWCNTs and PFO-wrapped SWCNTs (for comparison) on mica. I recognized no bundled
SWCNTs in many different areas in the AFM images. Their height distributions were obtained
from selected 200 points of their AFM images. The average height of the Copolymer 1-
wrapped SWCNTs (Figure 3-3E) was 2.9 £+ 0.5 nm, which was ~2.3-nm higher than that of the
PFO-wrapped SWCNTs (1.6 + 0.3 nm, Figure 3-3H), which indicated that the fullerene moiety
in the Copolymer 1 aligned along the sidewalls of the SWCNTs. For Copolymer 2 and 3, the
observed height were 2.0 £ 0.6 nm for Copolymer 2 (Figure 3-3F) and 1.7 = 0.4 nm for
Copolymer 3 (Figure 3-3G), and the height difference from the PFO-wrapped SWCNTs was
smaller than of the expected height of Ceo (diameter = 0.67 nm), which would be due to the
low content of the Ceso units in the Copolymers 2 and 3. All these results suggest successful

individual solubilization of the SWCNTs using Copolymers 1-3.

Figure 3-2. Photos of the solubilized SWCNTSs using (A) Copolymer 1, (B) Copolymer 2 and (C) Copolymer 3
in toluene. Adapted from ref. 21with kind permission. Copyright 2015 John Wiley and Sons.
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Figure 3-3. AFM images of the SWCNTs wrapped with (A) Copolymer 1, (B) Copolymer 2, (C) Copolymer 3
and (D) PFO. Scale bar is 20 nm. Histograms show height profiles for the SWCNTs wrapped with (E)
Copolymer 1, (F) Copolymer 2, (G) Copolymer 3 and (H) PFO. Adapted from ref. 2 1with kind permission.
Copyright 2015 John Wiley and Sons.
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Figure 3-4. AFM images of the SWCNTs wrapped with (A) Copolymer 1, (B) Copolymer 2, (C) Copolymer 3
and (D) PFO. Scale bar is 200 nm. Adapted from ref. 21with kind permission. Copyright 2015 John Wiley and

Sons.
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Figure 3-5. UV-vis-NIR absorption spectra of solubilized SWCNTs using Copolymer 1 (solid line), Copolymer

2 (dotted line) and Copolymer 3 (broken line) in toluene (optical length, 1 cm). En'!, Es!! and Es*? are the energy

optical levels of the first transition of met-SWCNTs and the first and the second transitions of semiconducting-

SWCNTs, respectively. Adapted from ref. 21with kind permission. Copyright 2015 John Wiley and Sons.

Figure 3-5 shows the vis-NIR absorption spectra of the Copolymer-wrapped SWCNTSs in

toluene, in which I observe characteristic absorption bands in the ranges of 600-800 (Es*?) and

1000-1400 nm (Es'!). The observed peaks at 1044, 1134, 1194, 1282 and 1343 nm are

ascribable to the SWCNTSs with chiralities of (7,5), (7,6), (8,6), (8,7) and (9,7), respectively.

For Copolymer 1, I recognized absorption tailing due to higher copolymer composition ratio

of the carbazole-Cso moieties. Notably, all the copolymers shows no met-SWCNT absorption

peak in the range of 400-600 nm (Em'!), indicating that the copolymers extracted only the
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semiconducting-SWCNTs with high selectively, whose behavior resembles previously

12a 13a,d

reported results using PFOs!!%8] and related copolymers.[!*#41 T will discuss the chiral selectivity
in extracted SWCNTs using the copolymers later.

As can be seen in Figure 3-5, the density of Cso moiety in the copolymers affects the
amounts of extracted semiconducting-SWCNTs; namely, higher Cgo density in the copolymers
resulted in larger concentration of the extracted semiconducting-SWCNTs, which would be
due to a strong interaction between the SWCNT surfaces and Ceo moieties on the Copolymers.

The Radial Breathing Mode (RBM) in the Raman spectra of SWCNTs in the range of 150-

123,13,151 As shown in Figure

350 cm™! is useful to recognize met- and semiconducting-SWCNTs. !
3-6, the Raman spectra of the three different copolymer-wrapped SWCNTs measured at a 633
nm excitation, no significant RBM signal from the met-SWCNTs (150-230 cm!) was
recognized. For the three different samples, the obtained semiconducting-SWCNT selectivity
deduced from the Raman spectra was up to ~99%, which is comparable to that using PFQ.[!2]
Although, as described, Copolymer 1-wrapped SWCNTs showed a shoulder peak in the range
0f 400-550 nm in its absorption spectrum (see in Figure 3-5), the Raman spectrum of the sample
shows no existence of met-SWCNTs, which is an evidence that the shoulder peak is not derived
from the SWCNTs, but the carbazole-Ceo moiety in the Copolymer 1. I like to emphasize that

the introduction of 50-mol% bulky carbazole-Cso moiety in the polyfluorene chains remained

semiconducting-SWCNTs sorting ability.
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Figure 3-6. Raman spectra of extracted SWCNTSs using Copolymer 1 (solid line), Copolymer 2 (dotted line)

and Copolymer 3 (broken line). Excitation wavelength: 633 nm. Adapted from ref. 21with kind permission.
Copyright 2015 John Wiley and Sons.
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I then measured the fluorescence spectra of the Copolymer 1-wrapped SWCNTs together
with that of single component of Copolymer 1, and the result is shown in Figure 3-7, in which
the Copolymer 1-wrapped SWCNTs shows peaks at 413 and 438 nm, which were almost
identical to those (414 and 439 nm) of the Copolymer 1 (single component). However, the
fluorescence was quenched dramatically when the Copolymer 1 was complexed with the
semiconducting-SWCNTs. Such quenching would be caused by energy transfer from the
copolymers to the SWCNTSs as previously reported for other polymer-SWCNT composites.[!?]
In order to investigate the emission from the SWCNTs with each chirality, I also carried out
two-dimensional photoluminescence (2D-PL) mapping spectroscopy measurements. Figure 3-
8A shows a 2D-PL mapping for the Copolymer 1-wrapped SWCNTs, in which only five
SWCNT chiralities including (7,5), (7,6), (8,6), (8,7), and (9,7) are observed, which is similar

to the conventional PFO ['2] (Figure 3-8B).
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Figure 3-7. (A) UV-vis absorption (dotted line) and emission (excitation at 350 nm) spectra (solid line) of
Copolymer 1. (B) Emission spectra of Copolymer 1 (solid line) and Copolymer 1-wrapped SWCNTs (broken line)
in toluene. Excitation wavelength: 350 nm. Adapted from ref. 21with kind permission. Copyright 2015 John Wiley
and Sons.
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ure 3-8. 2D-PL mapping of the solubilized SWCNTs using (A) Copolymer 1, (B) PFO, (C) Copolymer 2 and

Copolymer 3 (for the white arrows in the PL-mapping (A), see the text). Adapted from ret. 21with kind



As indicated by the white arrows in Figure 3-8A, when excited at around the absorption
region (350- 400 nm) of the Copolymer 1, I see emission from the SWCNTs with the five
different (n,m) chiralities. These results suggest that the Copolymer 1 behaved as a light
absorber that transfers energy to the SWCNTSs with the specific chiralities. The energy transfer
from polymers to SWCNTSs is known to be the Forester mechanism.['¢! Similar mechanism is
suggested in this study, and thus, the obtained result indicates that the energy transfer from the
fluorene moiety to the Ceo moiety in the copolymers is not significant. The Copolymers 2 and
3 also selectively extracted five chiralities (Figures 3-8C and 3-8D) similar to that of
Copolymer 1. In order to evaluate the efficiency for each chirality of the tubes, I then calculated
the relative content of each SWCNT based on the calibrated PL intensity using the method
reported by Saito et al.['”) As shown in Table 1, all the copolymers are found to preferentially
(~60%) extract the (8,6) semiconducting-SWCNTs, which suggests that chiral selectivity is

controlled dominantly by the introduction of carbazole moieties into the PF.

3-3-3. Molecular mechanics simulations

In an effort to understand the chirality-selective semiconducting-SWCNT extraction using
the copolymers, molecular mechanics simulations were used to evaluate the optimized
molecular orientations of the copolymer-wrapped SWCNTs. In order to understand the
efficiency of the extraction yield, which related to the contents of Cgo moiety, the Copolymers
1-3 and the most abundant (8,6) semiconducting-SWCNTs were modeled to visualize the
structures and energies of the hybrids. The length of the SWCNT was set to 20 nm, which is
longer than that of one-units (10 nm) of the copolymers. Considering the surface area of the

SWCNTs that is adequately covered by the copolymers, the numbers of wrapping copolymers
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were decided to be three strips. Taking into account that the copolymer length directly affects
the interaction between the copolymers and the SWCNT surfaces, the number of [-conjugated
elements in the main chain was matched by placing contents ratio between the fluorene moiety
(x) and fullerene-carrying carbazole part (y) to be 6:6, 10:2 and 11:1, for Copolymers 1, 2 and
3, respectively. The fullerene moieties are rather flexible compared to the [J-conjugated main
chains so that the following two possible initial structures were examined; that is, all the
fullerene are in contact with SWCNT surfaces (Figure 3-9) (structure 1), and placed outlying
to the SWCNTs (with no contact, Figure 3-10) (structure 2). To predict the binding
interactions!'®! between the copolymers and the (8,6) SWCNT, the stabilizing energies

(Estavitizing) of the SWCNT with each structure was calculated as:

Estabilizing :Ecomplex - (ESWCNT + ECOpolymer ) (1)

where Ecomplex, Eswent and Ecopolymer are the energies of the SWCNT/Copolymer complexes,
SWCNT and the copolymer, respectively.!!2a13¢.del

The results are summarized in Table 3-2 for the calculated potential and stabilizing energy
of the copolymers of the structures 1 and 2. By comparing the Esubilizing Obtained in both
structures, clear difference was observed; namely, structure 1 was stabilized by -1170 kcal/mol,
-312 kcal/mol and -192 kcal/mol for Copolymer 1, Copolymer 2 and Copolymer 3, respectively.
These values strongly suggest that solubilized SWCNTSs are taking the molecular orientation
of structure 1. Furthermore, the Esubilizing in structure 1 drastically increased along with the

number of introduced fullerene moieties, which marks distinct contrast to the behavior of the

structure 2, which well agrees with experimental result obtained by absorption spectroscopy
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results (see Figure 3-5). The fullerenes in optimized structure 1 keep the minimal distance of
~0.32 nm to SWCNT surfaces, which satisfies effective -z interactions.['”) Together with
all the spectral results, solubilization of the SWCNTs using these fullerene-carrying
copolymers exhibited the influence of the density of fullerene in the copolymers. Such a result
is important for strategical design of new hybrid materials with the semiconducting-SWCNTs
with a specific chirality as well as the design and fabrication of a nanotube/fullerene hybrid-

based photoactive nanomaterials and devices.
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Table 3-1. Calibrated content of the SWCNT species deduced from the PL mapping of the extracted
semiconducting-SWCNTs using the copolymers in this study and PFO. Adapted from ref. 21with kind permission.
Copyright 2015 John Wiley and Sons.

