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ABSTRACT: Fourteen different “hairy-rod” conjugated poly-
mers, 9,9-dioctylfluorene derivatives entailing 1,2,3-triazole,
azomethine, ethynyle, biphenyle, stilbene, and azobenzene lateral
units, are synthesized via modular conjugation and are sys-
tematically investigated with respect to their ability to selec-
tively disperse SWCNTs. Four polymers of the azomethine
type, with unprecedented selectivity toward dispersing (8,7),
(7,6), and (9,5) SWCNT species, have been identified. In
particular, azomethine polymers, herein applied for the first
time for SWCNT dispersion, have been evidenced to be very
effective in the highly selective solubilization of SWCNTs. The
experimentally observed selectivity results are unambiguously
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supported by molecular dynamics simulations that account for the geometrical properties and deformation energy landscape of
the polymer. Specifically, the calculations accurately and with high precision predict the experimentally observed selectivity for

the (7,6) and (9,5) conformations.

he extraordinary physical properties of single walled

carbon nanotubes (SWCNT) with applications in the
fields of mechanics, optics, and electronics have made this carbon
allotrope an outstanding object for scientific research.' The
chiral index (n,m) and length determine the physical properties
of the SWCNTs. Although remarkable progress has been made
in the synthesis of chirally uniform SWCNTs,” the current state
of the art is still incapable of providing pure monodisperse
SWCNTs. Therefore, fractionation methods have to be applied
to obtain chirally homogeneous SWCNTs. The methods in use
are dielectrophoresis,’ den51ty gradient centrifugation,” size-
exclusion chromatography, and selective dispersion via poly-
mer wrapping.® Nish et al.® have shown in 2007 for the first
time that “hairy-rod” 7-conjugated polymers with fluorene units
in their backbone are able to selectively dissolve semicon-
ducting SWCNT with large chiral angles. Subsequent to this
pioneering work, a significant number of conjugated polymers
have been investigated with regard to their ability to selectively
disperse SWCNT's and various models to understand selectivity
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have been developed.éb’7 Variations of the polymer’s aliphatic
side chains,® of the aromatic main chain units,” and of the chain
length10 have been explored. Suzuki, Yamamoto, or Kumada
coupling are typically used to synthesize the conjugated lateral
chain. In the current study, we investigate the SWCNT dis-
persing properties of a wide range of fluorene polymers within
three polymer classes synthesized via modular conjugation in a
combinatorial fashion. The aim of the current study is to ex-
plore via a systematic investigation the influence of the struc-
tural elements in fluorene polymers such as biphenyl, stilbene,
and azobenzene. The structural library allowing for such a
systematic investigation is based on three distinct chemistries to
construct the lateral 7-conjugated polymer chain.

Initially, we employed 1,2,3-triazolyl polymers, generated
via copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) of
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Scheme 1. Schematic Overview of the Prepared Polymer Library Employed for SWCNT Dispersion in the Current Study
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bifunctional aromatic azides and alkynes. Recently,"" we have
shown that these polymers are suitable for SWCNT dispersing.
1,2,3-Triazo-1,4-yl polymers, comprising 9,9-didodecylfluorene
units, have shown comparable behavior toward SWCNT as
polyoctylfluorene (POF).

Second, we have studied azomethinyl polymers synthesized
via aza-Wittig coupling of bifunctional azides and aldehydes.
Polyazomethines are 7-conjugated polymers with remarkable
properties such as electrical conductivity,'* nonlinear optical
features,"® the ability to chelate with metals,"* and extraordinary
thermal stability.'* Such a polymer type has never been used for
SWCNT dispersing. The catalyst-free and uncomplicated
synthesis makes aza-Wittig based polymers a highly interesting
material platform for SWCNT dispersion.

Third, ethynyl polymers prepared according to the Sonogashira
cross coupling reaction from alkynes and bromides have been
examined, as Chen et al.'® have shown that SWCNTs could be
dissolved in organic solvents with linear rigid ethynyl polymers.

In each of these three polymer classes, we employed 9,9-
dioctyl fluorene as building block incorporated in homo poly-
mers or strictly alternating chains with diphenyl, stilbene or
azomethine, resulting in a tableau of 14 different polymers.
Scheme 1 depicts the prepared polymer library. Additionally,
we synthesized two polymers that exclusively contain fluorene
units, yet alternating triazolyl/azoyl or ethynyl/azoyl linkers.
Table 1 collates all polymers investigated in the current study
jointly with their building blocks.