Chiral index of

Copolymer SWCNTs Ca!culatgd PL Emission peak shift PL peak intensity Cal|br.ated I.DL peak Calibrated
(n.m) intensity intensity content
(7.5) 0.71 1045.0 5548.6 3939.5 185
(7.6) 0.47 1135.1 5822.0 2736.3 12.8
Copolymer 1
opolymer (8.6) 0.49 1197.0 263685 129206 60.6
8.7) 0.30 1285.7 42442 1273.3 6.0
9,7) 0.27 1347.3 1691.6 456.7 2.1
(7.5) 0.71 1045.0 3558.9 2526.8 28.1
(7.6) 0.47 1136.1 2573.1 1209.4 13.4
Copolymer 2
opolymer (8.6) 0.49 1197.0 9801.7 4802.8 53.4
8.7) 0.30 1283.7 1240.8 372.2 41
©9,7) 0.27 1346.3 300.0 81.0 0.9
(7.5) 0.71 1045.9 174.2 123.7 19.0
(7.6) 0.47 1134.4 156.2 73.4 1.3
Copolymer 3
opolymer (8.6) 0.49 1198.7 780.5 382.4 58.6
8.7) 0.30 1283.6 175.8 52.7 8.1
©9,7) 0.27 1346.5 73.8 19.9 3.0
(7.5) 0.71 1043.0 14167 19953 15.0
(7.6) 0.47 1131.1 9304 19796 14.8
oFO (8,6) 0.49 1197.0 25459 51958 38.9
8.7) 0.30 1284.7 7924 26415 19.8
(9,4) 0.70 1131.1 1926 2751 2.1
©9,7) 0.27 1342.3 3390 12557 9.4
(10,5)

66



Table 3-2. Calculated potential and stabilizing energies between the (8,6) SWCNT with Copolymers 1 to 3 in
structures 1 and 2. The energies are given in average out of three simulation trials. Ecopolymer represents sum of
the three copolymers’ potential energies. Adapted from ref. 21with kind permission. Copyright 2015 John Wiley
and Sons.

potential energy of

potential energy of potential energy of total potential energy Copolymer-wrapped stabilizing energy
SWCNT Copolymers Estabilizing = Ecomplex —
structure Copolymer (EswenT +Ecopolymer) SWCNTs
Eswent Ecopolymer keal/mol E (EswenT + Ecopolymer)
(kcal/mol) (kcal/mol) (keal/mol) complex (kcal/mol)
(kcal/mol)
1 101321 7066 122398 118695 -3703
structure 1 2 101321 12376 138311 135987 -2324
3 101321 34229 203861 201897 -1964
1 101321 7066 122398 119865 -2533
structure 2 2 101321 12376 138311 136299 -2012
3 101321 34229 203861 202089 -1772
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Figure 3-9. Optimized structures of the simulated complexes of structure 1 using three copolymer strips on the
semiconducting-(8,6)SWCNTs. The images of (A), (B) and (C) are the top views (left) and the side views (right)
of Copolymer 1/semiconducting-(8,6)-SWCNT, Copolymer 2/semiconducting-(8,6)-SWCNT and Copolymer 3/
semiconducting-(8,6)-SWCNT, respectively. Adapted from ref. 21with kind permission. Copyright 2015 John
Wiley and Sons.
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¥ 5

Figure 3-10. Optimized structures of the simulated complexes of structure 2 using three copolymer strips on the
semiconducting-(8,6)-SWCNTs. The images of (A), (B) and (C) are the top views (left) and the side views (right)
of Copolymer 1/semiconducting-(8,6)-SWCNT, Copolymer 2/semiconducting-(8,6)-SWCNT and Copolymer
3/semiconducting-(8,6)-SWCNT, respectively. Adapted from ref. 21with kind permission. Copyright 2015 John
Wiley and Sons.
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3-4. Conclusions

In conclusion, I designed and synthesized Copolymers 1-3, and prepared the hybrid
nanomaterials of the semiconducting-SWCNTs with the copolymers, in which the Cso-moieties
on the copolymers aligned one-dimensionally along the sidewalls of the SWCNTs. These
copolymers selectively solubilized only semiconducting-SWMTs with five different (n,m)
chiralities, and the increase in the Cgo-moiety density in the copolymers increased the amounts
of solubilized SWCNTs. The PL spectroscopic studies suggested the energy transfer from the
Cso-moieties to the SWCNTs. Based on the molecular mechanics simulation, I proposed two
possible hybrid structures, structure 1 and structure 2, in which the interactions between the
copolymers and semiconducting-SWCNTs were influenced by the copolymer composition
ratios, and energetically, the structure 1 was found to be a preferred hybrid structure. The
fabrication and evaluation of the photoelectric properties of the devises using the hybrids are

currently under investigation.
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Chapter 4
Chirality separation of semiconducting- and metallic-

SWCNTs using coordination polymers

4-1. Introduction

SWNTs possess a unique one-dimensional structure with remarkable electronic,
mechanical, thermal and photophysical properties. Not only their structural characteristics, but
also opto-electronic properties derived from their diameters and chiral indices, denoted as
(n,m)SWNTs, are important for a deep understanding of their fundamental intrinsic properties!-
19 Highly purified semiconducting-SWNTs (semiconducting-SWNTSs) not containing metallic-
SWNTs (met-SWNTs) are specifically required for electronic devices, such as field-effect
transistors and photovoltaic applications!!: 12 because the met-SWNTSs decrease and reduce the
efficiency of their associated devices'® 4. Hence, the separation/purification of SWNTs
according to their chirality is one of the most important issues in the science of carbon
nanotubes. Such approaches can be simply classified into two ways containing the covalent-
and non-covalent functionalization of the SWNT sidewalls'>. In order to preserve the intrinsic
SWNT properties, the latter method has an advantage over the former one. Recently, various
methods for the separation of sem- and met-SWNTs including: i) wrapping by SWNT
solubilizers, such as DNAs!'® 7 and m-conjugated copolymers'®, ii) density gradient
ultracentrifugation (DGU)!®2° and iii) gel chromatography techniques?!-2* have been reported.

However, the reported techniques are rather complex and the efficiency is not very high.
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Polyfluorene-based copolymers (PFOs)?** 2> have been intensively studied because they
dissolve/extract only semiconducting-SWNTs in toluene by a simple sonication method. I have
previously demonstrated a rational method for the selective extraction of a specific chirality of
the sem-(n,m) SWNTSs using a series of systematically designed fluorene-based copolymers?®-
28 Moreover, I revealed that the PFO copolymers with a bulky optically active moiety could
separate the right- and left-handed semiconducting-SWNTs?>’. However, there are several
serious problems when using PFOs; that is, difficulty in the removal of the wrapped PFOs from
the SWNTs/PFO composites®® 3! as well as their low extraction efficiency from the as-
produced SWNTs?.

The use of coordination bond formation is a facile and effective way to synthesize one-
dimensional coordination polymers with well-regulated geometries around metal ions by a
simple bottom-up self-assembly method** 3. One of the most important features of such
coordination polymers is reversible bond formation (polymerization) and depolymerization to
the monomer components by an outer stimulus, such as the addition of an acid, change in pH
or temperature, photo irradiation, etc3* 33,

Here I describe the separation of the sem- and met-SWNTs based on a supramolecular
approach. As the goal, I designed molecules (solubilizers) that efficiently recognize/solubilize
semiconducting-SWNTs based on the difference in the solubility product between the sem- and
met-SWNTs followed by detachment of the solubilizers from the SWNT surfaces. The
chemical structures of these molecules are coordination polymers (CPs) composed of fluorene
moieties and metal complexes, shown in Fig. 1 as PhenFO and CP-M, in which PhenFQO, CP
and M denote the phenanthroline (ligand for metal)-fluorene moiety, coordination polymer and

metal ions, respectively. The fluorene backbone acts as the semiconducting-SWNT recognition
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moiety and the phenanthroline-based metal complexes form polymers via coordination
bonding. I report in this study: i) the synthesis of PhenFO and CP-M (M= is Co(II), Ni(II),
Cu(Il) and Zn(II) ions), i1) efficient solubilization of SWNTs, iii) separation of sem- and met-
SWNTs from their mixture based on selective met-SWNT sedimentation and iv) removal of
CP-M to provide highly pure semiconducting-SWNTs together with met-enriched SWNTs (see
Fig. 4-1). Mayer et al.*® and Chan-Park et al.?” reported the use of degradable PFO-alternating
copolymers, with a photo-cleavable or acid-sensitive moiety, to irreversibly cleave the
wrapping polymers in order to remove them from the composites. Though they could obtain
the semiconducting-SWNTs as bundles, the purity of the semiconducting-SWNTs was rather
low and complete removal of the wrapping polymer was not discussed. Other groups have
reported the solubilization of SWNTs based on the formation/deformation of supramolecules
on the sidewall of SWNTs* 3, but their target was not selective sem- and met-SWNT

separation.