To classify the performance of the prepared polymer library to
selectively dissolve SWCNTSs, we introduce four categories.
Category 0 includes all polymers which fail to dissolve any
SWCNT. Category 1 comprises polymers featuring very weak
dispersing power, which are therefore unsuitable for any appli-
cation. Category 2 contains polymers featuring a good dispersing
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capability, yet with no or only a weak manifestation of selectivity.
Category 3 represents the polymers with good and highly
selective dispersion ability. Table 2 presents a general overview
of the PL maps and the solvating category of the polymers.
Inspection of the PL-maps of the three polymer classes (refer to
Table 2) evidence that the ethynyl polymers are the least
suited. Only P 10 and P 13 have limited potential, according to
category 1, to dissolve SWCNTs. It is expected that the linearly
fixed rigid ethynyl connections make the wrapping around the
SWCNT extremely difficult and that the solely linear (ie.,
parallel to the cylinder axis) association between polymer and
SWCNT is too weak for effective dissolution. The investigated
triazolyl polymers diverge strongly in their selective properties.
Two polymers, P 02 and P 03, fail to dissolve SWCNTs, thus,
belonging to category 0. The polymer P 01 falls into category 1.
We recently reported'® similar fluorenetriazolyl polymers, yet
carrying different aliphatic moieties (i.e., dodecyl and hexyl).
Caused by their higher solubility in toluene, these systems show
better dispersing properties. The polymer P 0S falls in category
2, with a preference for armchair SWCNTs with € > 20° and
the (7,6) species as the main dissolved fraction. The polymer P
04 exhibits strong selectivity toward the (9,5) SWCNTs and
falls in category 3. The percentage of the (9,5) SWCNTs ob-
served in solution is close to 47%. Such a result is unexpected,
illustrating that small modifications in the lateral polymer chain
can cause strong selectivity effects. All azomethinyl polymers
P 06—P 09 fall into category 2 or 3, as they show excellent
dispersing properties. P 09 dissolves several chiral species,
especially SWCNTSs with @ > 0.85 nm. The polymer P 06 is
very highly selective toward the (8,7) species (53%). The
polymers P 07 and P 08 disperse the (7,6) SWCNT with very
high selectivity (46 and 51%). Figure 1 depicts the /@ plots of
all polymers in categories 2 and 3. The recorded PL intensities
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Table 1. Compilation of the Structures and Building Blocks of the Employed Polymers P 01—-P 14
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are proportional to the diameters of the black circle, showing
the selectivity very clearly.

To rationalize the observed selectivity, we applied the com-
putational protocol outlined below to the most selective poly-
mers, namely, P 04 and P 07. For both polymers and all
different diameters, we constructed all mathematically possible
solutions of the coarse grained model in which all of the aro-
matic units of the polymer lie flat on the tube and subsequently
weighted them according to the Boltzmann distribution accord-
ing to their internal energy obtained from a polymer specific ab
initio model (for details, refer to the Supporting Information).
Figure 2 depicts the weighted number of solutions as a function of
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diameter, which clearly demonstrates the diameter selectivity in
excellent agreement with the experimental results. As illustrated
in the top panel of Figure S3, we note that, in agreement with
previous all-atom molecular dynamics simulations for other
systems, the number of geometrically possible solutions, in
which a given polymer can realize maximal 7—7 interactions
with the tube of a given diameter, is rather small. It is surprising
that for some polymers (such as P 10) there are essentially no
solutions for any radius (in agreement with the experimental
data), while for P 04 and P 07 sets of dihedral angles that
permit wrapping of the polymer around a tube for a given
radius cease to exist if the radius of the tube is even slightly
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Table 2. PLE Maps of the HiPCo SWCNT Suspensions from Polymers P 01-P 14“
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“A classification number, indicating the dispersing power and the effectiveness of the selectively is additionally provided: 0 = no dispersion, 1 = weak
dispersion, 2 = good dispersion but low selectivity, 3 = good dispersion and high selectivity.

Scheme 2. Synthetic Routes for the Preparation of (a) the 1,2,3-Triazolyl Polymers P 01—P 0S; (b) the Azomethinyl Polymers

P 06—P 09; and (c) the Ethynyl Polymers P 10—P 14
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“The fluorine homopolymers are given as example. For the detailed preparation procedures please refer to the Supporting Information.

changed. With hindsight this may be rationalized by the fact
that a small dihedral angle change in a macromolecule com-
prised of relatively rigid building blocks results in a large move-
ment of the units further along the polymer backbone. Apparently
such conformational changes induced by one dihedral angle change,

which result in a loss of contact between polymer and tube or a
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sterically forbidden conformation, cannot be compensated
by adjusting the other dihedral angles. This view supports a hy-
pothesis, to be confirmed in future work, that selectivity is
obtained as a result of the scarcity of the solutions and suggests
exploration of polymers with large rigid building blocks and

minimal flexibility to obtain maximal selectivity. In any case, the
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Figure 1. 8/Q plots of the polymers P 04—P 09. Note the extremely
high selectivities of polymer P 04 (9,5), P 06 for (8,7), P 07 for (7,6),
and P 08 for (7,6) SWCNTs. Independent, yet virtually identical, 6/Q
plots for polymers P 06 and P 08, based on UV/vis-NIR spectra, are
depicted in Figure S4 in the Supporting Information, alongside the
underpinning spectral data in Table S2.
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Figure 2. Calculated normalized selectivity of the polymers P 04 (top)
and P 07 (bottom) as a function of diameter. Polymer P 04 selectively
wraps tubes with 0.96 nm diameter (corresponding to (n,m) = 9,5),
while P 07 prefers tubes with diameter 0.88 nm [(n,m) = (7,6)].