Xy iihlﬂﬂii %ifB
¢ Metal ions (M = Co?*, Ni2*, Cu?*, Zn?*)
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Base 1] Il
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,A_. & . @)
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Figure 4-1. A method for highly pure (~99%) sem-SWNT sorting. Adapted from ref. 49 with kind

permission. Copyright 2014 Springer Nature.
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4-2. Experimental

4-2-1. Materials. All chemicals and solvents used in the syntheses were of reagent grade and
used without further purification. 5-Bromo2,7-phenanthroline and 2,7-bisethynyl-9,9-
dioctylfluorene were synthesized according to the literature*’- 8, The SWNTs (HiPco) were
purchased from Unydim Co., Ltd. (Lot No. P0261) and used as received.

4-2-2. Synthesis of PhenFO. PhenFO was synthesized via the Sonogashira coupling (Fig. 2):
5-bromo2,7-phenanthroline (170 mg, 0.656 umol), 2,7-bisethynyl-9,9-dioctylfluorene (141 mg,
0.322 pumol), tetrakis(triphenylphosphine)palladium (70 mg, 0.061 umol), copper(I) iodide (19
mg, 0.010 umol) and triethylamine (50 ml) were placed in a 100-ml-two-necked flask and
stirred at 70°C for 6 h under flowing nitrogen, then cooled to room temperature and filtered.
The filtrate was concentrated and purified using silica gel column chromatography eluted by
dichloromethane. The first fraction was collected and recrystallized from hexane to provide
PhenFO as yellow needle-like crystals. Yield: 86%. 'H NMR (300 MHz, CDCl3): 9.28 (d,
J=43, 2H), 9.22 (d, J=4.3 2H), 8.92 (d, J=8.3 2H), 8.26 (d, J/=8.2 2H), 8.17 (s, 2H), 7.80 (m,
4H), 7.70 (m, 4H), 7.66 (s, 2H), 2.09 (m, 4H), 1.26—1.06 (m, 20H), 0.80—0.66 (m, 10H). High-
resolution mass spectroscopy (ESI, m/z): [M+H'] calcd. for C57H55N4, 795.0870; found,

795.0872.
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Figure 4-2. a) Synthetic route, b) 'H NMR (300 MHz, CDCl3), ¢) 3C NMR spectrum (75 MHz, CDCl3) of

PhenFO. Adapted from ref. 49 with kind permission. Copyright 2014 Springer Nature.
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4-2-3. Method for the preparation of CP-M. A 3.0 ml portion of PhenFO (0.1 mM in
benzonitrile) was added to an equimolar solution of the perchlorate salt of Co(Il), Ni(II), Cu(II),
or Zn(II) ion to immediately produce CP-M. A concentration dependent titration of each metal
ion in the PhenFO solution revealed that the PhenFO and each metal ion formed complexes
with the molar ratios =1:1, indicating the formation of linear coordination polymers (®Fig. S1).
The molecular masses of the CP-M were measured by an ESI-TOF-Mass spectrometer (Bruker
Co., Ltd., micrOTOF-QIII) and oligomers of up to 10-mer ([PhenFOoMy(Cl04)9]°") were

found in the benzonitrile solution (Fig. 4-3).
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Figure 4-3. ESI-TOF-Mass spectra of (a) PhenFO and (b) CP-Zn. Adapted from ref. 49 with kind permission.

Copyright 2014 Springer Nature.
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4-2-4. General method for the solubilization of SWNTSs. A typical procedure for the
SWNT dissolution using CP-M (M=Co, Ni, Cu, or Zn) is as follows: Crude SWNTs (1 mg)
were dispersed in a 0.1 mM (for the PhenFQ) benzonitrile solution of CP-M (3 ml) using a
bath-type sonicator (Emerson Japan, Ltd., Bransonic) for 1 h, followed by centrifugation at 10
000 g for 1 h, then the upper-80% of the supernatant collected. The vis-NIR absorption spectra
were measured using a spectrophotometer (JASCO, Co., Ltd., type V-670). The PL spectra
were measured by a spectrofluorometer (Horiba-Jobin Yvon, SPEX Fluorolog-3-NIR)
equipped with a liquid-nitrogen-cooled InGaAs near-IR detector. The excitation and emission
wavelengths were in the range of 500-900 nm and 900-1300 nm, respectively. The Raman
spectra at 532 nm, 633 nm and 785 nm were recorded by a Raman spectrometer (Nanophoton
Co., Ltd., Raman Touch). Atomic force microscopy (AFM) images were taken using a scanning
probe microscope (Agilent Technologies, type 5500). Mica was used as the substrate.

4-2-5. Selective separation of sem- and met-SWNTs. The obtained supernatants (2 mL each)
were added to toluene (2ml) followed by gentle swirling (caution: gentle swirling is important
because vigorous stirring caused precipitation of all the SWNTs in the supernatant), then kept
overnight at room temperature. The obtained solution was centrifuged at 10 000 g for 1 h, then
the upper-80% of the supernatant collected. After removing the lower 20% of the supernatant,
the sediments were collected and then redispersed in benzonitrile to obtain a homogenized
solution.

4-2-6. Removal of CP-M from the solubilized SWNTs. The obtained top-80% of the
supernatant and the redispersed solutions of the sediments were filtered using PTFE filters
(AVANTEC, 0.1 um pore size). Each collected solid was dispersed in 3 ml of benzonitrile to

which a 0.5 ml-portion of trifluoroacetic acid (15 wt%, 4.4 mmol) was added to immediately
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generate a black suspension, which was filtered through a PTFE filter (AVANTEC, 0.1 pm
pore size) and washed with 10 ml of benzonitrile followed by washing with methanol until the
absorption of CP-M disappeared in the UV-vis absorption spectrum of filtered liquid. Each
obtained SWNT solid was redispersed in 3 ml of a 5 wt% SDS aqueous solution to measure
their vis-NIR absorption, Raman and PL spectra.

4-2-7. Molecular mechanics calculation. The molecular mechanics simulations were carried
out using MacroModel (Schrodinger, version 9.4) with the OPLS-2005 force field. The
dielectric constant of toluene (2.3) was used in the calculation. Minimization of the calculation
was carried out using the Polak-Ribiere conjugate gradient with a convergence threshold on

the gradient of 0.05 kJ/mol. Default values were used for all the other parameters.

4-3. Results and discussion

4-3-1. Synthesis of CP-M.

The phenanthroline moiety is known to accept various metal ions*’. 1 examined the
coordination of PhenFO with the perchlorate salts of Co(II), Ni(II), Cu(Il) and Zn(II) ions
using the titration spectral change upon the addition of the metal ion into the solutions of
PhenFO in benzonitrile. Based on the Job plots of each absorption maximum at 379 nm, 387
nm and 410 nm as a function of the ratios of PhenFO and Cu(Il) ion (Fig. 4-4), I found that a
linear polymer was formed at metal:ligand=1:1 via coordination bonding?*. Similar behavior

was observed when using Co(II), Ni(II) and Zn(II) in place of Cu(Il) (Fig. 4-5).
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Figure 4-4. a, Vis-near-IR absorption titration spectra of PhenFO upon adding Cu(ClO4)2. b, Job plot of the
change in absorption intensity at 379 nm (blue), 387 nm (green) and 410 nm (blue) as a function of molar ratios
between PhenFO and Cu(Il) ion on the titration. Adapted from ref. 49 with kind permission. Copyright 2014

Springer Nature.
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Figure 4-5. Absorption spectra of PhenFO in benzonitrile (0.01 mM, black) and spectra after adding 0.01M of
CP-M (M=cobalt(II) (red), nickel(II) (purple), copper (II) (blue), and zinc(II) (green) ions). Adapted from ref. 49

with kind permission. Copyright 2014 Springer Nature.
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4-3-2. Solubilization of SWNTs by CP-M.

I first used benzonitrile as the solvent since this is a good solvent for CP-M. In this solvent,
CP-M was found to dissolve the SWNTs but it dissolved both the sem- and met-SWNTs. It is
known that PFOs exhibit selective semiconducting-SWNT sorting only when aromatic solvents,
such as toluene and xylene, are used*!. However, the use of such solvents was difficult due to
the poor solubility of the CP-M in such solvents. I thus tested mixed solvents of
toluene/benzonitrile with the volume ratios of 1/3, 1/1 and 3/1, however, such mixed solvents
did not dissolve CP-M. In order to obtain homogeneously dispersed SWNT solutions, I added
a benzonitrile solution of PhenFO to equimolar metal ion solutions to prepare the CP-M in
benzonitrile, to which the SWNTs were subsequently added and sonicated for 1 h, then
centrifuged at 10,000 g for 1 h, followed by collection of the upper-80% of each supernatant.

As shown in Fig. 4-6a, absorbance (optical path length=1 mm) of the CP-M-solubilized
SWNTs in the range of the first (S11) and second (S22) semiconducting exciton bands reached
0.4 (M=Co), 0.3 (M=Fe), 0.2 (M=Cu) and 0.2 (M=Zn), which are ~20-40 times greater than
that achieved when using conventional polyfluorenes, such as, poly(9,9-di-n-octylfluorenyl-
2,7-diyl) in benzonitrile (absorbance of SWNTs in the same regions were lower than 0.01

(optical length= 1 mm) (Fig. 4-7)).
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Figure 4-6. Characterization of individualized SWNTs by the aid of CP-M in benzonitirile. Vis-near IR

absorption spectra (optical cell length, 1 mm) (a) and the Raman spectra in the RBM region of SWNTs (excitation
wavelength: 633 nm) (b) of the solubilized SWNTs using CP-M (M=cobalt(II) (red), nickel(Il) (purple). zinc(II)
(blue), and copper(Il) (green) ions). c-f. AFM images of the individually dispersed SWNTs wrapped with (¢) CP-
Co, (d) CP-Ni, (e) CP-Cu and (f) CP-Zn. Used substrates were mica. Scale bars, 200 nm. Adapted from ref. 49

with kind permission. Copyright 2014 Springer Nature.
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benzonitrile (optical cell length: 1 cm). Adapted from ref. 49 with kind permission. Copyright 2014 Springer
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The absorption intensities of the solubilized SWNTs were found to increase in ascending
order of atomic number of the used metal ions on the CP-M (Fig. 4-6a). According to
coordination chemistry, cobalt(Il) and nickel(Il) ions are expected to form a square-planar
structure on CP-M, while copper(Il) and zinc(Il) ions form a tetrahedral structure*’. The
difference in such coordination geometry may explain the difference in the amounts of the
dissolved SWNTs. However, as shown in Fig. 4-6b, the Raman spectra of the solubilized
SWNTs were shown to contain both, sem- and met-SWNTs, and therefore the separation was
unsuccessful at this stage.

To obtain the structure of the solubilizezd SWNTs, I carried out AFM measurements of
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SWNT/CP-M composites (for M= Co, Ni, Cu and Zn) (Figs. 4-6¢~f) and the results for their
height-distribution are shown in Fig. 4-8, in which I observe SWNTs with heights (average for
each 100 points) of 1.21+0.03 nm for M=,Co, Ni, Cu and Zn, suggesting individual dissolution
of the SWNTs in all samples. Such height values agree with those of the optimized structures

that I discuss in the molecular mechanics calculation section.
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Figure 4-8. Height distribution diagrams calculated from AFM images of individually dispersed SWNTs. Used
CP-M polymers are (a) CP-Co, (b) CP-Ni, (¢) CP-Cu and (d) CP-Zn. Adapted from ref. 49 with kind

permission. Copyright 2014 Springer Nature.

86



4-3-3. Separation of semiconducting-SWNTs and met-SWNTs.

I now describe how to separate the sem- and met-SWNTs from their mixtures. I discovered
that the “solubility product” was different for the CP-M-wrapped semiconducting-SWNTs and
met-SWNTs such that the addition of toluene (50 vol%) to the benzonitrile solutions of the
SWNT-CP-M (M= Co, Ni, Cu or Zn) caused precipitates. Under ambient conditions, the
concentrations of the SWNTs in the supernatant solutions reached equilibrium in 12 h.
Interestingly, I found that only the semiconducting-SWNTs remained in the supernatants and
the met-SWNTs were enriched in the sediments. I call this technique a “solubility product”
method for the separation of sem- or met-SWNTs. The four different supernatants including
the SWNT-CP-M (M= Co, Ni, Cu, or Zn) were filtered to remove the excess CP-M and the
obtained residues were used for Raman spectral measurements. I also measured the vis-near
IR (NIR) spectra of the residues that were completely redissolved in benzonitrile. The results
are shown in Fig. 4-9 and Fig 4-10 (for the Raman spectra in the range of 500-2000 cm™!, see

Fig. 4-11).
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Figure 4-9. Vis-NIR absorption spectra of the supernatant solutions obtained after adding toluene (50wt%)

to CP-M-solbilized SWNTs in benzonitrile. a-d, vis-NIR absorption spectra of sorted sem-SWNTs using CP-

Co (a), CP-Ni (b), CP-Cu (c) and CP-Zn (d) (Optical cell length: 2 mm). Adapted from ref. 49 with kind

permission. Copyright 2014 Springer Nature.
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Figure 4-10. Raman spectra (excitation wavelength: 633 nm) of the solids obtained by filtration of the supernatant
solutions. Raman spectrum of the pristine HiPco-SWNTs is also shown for comparison (black line). Adapted from

ref. 49 with kind permission. Copyright 2014 Springer Nature.
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Figure 4-11. Raman spectra (excitation wavelength: 633 nm) of the solids generated by adding toluene to the
supernatant solutions: CP-M (M=cobalt(II) (red), nickel(II) (purple), copper (II) (blue), and zinc(II) (green)
ions). For comparison, the Raman spectrum of the pristine HiPco-SWNTs is shown in black line. Adapted from

ref. 49 with kind permission. Copyright 2014 Springer Nature.

90



Notably, by comparison to the absorption spectra shown in Fig. 2a, I recognized the
disappearance of the met-SWNT bands around 450-600 nm (Fig. 4-9a-d). The Raman spectra
provided proof of the separation of the met- and semiconducting-SWNTs**. Compared to the
spectrum of the as-produced SWNTs (black line in Fig. 4-10), the metallic band around 180-
240 cm! greatly decreased in the spectra of the CP-M-SWNTs obtained after the “solubility
product” procedure (Fig. 4-10). Notably, when using CP-M (M=Zn or Cu), the purity of the
semiconducting-SWNTs reached ~99% (for M=Zn) and ~90% (for M=Cu). To the best of our
knowledge, this extraction produced the highest reported purity of semiconducting-SWNTs
and is a major advantage of our method.

When using the CP-M (M= Co and Ni) the extracted sem-purity was ~81%. As shown in
Fig. 4-6a, the amounts of SWNTs dissolved by CP-M (M=Co and Ni) were much greater than
those using the CP-M (M=Cu and Zn). The degree of the semiconducting-SWNT selectivity
and the amounts of the extracted SWNTSs might be related*!. Such behavior is understandable
since it is expected that greater amounts of solubilized SWNTs may undergo a loss of the high
sem-/met-SWNT sorting selectivity.

The sediments generated by the solubility product procedure were also analyzed. They
were fully dissolved in benzonitrile by sonication for 30 min. Based on their absorption and
Raman spectra (Figs. 4-12 and 4-13), the met-SWNTs were greatly enriched in the solutions
compared to the as-produced SWNTs; namely, the determined met-SWNT/semiconducting-
SWNT ratios were 3/1, 2/1, 1/1 and 1/1 for CP-Co, CP-Ni, CP-Cu and CP-Zn, respectively,
which were greater than that of the as-produced SWNT (met-SWNTs/semiconducting-SWNTs
= 3/7). The observed metal dependency on the met-SWNT enrichment is related to the initial

amounts of the solubilized SWNTs.
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Figure 4-12. Absorption spectra of the redispersed solutions of the sediments obtained by “solubility
product” procedures. CP-M (M=cobalt(II) (red), nickel(II) (purple), copper (II) (blue), and zinc(II) (green)

ions). Adapted from ref. 49 with kind permission. Copyright 2014 Springer Nature.
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Figure 4-13. Raman spectra (excitation wavelength: 633 nm) of the solid (sediments on the filter papers)
obtained by the “solubility product” procedures. CP-M (M=cobalt(Il) (red), nickel(Il) (purple), copper (II)
(blue), and zinc(II) (green) ions) are used. Adapted from ref. 49 with kind permission. Copyright 2014 Springer

Nature.



4-3-4. Removal of the CP-M.

As mentioned above, removal of the SWNT adsorbents (solubilizers) is essential for the
efficient use of sem- and met-SWNTs in many applications. I now focus on how to produce
pure semiconducting-SWNTs by the removal of CP-M from the CP-M/semiconducting-
SWNT composites. When using conventional PFOs and their copolymers, their removal from
the SWNT composites is quite difficult due to the strong interactions between the PFOs and
SWNTs. The removal of adsorbents in our samples, on the other hand, was quite simple
because the adsorbents are not covalent polymers but coordination polymers, which are readily
depolymerized to the corresponding monomer units by the addition of an acid**. Eventually,
the addition of a large excess trifluoroacetic acid to the supernatants generated precipitates,
which were filtered, rinsed with benzonitrile and then methanol followed by air-drying. The
obtained solids were analyzed by XPS and the result is shown in Fig. 4-14b, in which no peak

of the metal ions and nitrogen appeared, indicating complete removal of the CP-M.

94



''''' CP-M removal

......

b

'C s N s

|
sci N 1s

: lo1s e B .|
=) l 39! 400 A
3
=
w
| =
(]
R
£ 01
¥ vj'dl : 4(;-1) 40
0 200 400 600 800 1000 1200

Binding energy (eV)

Figure 4-14. Validation of CP-M removal from SWNT surfaces. a, Schematic illustration of the removal of
CP-M from the sem-SWNT surfaces via depolymerization of the CP-M. b, XPS spectra of the SWNTs before
(red line) and after (green line) the depolymerization procedure. Adapted from ref. 49 with kind permission.

Copyright 2014 Springer Nature.

The four different obtained solids after the removal of CP-M (M=Co, Ni, Cu and Zn) were
each dispersed in 5 wt% sodium dodecylsulfate (SDS) aqueous micelle solutions in order to
confirm the removal of the CP-M together with the determination of the (n,m) chiralities based
on the analysis of their two dimensional photoluminescence (2D-PL) mappings. As shown in
Fig. 4-15, CP-M completely quenched the PL of the SWNTSs before acid treatment, due to the
well-known heavy atom effect. Following acid treatment however, 1 observed evident PL
signals for the SDS-redispersed samples, which are direct evidence that the CP-M (M=Zn)
was removed from the CP-M (M=Zn)/SWNT composite (Fig. 4-16). The same behavior was

observed when CP-M (M=Co, Ni and Cu) was used in place of CP-Zn (Fig. 4-17).
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Figure 4-15. 2D-PL mappings of the SDS-solubilized SWNTs before the removal of CP-Zn. Adapted from ref.