theoretical predictions show remarkable agreement with the
experimental results, which in themselves have identified poly-
mer structures with feature some of the highest selectivity
toward specific SWCNT types observed to-date.

In summary, fourteen different “hairy-rod” conjugated polymers,
synthesized via modular conjugation, have been systematically
investigated with regard to their ability to selectively disperse
SWCNTs. All polymers are 9,9-dioctylfluorene derivatives,
comprising 1,2,3-triazole, azomethine, ethynyle, biphenyle,
stilbene, and azobenzenelateral units. Four polymers have been
found to disperse (8,7), (7,6), and (9,5) SWCNT species in a
highly selective fashion. In particular, azomethine polymers,

14

herein applied for the first time for SWCNT dispersion, have
been evidenced to be very effective in highly selective
solubilization of SWCNTs. Modeling polymer wrapping of
the tubes demonstrates that accounting for the geometrical
properties and deformation energy landscape of the polymer is
essential to understand diameter selectivity. We observed that
the existence of polymer conformations in which the polymer
wraps around the tube (see inset of Figure 2 for P 04) is
responsible for selection of tubes with larger diameters.

B METHODS AND MATERIALS

Synthesis of the Polymers: Scheme 2 collates the synthetic pathways
for the three polymer classes, giving the 9,9-dioctylfluorene homo-
polymers as examples. The polymers were synthesized according to
slightly modified literature procedures.'® For the general conditions,
the instrumentation, the materials, the synthesis of the building blocks,
the polymerization conditions, and the characterization, please refer to
the in-depth Supporting Information.

In addition to the fluorene homopolymers [P 01, P 06, P 10], we
synthesized strictly alternating copolymers displacing each second
fluorene unit with either biphenyl [P 02, P 07, P 11], stilbene [P 03, P
08, P 12], or azobenzene [P 04, P 09, P 13] units, as depicted in
Scheme 1 and Table 1. The polymers P 05 and P 14 are special cases.
Here, we employed azofluorene as a building block, resulting in poly-
mers with solely fluorene units, yet with alternating linkers [1,2,3-
triazolyl-azoyl P 05 and ethynyl-azoyl P 14].

Preparation of the Polymer—SWCNT Dispersions: Dispersions of
SWCNTSs were obtained by sonicating pristine HiPco SWCNTs
(purchased from Nanolntegris Lot# R0O—513 and used as received) in
toluene with an excess of the polymer under investigation. Typically,
close to 1 mg HiPco SWCNTs were added to a solution of 50 mg of
the investigated polymer in toluene (15 mL) and the suspension was
sonicated for 1 h. Following an established procedure, centrifugation
with a mild centripetal acceleration (10000 rpm, 1 h) was applied to
remove large bundles of nanotubes and remaining catalyst particles.
The dispersions were analyzed by photoluminescence-excitation spec-
troscopy (PLE), allowing for the identification and quantification of
semiconducting SWCNT species.

Coarse Grained Models for Rationalizing Polymer Selectivity: The
computational approach used is described in detail in ref 7b, and in-
depth supporting data can be found in the Supporting Information.
The polymers were subdivided into molecule specific building
blocks, and the intramolecular potentials governing rotation along
flexible dihedral angles connecting these blocks were computed using
ab initio quantum chemistry methods (for details, please refer to the
Supporting Information). A recursive algorithm was used to construct
all possible solutions to position a polymer of length N = S, 10 on an
SWCNT (for P 04, P 07), respectively (refer to Figure S3 in the
Supporting Information), such that all building blocks lie flat on the
tube for tubes with diameters ranging from 0.74 to 1.28 nm. The
number of solutions for each diameter was weighted with the fraction
of tubes with the corresponding diameter in the aqueous sodium
cholate SWCNT reference dispersion and with a Boltzmann factor
accounting for the intramolecular energy of each solution.