49 with kind permission. Copyright 2014 Springer Nature.
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Figure 4-16. 2D-PL mappings of the SDS-solubilized SWNTs after the removal of CP-Zn. Adapted from ref.

49 with kind permission. Copyright 2014 Springer Nature.
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Figure 4-17. 2D-PL mapping of the SWNTs obtained after the removal of CP-M from the CP-M/SWNT

composites. Used CP-M polymers are: (a) CP-Co, (b) CP-Ni and (¢) CP-Cu. For the PL. measurements, the

SWNTs were dissolved in aqueous SDS micelle solutions. Adapted from ref. 49 with kind permission.

Copyright 2014 Springer Nature.
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I can now readily determine the (n,m) SWNT chiralities from the PL-mapping. As shown
in Fig. 4-16, semiconducting-SWNTs with (n,m) = (6,5), (7,5), (7,6), (8,3), (8,4), (8,6), (8,7),
(9,4), (9,5), (9,7), (10,2), (10,3), (10,5), (10,6), (11,3), (11,4), (11,6) and (12,2) were found to
exist in the solution. The calibrated contents of the SWNT species deduced from the PL
mapping are shown in Table S1, in which SWNTSs with (n,m)=(7,6), (8,6), (9,4) and (10,2) were

enriched. I also calculated the calibrated contents for the three samples (Tables 4-1 ~ 4-4).

Table 4-1. Calibrated content of the SWNT species deduced from the PL mapping of the samples obtained after
removal of CP-M (M=Zn) from extracted sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright

2014 Springer Nature.

PL peak Calculated PL Calibrated PL peak
(n,m) intensity intensity intensity Calibrated content
(6,5) 166.99 0.67 111.88 0.43
(7,5) 2250.41 0.71 1597.79 6.16
(7,6) 5580.05 0.47 2622.62 10.12
(8,3) 651.09 2.13 1386.81 5.35
(8,4) 3498.19 0.46 1609.17 6.21
(8,6) 8690.48 0.49 4258.34 16.43
8,7 5334.99 0.30 1600.50 6.17
9,4) 4070.12 0.70 2849.09 10.99
9,5) 5462.74 0.28 1529.57 5.90
9,7 1724.12 0.27 465.51 1.80
(10,2) 1748.09 2.38 4160.46 16.05
(10,3) 2527.86 0.28 707.80 2.73
(10,5) 1986.03 0.47 933.43 3.60
(10,6) 867.17 0.21 182.11 0.70
(11,3) 2505.95 0.59 1478.51 5.70
(11,4) 717.76 0.20 143.55 0.55
(11,6) 675.05 0.26 175.51 0.68
(12,2) 551.06 0.20 110.21 0.43
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Table 4-2. Calibrated content of the SWNT species deduced from the PL mapping of the samples obtained after
removal of CP-M (M=Co) from extracted sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright

2014 Springer Nature.

(n.m) PL peak Calculated PL Calibrated PL peak
’ intensity intensity intensity Calibrated content

(6,5) 2020.32 0.67 1353.61 0.68
(7,5) 21450.69 0.71 15229.99 7.66
(7,6) 29839.71 0.47 14024.66 7.05
(8,3) 5522.27 2.13 11762.44 5.92
(8,4) 18453.28 0.46 8488.51 4.27
(8,6) 47862.51 0.49 23452.63 11.8
(8,7) 32748.61 0.3 9824.58 4.94
9,4) 35665.24 0.7 24965.67 12.56
9,5) 35245.35 0.28 9868.7 4.96
9,7) 13439.19 0.27 3628.58 1.83
(10,2) 17441.22 2.38 41510.1 20.88
(10,3) 16291.99 0.28 4561.76 2.29
(10,5) 23304.23 0.47 10952.99 5.51
(10,6) 7828.46 0.21 1643.98 0.83
(11,3) 23453.45 0.59 13837.54 6.96
(11,4) 5242.35 0.2 1048.47 0.53
(11,6) 6707.11 0.26 1743.85 0.88
(12,2) 4607.08 0.2 921.42 0.46
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Table 4-3. Calibrated content of the SWNT species deduced from the PL mapping of the samples obtained after
removal of CP-M (M=Ni) from extracted sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright

2014 Springer Nature.

(n.m) PL peak Calculated PL Calibrated PL peak
’ intensity intensity intensity Calibrated content

(6,5) 202.90 0.67 135.94 0.59
(7,5) 1865.35 0.71 1324.40 5.73
(7,6) 2570.83 0.47 1208.29 5.23
(8,3) 513.12 2.13 1092.94 4.73
(8,4) 1601.25 0.46 736.57 3.19
(8,6) 5570.56 0.49 2729.57 11.82
(8,7) 4435.24 0.30 1330.57 5.76
(9,4) 4067.12 0.70 2846.98 12.33
9,9 4106.18 0.28 1149.73 4.98
9,7 2458.14 0.27 663.70 2.87
(10,2) 1823.94 2.38 4340.97 18.80
(10,3) 2212.90 0.28 619.61 2.68
(10,5) 3804.86 0.47 1788.29 7.74
(10,6) 1354.41 0.21 284.43 1.23
(11,3) 3677.90 0.59 2169.96 9.40
(11,4) 946.03 0.20 189.21 0.82
(11,6) 1179.45 0.26 306.66 1.33
(12,2) 888.25 0.20 177.65 0.77
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Table 4-4.| Calibrated content of the SWNT species deduced from the PL. mapping of the samples obtained after

removal of CP-M (M=Cu) from extracted sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright

2014 Springer Nature.

(m) PL peak Calculated PL Calibrated PL peak Calibrated
intensity intensity intensity content
6,5) 166.99 0.67 111.88 0.43
(7,5) 2250.41 0.71 1597.79 6.16
(7,6) 5580.05 0.47 2622.62 10.12
(8,3) 651.09 2.13 1386.81 5.35
(8,4) 3498.19 0.46 1609.17 6.21
(8,6) 8690.48 0.49 4258.34 16.43
(8,7) 5334.99 0.30 1600.50 6.17
9,4) 4070.12 0.70 2849.09 10.99
9,5) 5462.74 0.28 1529.57 5.90
9,7) 1724.12 0.27 465.51 1.80
(10,2) 1748.09 2.38 4160.46 16.05
(10,3) 2527.86 0.28 707.80 2.73
(10,5) 1986.03 0.47 933.43 3.60
(10,6) 867.17 0.21 182.11 0.70
(11,3) 2505.95 0.59 1478.51 5.70
(11,4) 717.76 0.20 143.55 0.55
(11,6) 675.05 0.26 175.51 0.68
(12,2) 551.06 0.20 110.21 0.43
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The removed PhenFO molecules in the acid treatment were quantitatively deprotonated
under basic conditions, indicating that reuse of the recovered CP-M for a further SWNT
solubilization experiment is possible, which is another significant advantage of our method.

Finally, I discuss the extraction/separation efficiency of our solubility product method.
Based on the decrease in the absorbance intensity between the sample solutions before and
after the solubility product method, the semiconducting-SWNT sorting efficiencies were 66%,
57%, 91% and 32% for CP-Co, CP-Ni, CP-Cu and CP-Zn, respectively. By repeating the
solubility product method for the precipitates, such efficiency is expected to be enhanced. I
emphasize that the present method is simple and efficient for the separation of the sem- and
met-SWNTs. It is also expected that by changing the metal ions, counter anions, solvents and
ligands, a more efficient selective collection of the semiconducting-SWNTs with a specific

chirality might be possible.

4-3-5. Molecular mechanics simulations.

As described above, CP-Zn sorted the semiconducting-SWNTs (especially, sem-(8,6)SWNTs)
with a very high efficiency, while CP-Co did not. In an effort to understand these recognition
differences, a computer simulation technique was used to model the sem-(8,6)- and met-(7,7)
SWNTs as the typical sem- and met-SWNTs, respectively, since their diameters are close
(0.952 nm and 0.949 nm, for (8,6)- and (7,7)SWNTs, respectively). I carried out an all-atomic
molecular mechanical calculation using the OPLS2005 force field**. The used initial structure
of the CP-M strip was a 6-mer (oligomer), which was found in the ESI-TOF-Mass spectrum

(Fig. 4-3).
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The length of each SWNT used in this calculation was 30 nm, which is efficient for the
contact of the CP-M with the center 1/3 of the SWNT. Considering the surface areas of the
SWNTs, four different CP-M strips were placed to cover the SWNTs and used as the initial
structures. This model was equilibrated in toluene by simulation using a low-mode sampling
and the structures were minimized using the OPLS2005 force field. I calculated the optimized
structures for the combination of CP-Zn with sem-(8,6)SWNT (Fig. 4-18a), or met-
(7,7 SWNT (Fig. 4-18b), as well as those of CP-Co with sem-(8,6)SWNT (Fig. 4-18c) or
met-(7,7)SWNT (Fig. 4-18d). To predict the binding strengths between the CP-M and the
(8,6)- and (7,7)SWNTs, the binding energies (Eswbiizing) of each SWNT with the CP-M

complex was calculated as:

Estabilizing :Ecomplex - (ESWNT + 4 x Ecp-m ) (1)

where Ecomplex, Eswnt and Ecp-m are the energies of the SWNT/CP-M complexes, SWNT
and CP-M, respectively*> 4. The results are summarized in Table 1 for the calculated potential
and stabilizing energy of the CP-Co and CP-Zn systems, respectively. The stabilizing energy
for the interaction between the CP-Zn and the sem-(8,6)SWNT was 3,254 kcal/mol, which is
much higher than that between the CP-Zn and met-(7,7)SWNT (1,880 kcal/mol). In contrast,
the stabilizing energies between the CP-Co with the (8,6)- and (7,7)SWNTs were comparable
(1,435 kcal/mol and 1,401 kcal/mol, respectively). In the optimized simulated structure of CP-
Zn/SWNT, the fluorene moieties semi-helically aligned on both the sem-(8,6) and met-(7,7)-
SWNTs when the complexes take a tetrahedral configuration (Figs. 4-18a and 4-18b,

respectively). On the other hand, the square-planar complex of CP-Co preferred to take a
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straight configuration on the met-SWNT (Figs. 4-18c, 4-18d). This different recognition
behavior together with the obtained binding energies indicates that CP-Zn with a tetrahedral
coordination structure favors sem-(8,60)SWNT rather than met-(7,7) SWNT in toluene, which

is consistent with the experimental results.
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Figure 4-18. Optimized structures of the simulated composites using four CP-M strips on the SWNTs. a-d,
Top views (top row) and side views (bottom row) of CP-Zn/sem-(8,6)-SWNT (a), CP-Zn/met-(7,7)-SWNT (b),
CP-Co/sem-(8,6)-SWNT (¢) and CP-Co/met-(7,7)-SWNT(d). Blue-highlighted spheres represent metal ions.
Adapted from ref. 49 with kind permission. Copyright 2014 Springer Nature.
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Table 4-5. Calculated potential and stabilizing energies between the (n,m)SWNTs with the CP-M (M=Zn

or Co). All energies are in kcal/mol. Adapted from ref. 49 with kind permission. Copyright 2014 Springer

Nature.
. tential Total potential . S
potential po Potential stabilizing energy
Chirality energy of ~ “Mer&Y of energy energy of
(n,m) SWNT CP-M (Eou + complex L
CP-M Em NT E 4X E N ) E\ulnp\n (Em\r +4 X Enw)
(8,6) CP-Zn 38722 .4 3357.8 42080.3 38826.2 -3254.6
(77  CPZn 39753 3357.8 43110.9 412309 -1880.9
(8,6) CP-Co 38722 .4 3293.6 42016.0 40580.8 14352
7,79 CP-Co 397531 3293.6 43047.0 416454 1401.6
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4-4. Conclusion

In conclusion, a novel strategy for the efficient extraction of highly pure semiconducting-
SWNTs based on supramolecular coordination chemistry is presented. The most interesting
features are summarized as follows: 1) I designed and synthesized coordination polymers CP-
M (M= Co, Ni, Cu and Zn) that exhibited an excellent SWNT solubilizing ability in
benzonitrile, ii) based on our “solubility product” procedure, I isolated the sem-SWMTs with
a 99% purity, iii) I have succeeded in the complete removal of the wrapping CP-M by a simple
acid treatment and iv) the selectivity of the met- and semiconducting-SWNTs was explained
by molecular mechanics simulations. Such an efficient and easy extraction of the
semiconducting-SWNTs with very a high purity is a great advance in the chirality separation
science of SWNTs and opens a new field for use of such materials in many applications. For
the further development of such supramolecular removable solubilizers, other weak bond based
supramolecular system will be applicable. It is important to use more mild conditions to break
wrapping polymers other than acid or base to prevent the doping effect of the purified SWCNTs.
Further investigation is undergoing to develop more clean supramolecular system with mild

external stimuli.
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Chapter 5
Removable hydrogen-bonding polymer based on
fluorene units for the selective sorting of long and

pure semiconducting SWCN'Ts

5-1. Introduction

SWCNTs have attracted special interests as materials with remarkable electronic,
mechanical, thermal and photophysical properties due to their unique one-dimensional
structures.!* Their characteristic quantum-confined structures due to their chiral indices (n,m)
provide unique opto-nanoelectronic behaviors.>* Therefore, the separation/purification of the
semiconducting-SWCNTs based on their chiralities is one of the most important issues in the
science and applications of carbon nanotubes'®!!. However, to achieve chiral- and chemical-
purifications at the same time is still challenging because most of the commercially supplied
as-produced SWCNTSs contains both semiconducting-SWCNTs and metallic-SWCNTs as well
as metal catalysts and other carbon forms. A typical purification requires solution-phase
processes using surfactants'?, which also chemically contaminate the semiconducting-
SWCNTs by changing the surrounding environments that alter the intrinsic properties of the
semiconducting-SWCNTs. !3-15

Many attempts toward the goal of selective semiconducting-SWCNT sorting have been

16-24

reported and the typical methods include polymer-wrapping, density gradient

25,26

ultracentrifugation®>?® and gel chromatography.?’-> However, for almost all of them, the
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procedures are not very simple, but rather complex. In addition, such methods involve a serious
drawback, that is, complete removal of the used adsorbents from the sorted SWCNT surfaces
is difficult. **-*2 Even after the suitable adsorbent removal procedure, some adsorbent molecules
still remain on the sorted SWCNTSs.?33¢ I previously reported an efficient SWCNT sorting using
a supramolecular coordination polymers (CPs)?*’ followed by complete removal of the CPs
based on dynamic supramolecular coordination chemistry?®, which was the first report to utilize
a supramolecular system for the selective sorting of the semiconducting-SWCNTs not
containing the used adsorbent. In contrast, other reported polymers for the chemical
purification of SWCNTs usually lack a chirality sorting ability and/or adsorbent-removal
process.30-34383% Furthermore, in order to maintain the original semiconducting-SWCNT
properties after the sorting processes, structural identities of the semiconducting-SWCNTs,
such as the length and crystallinity of the graphitic surface structure, must be preserved,*
which is very difficult under conventional solubilizing/sorting experimental conditions using
strong sonication,?>*!*3 which is a destructive process for the SWCNTSs. This issue is especially
important for the semiconducting-SWCNTs with smaller diameters, such as chemical vapor
deposition-produced HiPco- and CoMoCAT-SWCNTs having much larger band gaps than
those of the SWCNTs with large diameters synthesized by the arc-discharged or laser-ablation
method. ** Such small diameter SWCNTs are promising materials for use in optoelectronic
device applications, such as thin film transistors, transistors, sensors, etc.

Here, I report a mild and highly chirality-selective extracting method for the chemically
pure smaller diameter semiconducting-SWCNT sorting using newly-designed and synthesized
supramolecular hydrogen-bond polymers (HBPs) as shown in Fig. 5-1 together with the
concept of this study. The semiconducting-SWCNT selectivity is programmed in the HBPs by
introducing fluorene moieties, which features molecular recognition of the semiconducting-

SWCNTs!6-18.2022,30.35-37 "and the formation of a linear polymer conformation achieved by the

114



combination of a carboxylic acid and 4-aminopyridine on both ends of the fluorene is designed
for the selective sorting of smaller diameter SWCNTs. As a HBP, I designed and synthesized
two building blocks, 2,7-bis-4-aminopyridyl-9,9’-dioctylfluorene (1) and 2,7-dicarboxyl-9,9’-
dioctylfluorene (2). Furthermore, the simplicity of the HBP conformations aided in
determining the mechanism of the chiral-selectivity of the HBP by considering the molecular
surface area and the molecular weight of the composite with semiconducting-SWCNTs, which
is the first trial to evaluate the selectivity extracting specific chiral semiconducting-SWCNTs
based on the dynamic supramolecular chemistry.
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Figure 5-1. Schematic illustration of the purification cycle of sem-SWNTs using HBP made of 1 and 2. (a)
Chemical structures of 1, 2 and HBP formed by 1 and 2. (b) Solubilization/sorting of the sem-SWNTs using the
HBP takes place with (c) the elimination of met-SWNTs in toluene-acetone mixed solvent. (d) The reversible
formation and deformation of HBP enabled regeneration of fresh 1 and 2 after the separation of chemically-pure
sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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In this study, our goal is to extract long semiconducting-SWCNTs with smaller tube
diameters while retaining their structural properties. During this study, using a concept that is
similar to our previous report based on dynamic supramolecular chemistry?’, Pochorovski et
al. * focused on the extraction of large-diameter SWCNTSs and reported the extraction of arc-
discharge-produced SWCNTs with diameters in the range of 1.28-1.39 nm using an HBP with
a wide zigzag polymer structure as well as the removal of the used polymer adsorbent. The
dispersion of such larger-diameter tubes using the reported HBP with sheet- or ribbon-
structures needed sonication by a tip-sonicator with a higher-power.>** The SWCNTs with
small tube diameters have highly tensioned graphitic surfaces, and for the dispersion of such
tubes, sheet-shaped solubilizers and high power sonication are not suitable. Instead, our
designed and synthesized linear HBP dispersed the SWCNTs with small diameters under mild

condition, which is one of advantages of this study.

5-2. Experimental

5-2-1. Materials. Compounds 1 were synthesized by the Suzuki-Miyaura coupling between
2,7-dibromo-9,9’-dioctylfluorene and 2-amino-4-iodopyridine (e Fig. 6) and 2 were prepared
according to the literature.*® HiPco-SWCNTSs were purchased from Unydim (lot# P0261) and
used as received. Toluene and acetone were purchased from Tokyo Chemical Industry Co., Ltd.

Japan (spectra analysis grade).

5-2-2. Solubilization of SWCNTSs using HBP. Into a 13.5 mL vial, 1.72 mg (3.00 mmol) of 1
and 1.44 mg (3.00 mmol) of 2 were solubilized using 1.5 mL of acetone and 1.5 mL of toluene,

then 1.0 mg of the as-produced HiPco-SWCNT were added. A brief 10-min sonication using a
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bath-type sonicator (5510J-MTH, Emerson Japan, Ltd., Bransonic) was applied to roughly
debundle the SWCNTs followed by shaking (ASONE Corporation, Neo Shaker, 700 rpm) for

~1w. After a 1h centrifugation, the resulting supernatant was corrected and analyzed.

5-2-3. Molecular mechanics simulations. The molecular-mechanics simulations were carried
out using the MacroModel program (Schrodinger, version 9.8) with the OPLS-2005 force field.
The dielectric constant of toluene (2.3) was used in the calculations. Minimization of the
calculations was carried out by using the Polak-Ribiere conjugate gradient (PRCG) with a
convergence threshold on the gradient of 0.05 kJ/mol. Default values have been used for all
the other parameters. The molecular surface was calculated for the optimized structures of the
composite between the semiconducting-SWCNTs and HBP with probe diameter of 0.1 nm and

van-der-Waals radius scale was 1.0.

5-2-4. Removal of HBP from sorted semiconducting-SWCNT surface. The
semiconducting-SWCNT solutions with HBP were filtered using PTFE filters (AVANTEC, 0.1
um pore size). The collected black solids were dispersed in 50 ml of acetone and sonicated for
10 min. to immediately generate a black suspension, which was filtered through a PTFE filter
(AVANTEC, 0.1 um pore size) followed by three washings with 10 ml of acetone and
confirming no absorption of 1 and 2 observed in the UV-vis absorption spectrum of the filtrates.

The obtained SWCNT solid was dried in vacuo and used for the XPS analysis.
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5-3. Results and Discussion

5-3-1. Formation of an HBP from compounds 1 and 2.

It has been reported that the selective extraction of the semiconducting-SWCNTs
using fluorene-based copolymers is only possible in toluene and related aromatic
solvents'®2022 ; however, the synthesized compound 2 was insoluble in such solvents, but very
soluble in polar solvents such as acetone. Since the complementary hydrogen-bonding of a
carboxylic acid and 2-aminopyridine is a competitive reaction over self-dimerization by
themselves,*>#¢ I carefully chose the solvent combination. In this study, I used a mixed solvent
of toluene and acetone. The complementary HBP formation in this mixed solvent was
confirmed based on the 'H NMR titration, in which I recognized a shift in the aromatic region
of both building blocks, 1 and 2, and an indicative shift of the amino-proton of 1 from 5.0 to
5.2 ppm as shown by the arrows in Fig. 5-2 (for the entire NMR spectra, see Fig. 5-3).
Furthermore, no end-capping molecule was observed, indicating that the HBP has a high

molecular weight.3%44
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Figure 5-2. '"H NMR spectra (300 MHz, toluene-ds: acetone-ds=1:1, selected region) of compounds 1, 2 and an
equimolar mixture of 1 and 2. The red arrows indicate the shift in the corresponding peaks. The concentration of
each molecule in the mixed solution is 2.0 mM. Adapted from ref. 49 with kind permission. Copyright 2015

Springer Nature.
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Figure 5-3. '"H NMR spectra (300 MHz, toluene-ds: acetone-ds=1:1) of compounds 1, 2 and an equimolar
mixture of 1 and 2 (2.0 mM). Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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5-3-2. Solubilization of HiPco-SWCNTs using the HBP.

I first confirmed that both HBP-building blocks, 1 and 2, have no ability to dissolve the
SWCNTs by themselves (Fig. 5-4). The method for the solubilization of the smaller-diameter
SWCNTs using the HBP formed by the hydrogen binding of 1 and 2 is quite different from

20-25,32.3438 in which 1 h or longer sonication time is required. Under

conventional techniques,
such severe experimental conditions, the HBP was found to be unable to retain their hydrogen
bonding structure and did not solubilize the SWCNTs at all (Fig. 5-5). Hence, in this study,
instead of heavy-duty sonication, an ~10-min mild sonication with a bath-type sonicator
followed by an ~1-week shaking using a shaker were done to solubilize the as-produced HiPco-
SWCNTs. Fig. 5-6 shows the Vis-NIR absorption spectra of the solubilized SWCNTSs collected
by centrifugation at 10,000xg, in which sharp bands corresponding to the Es!'! (1000-1600 nm)
and the Es?? (600-800 nm) of the semiconducting-SWCNTs are clearly observed, while no such
absorption peak was detected in the metallic-SWCNT region (400-600 nm). This behavior
indicates that the HBP formed by 1 and 2 exclusively solubilized and extracted the
semiconducting-SWCNTs, which is similar to the results using the other fluorene (co)polymers.
20-22,30.35-37 Fyrthermore, only four major absorption peaks were observed in both the Es'! and
Es?*? regions, that are ascribable to the chiralities of the semiconducting-SWCNTs with

(n,m)=(7,5), (7,6), (8,6) and (8,7). Compared to the other fluorene-based polymers, HBP in

this study has a high chiral selectivity.
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Figure 5-4. PLE mappings for the SWNT region of a solution obtained by a shaking-based solubilization
procedure using (a) 1 or (b) 2 in a mixed solvent of toluene and acetone (1/1 vol%). No peak in the SWNT

absorption area was observed. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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Figure 5-5. PLE mapping of a solution obtained by a sonication-based solubilization procedure for the as-
produced SWNTs using 1 and 2 in a mixed solvent of toluene and acetone (1/1 vol%). No peak in the SWNT

absorption area was observed. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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Figure 5-6. Vis-NIR Absorption, spectra of sorted sem-SWNTs using a mixture of compounds 1 (1.0 mM) and
2 (1.0 mM) in toluene/acetone. (optical path length = 1.0 cm). Adapted from ref. 49 with kind permission.
Copyright 2015 Springer Nature.
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In order to determine the abundance according to the chirality of the sorted
semiconducting-SWCNTSs, photoluminescense vs. excitation (PLE) mapping® was measured
(Fig. 5-7); the result is summarized in Table 5-1. The amount ratios of the extracted
semiconducting-SWCNT chiralities of (7,5), (7,6), (8,6) and (8,7) were 7, 15, 71 and 7%,
respectively. Compared to many conventional fluorene-based copolymers,2%-2230: 3536 the HBP
was found to be highly selective in sorting the (8,6)-semiconducting-SWCNTSs from the as-
prepared HiPco-SWCNTs. I will address this chirality recognition behavior based on molecular

mechanics simulations later.

Excitation wavelength / nm

900 1000 1100 1200 1300 1400
Emission wavelength / nm

Figure 5-7. PLE spectra mapping of sorted sem-SWNTs using a mixture of compounds 1 (1.0 mM) and 2 (1.0

mM) in toluene/acetone. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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Table 5-1. Calibrated contents of the SWNT species deduced from the PLE mapping of the extracted sem-
SWNTs using the HBP. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.

Emission PLpeak  Calculated PL  Calibrated PL

(n,m) ) ) Calibrated content
peak shift intensity intensity peak intensity

(7,5) 1043 830.28 0.71 589.50 7.1

(7,6) 1139 2610.88 0.47 1227.11 14.9

(8,6) 1186 12046.17 0.49 5902.62 71.5

(8,7) 1279 1796.23 0.30 538.87 6.5

In order to evaluate the chiral-purity and the degree of the SWCNT crystalline structure
of the extracted semiconducting-SWCNTs, the Raman spectra excited at 633-nm were
measured, and the results shown in Fig. 5-8c, in which semiconducting-SWCNT peaks (240-
300 cm™) in the radial breathing mode (RBM) region were observed, while no metallic peaks
around 200-240 cm™! were detected. Furthermore, as shown in Fig. 5-8d, the intensity of the
defect band (D-band) of the sorted SWCNTs around 1310 cm™ was much lower than that of
the G-band; thus the D/G ratio was determined to be ~1/80, which is remarkably higher than
those of the as-prepared SWCNTs since even in commercially available very high quality
HiPco-SWCNTs, the D/G ratios are ~1/6. Such a very high crystalline SWCNT sorting is one

of the advantages of this study over previous studies.
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Figure 5-8. Raman spectra of sorted sem-SWNTSs excitation with a 633-nm laser for (¢) 100 ~ 400 cm™ (RBM)
and (d) 500 ~ 2000 cm™! (D/G) regions. Adapted from ref. 49 with kind permission. Copyright 2015 Springer

Nature.
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Atomic force microscopy (AFM) measurements also revealed the advantage of this
study using the mild-conditioned-extraction procedure. The observed average height from the
AFM image (Fig. 5-9a, b) is 1.21 + 0.04 nm, which well agrees with the value calculated from
the simulated individualized structure of the HBP-wrapped (8,6) SWCNT (Fig. 5-9c¢). In the
AFM image, I observed very long tubes (~10 um) and the average length of one hundred of
the individualized SWCNTs reaches ~3.5 pm (Fig. 5-9d), which is much longer than those of
the SWCNTs based on the conventional sonication technique, in which the average diameter
is usually less than 1.5 um when using HiPco-SWCNTs as the material. The obtained long
tube sorting is due to the very weak dispersion method using a shaker, which is one more

advantage of this study.
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Figure 5-9. (a) A representative AFM image of isolated sem-SWNTs wrapped by HBP and (b) height distribution
histogram. (c) A schematic illustration of the estimated dimensions for the structure-optimized composite structure
of (8,6)sem-SWNT wrapped by HBP. (d) Length distribution histogram obtained from ten AFM images of sorted

sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.

125



5-3-3. Molecular mechanics simulations on the composite of SWCNTs and HBPs.

As already described, the HBP showed a high chiral-selectivity for the
semiconducting-SWCNTs compared to the other previously reported (co)polymers. For a
deeper understanding of this behavior, especially for the interaction of the HBP and the sem-
(8,6) SWCNTs, the optimized conformations of the HBPs on the tubes were modeled using
molecular mechanics simulations (Fig. 5-10a-d). In order to rationally wrap the SWCNT
surfaces with the HBPs, four strips of the HBP chains were placed on a 20-nm long
semiconducting-SWCNT. After the structure optimization, all the included hydrogen-bonds
between the molecules, 1 and 2, maintained the rational distance of 1.98~2.12 A in all the
chiralities. The resulting conformations of the HBP were close to a linear structure, which
reflected the programmed strict bond-angle and bond-length nature of the hydrogen bonds.
Thus, the HBP wrapping is not very flexible compared to the helical wrapping manners
presented by many other fluorene copolymers composed of a covalent- or coordination

20-22, 30, 35-37

bonding, which lead to a weak chirality selectivity.

In an effort to elucidate the specific chiral-selectivity of the HBP on the
semiconducting-SWCNTs, 1 examined the relationship between the ratios of the
experimentally-sorted SWCNT chiralities and the theoretically obtained structural information
of the composites of the SWCNT and HBP. Gomulya et al.*’ estimated the interactions
between several fluorene oligomers and two chiralities of SWCNT by the surface area and the
binding energy using a molecular dynamics simulation. In our study, by contrast, I used only
one kind of polymer (HBP) and it will not give a comparable binding energy difference. The
relationship between the surface area and molecular weight of the composites was then
discussed. Noteworthy is that the accurate determination of the molar density for such hollow

and open-end SWCNTSs with an encapsulation ability is very difficult, thus I regard the surface

area and molecular weight as an indicator of the stabilization of the HBP-wrapped SWCNTs
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in solvents. As shown in Table 5-2, the molecular surface area and molecular mass naturally
increased with the increase in the number of atoms in the given composites, while the values
of the molar mass divided by the surface area show a local maximum for the composite of
(8,6)-SWCNT (Fig. 5-11). This behavior reflects the amount of the HBP’s molecular surface
area and uncovered area of the SWCNT surfaces, which strongly influences the stability and
the solubility of the composites. As a result, the composite of the sem-(8,6)SWCNT and HBPs
showed the highest stability in the calculation analysis that strongly supports the specific
recognition behavior of the HBP. Meanwhile, a conventional analysis using stabilizing energy
did not provide a clear difference as shown in Table 5-3. Thus, our approach to theoretically
estimate the chirality selectivity by means of the molecular surface area and the molecular
weight is a good method to predict the interactions and stabilization of the SWCNT composites

in the solution phase.

Table 5-2. The molecular surface area and the molecular mass calculated using the optimized
structures of the composites of the sem-SWNTs with the HBP. Adapted from ref. 49 with kind
permission. Copyright 2015 Springer Nature.

Molecular mass of HBP-
SWNT Surface area of HBP-wrapped SWNT
wrapped SWNT
(7,5) 16227.098 32599.36
(7,6) 16911.202 33955.36
(8,6) 17485.23 34795.36
(8,7) 17974.228 35959.36
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Figure 5-10. Optimized structures of HBP-wrapped sem-SWNTs. Molecular structures (left half) and
molecular surfaces (right half) of HBP-wrapped (a) (7,5), (b) (7,6), (c) (8,6) and (d) (8,7) sem-SWNTs. Adapted

from ref. 49 with kind permission. Copyright 2015 Springer Nature.
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Figure 5-11. Molecular surface area and molecular mass for the HBP-wrapped four sem-SWNTs ((7,5), (7,6),
(8,6) and (8,7), respectively). Quotient values of molar mass divided by the surface area of the HBP-wrapped four
sem-SWNTs shown with the chirality of sem-SWNTs. Adapted from ref. 49 with kind permission. Copyright
2015 Springer Nature.

Table 5-3. Calculated potential and stabilizing energies between the (n,m)SWNTs with HBP. The energies are

in kcal/mol. Adapted from ref. 49 with kind permission. Copyright 2015 Springer Nature.

Total Structure-
potential optimized
Potential Potential energy of  potential Stabilizin
SWNT energy of  energy of HBP- energy of ener g
SWNT HBP wrapped HBP- 8y
ESWNT Ensp SWNT wrappe d stabization
Eswnt + SWNT
EHBP Ecomplex
(7,5) 97469.625 174.441 908167.389  93962.953  -4204.436
(7,6) 98891.578 174.441 99589.342  95283.492  -4305.85
(8,6) 101321.125  174.441  102018.889 97664.852 -4354.037
(8,7) 103584.281  174.441  104282.045 99885.383 -4396.662
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5-3-4. Removing HBPs from semiconducting-SWCNT.

Removal of the HBP from the semiconducting-SWCNT surfaces is very important.
As already described, compounds 1 and 2 were unable to form hydrogen bonding in many
solvents except for the 1:1 toluene/acetone mix solvent. The removal of the HBP polymer was
quite easy; namely, I completely removed the HBP by a very simple intense washing with a
good solvent and obtained chemically pure semiconducting-SWCNTs. Typically, the HBP-
wrapped semiconducting-SWCNTs solution (3 ml) was added to excess acetone (50 ml), then
sonicated for 10 min to produce a black precipitate, which was filtered, then thoroughly washed
with acetone to provide a black solid. The product was analyzed by the X-ray photoelectron
spectroscopy (XPS)?7 and the result is shown in Fig. 5-12, in which I observed that the carbon
peaks at around 284 eV became sharper after the removal-treatment, indicating the
disappearance of the sp* alkyl carbon derived from the 1 and 2 monomers. A similar behavior
was observed in the nitrogen and oxygen regions; namely, no nitrogen peak was detected after
the removal-treatment. I observed a peak in the oxygen region after the removal, which is
assigned not to the adsorbent, but the adsorbed water since a peak appeared at 533 eV.
Noteworthy to recognize is that compounds 1 and 2 were not damaged during the removal
process, hence they are readily reusable, indicating a highly efficient SWCNT sorting in this

study. This easy adsorbent removal is one more advantage of this study.
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Figure 5-12. Adsorbent removal from sem-SWNTs. (a) Schematic drawing of the removal of HBP from the
extracted sem-SWNT and (b) XPS spectra of the sem-SWNTs before (black line) and after (red line) the removal
of 1 and 2 with the magnified Cls and Nls region (the insets). Adapted from ref. 49 with kind permission.

Copyright 2015 Springer Nature.
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5-4. Conclusions

In conclusion, a method for the efficient extraction of highly pure long-length
semiconducting-SWCNTs with minute defects has been achieved using the hydrogen bonding
polymer HBP along with a very mild conditioned-solubilizing/extracting procedure based on
dynamic supramolecular chemistry. The amount ratios of the extracted semiconducting-
SWCNTs with chiralities of (n,m) = (7,5), (7,6), (8,6) and (8,7) were 7, 15, 71 and 7%,
respectively. A facile and highly selective one-pot sem-(8,6)SWCNT extraction is of interest,
and the behavior was explained by molecular mechanics simulations.

The summarized advantages of this study using a very easy handling technique are:
1) very high crystalline semiconducting-SWCNT sorting, ii) selective (8,6)SWCNT sorting, iii)
long semiconducting-SWCNT sorting and iv) an easy and complete removal of the adsorbent
from the sorted semiconducting-SWCNT surfaces. Such an efficient and easy extraction of the
semiconducting-SWCNTs is a great advantage in the science of the chirality selective SWCNT
separation, The study is highly important since the present sorted semiconducting-SWCNTs
are highly pure (adsorbent free), chiral selective and sufficiently-long, which satisfy the strong

demand in the use of such materials in many fundamental research studies and applications.
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Chapter 6

Gross Conclusion

The importance of purifying SWCNTs is reviewed in the chapter 1 from the point of view
of semiconducting- or metallic-chirality. Various methods reported to date requires time and
cost to achieve pure chirality-separation, but the removal of the solubilizeres from the sorted
semiconducting-SWCNTs have been big issue.

In the present study of the Ph. D thesis, I have discovered facile and chirality-selective
separation methods using fluorene-based synthetic copolymers. In chapter 2, I described the
specific recognition and separation of right-handed and left-handed semiconducting-SWCNTs
using copolymer containing binaphthyl moieties, which proved the contents of the fluorene-
copolymers are possible to control not only the chirality-selectivity but also the selectivity
based on the optical properties of SWCNTs.

In chapter 3, I examined the effect of bulky side chains carried along the main wrapping
polymers by changing the contents of fullerene on the fluorene-copolymers. Fullerenes are
consist of & -surfaces and it is reasonable that the fullerene amount in the copolymer increased
the interactions between wrapping polymers and the SWCNTs. Furthermore, the fact that such
bulky side chains do not disturb the chirality-selectivity for the semiconducting-SWCNT give
general insights to design functional and high-yield semiconducting-SWCNT sorter for the
next-generation nanocarbon devices.

The most advantageous finding in this study is that the supramolecular polymer-based

SWCNT solubilizers, which are detachable, still exhibit smart chirality selectivity. In the
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chapter 4, world first metal-ligand coordination polymers with chirality selectivity for the
SWCNTs are described. Interestingly, the metal source affected the purity and yield of the
sorted semiconducting-SWCNT, which suggest the further modifying is possible to control the
chirality selectivity using supramolecular polymers. I describe in the chapter 5 the use of
hydrogen-bond in the chirality selective semiconducting-SWCNT sorting. The removal
process of the wrapping polymers is so mild with washing that the removed hydrogen-bond
polymer components are not damaged and ready to reuse. This supramolecular method to
purify specific chirality of SWCNTs open the door of a new molecular design for strategic
supramolecular (n,m)-chiral selective recognition of SWNTs as well as specific functionality
of the SWNTs via self-assembly of a designed molecule.

Now with the insight to design supramolecular solubilizers for the SWCNTSs, application
using such hybrids and purified SWCNT is ready. Using the enantiomers obtained in the
chapter 2, investigation for the relationship between optical properties and the SWCNT
chirality is undergoing. For the hybrids of SWCNTs with fullerene, photovoltaic or
nanoelectronic  circuit application is under estimation. The chemically purified
semiconducting-SWCNTs using supramolecular polymers described in the chapter 4 and 5 are
now applied in the nanoelectric circuit to evaluate transistor property. I wish I could contribute
the next-generation nanocarbon-based science using supramolecular method for the

purification of the SWCNTs.
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