B ASSOCIATED CONTENT

© Supporting Information

The full synthetic procedures for the polymer systems P 01—P
14, along with their molecular characterization, their building
blocks, and UV/vis-NIR spectra, as well as their quantitative
evaluation, are provided, as well as in-depth information
regarding the molecular dynamics simulations. This material is
available free of charge via the Internet at http://pubs.acs.org.

dx.doi.org/10.1021/mz400472q | ACS Macro Lett. 2014, 3, 10—-15


http://pubs.acs.org

ACS Macro Letters

B AUTHOR INFORMATION

Corresponding Author
*E-mail: wolfgang.wenzel@kit.edu; manfred kappes@kit.edu;
christopher.barner-kowollik@kit.edu.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge ongoing generous support by the
DFG Center for Functional Nanostructures (CFN), by the
Helmholtz Programme Science and Technology of Nano-
systems (STN) of the Karlsruhe Institute of Technology (KIT),
the SimLab of the SCC and the BMBF Program “Molecular
Interaction Engineering” in the Framework of the Biotechnol-
ogy 2020+ initiative and the FP7 e-infrastructures project
MMM@HPC.

B REFERENCES

(1) (a) Reich, S.; Thomsen, C.; Maultzsch, J. Carbon Nanotubes:
Basic Concepts and Physical Properties; Wiley-VCH: Weinheim, 2004;
(b) O’Connell, M. J. Carbon Nanotubes: Properties and Applications;
CRC Press Taylor & Francis Group: Boca Raton, FL, 2006. (c) Jorio,
A.; Dresselhaus, G.; Dresselhaus, M. S. Carbon Nanotubes: Advanced
Topics in the Synthesis, Structure, Properties and Applications (Topics in
Applied Physics); Springer: New York, 2008.

(2) (a) Wang, H.; Goh, K; Xue, R;; Yu, D.; Jiang, W.; Lau, R.; Chen,
Y. Chem. Commun. 2013, 49, 2031—-2033. (b) Zhu, Z; Jiang, H.; Susi,
T.; Nasibulin, A. G.; Kauppinen, E. L. J. Am. Chem. Soc. 2011, 133,
1224—1227. (c) Hersam, M. C. Nat. Nanotechnol. 2008, 3, 387—394.

(3) Krupke, R; Hennrich, F.; von Loehneysen, H.; Kappes, M. M.
Science 2003, 301, 344—347.

(4) (a) Amold, M. S; Green, A. A; Hulvat, J. F,; Stupp, S. I;
Hersam, M. C. Nat. Nanotechnol. 2006, 1, 60—6S. (b) Gosh, S;
Bachilo, S. M.; Weisman, R. B. Nat. Nanotechnol. 2010, S, 445—450.
(c) Zhao, P.; Einarsson, E.; Xiang, R.;; Murakami, Y.; Maruyama, S. J.
Phys. Chem. C 2010, 114, 4831—4834.

(5) (a) Liu, H.; Nishide, D.; Tanaka, T.; Kataura, H. Nat. Commun.
2011, 2, 1-8. (b) Blum, C,; Stiirzl, N.; Hennrich, F.; Lebedkin, S.;
Heeg, S.; Dumlich, H.; Reich, S.; Kappes, M. M. ACS Nano 2011, §,
2847-2854. (c) Moshammer, K; Hennrich, F.; Kappes, M. M. Nano
Res. 2009, 2, 599—606. (d) Gui, H.; Li, H; Tan, F; Jin, H,; Zhang, J.;
Li, Q. Carbon 2012, 50, 321—341.

(6) (a) Stiirzl, N.; Hennrich, F.; Lebedkin, S.; Kappes, M. M. J. Phys.
Chem. C 2009, 113, 14628—14632. (b) Lemasson, F. A; Strunk, T;
Gerstel, P.; Hennrich, F.; Lebedkin, S.; Barner-Kowollik, C.; Wenzel,
W.; Kappes, M. M.; Mayor, M. J. Am. Chem. Soc. 2011, 133, 652—655.
(c) Hwang, J.-Y.; Nish, A;; Doig, J.; Douven, S.; Chen, C. W.; Chen,
L.-C; Nicholas, R. J. J. Am. Chem. Soc. 2008, 130, 3543—3553.
(d) Cheng, F.; Imin, P; Maunders, C; Botton, G.; Adronov, A.
Macromolecules 2008, 41, 2304—2308. (e) Nish, A; Hwang, J.-Y;
Doig, J; Nicholas, R. J. Nature Nanotechnol. 2007, 2, 640—646.
(f) Berton, N.; Lemasson, F.; Tittmann, J.; Stiirzl, N.; Hennrich, F.;
Kappes, M. M,; Mayor, M. Chem. Mater. 2011, 23, 2237-2249.
(g) Ozawa, H.; Fujigaya, T.; Song, S.; Suh, H.; Nakashima, N. Chem.
Lett. 2011, 40, 470—472. (h) Chen, F.; Wang, B; Chen, Y.; Li, L.-J.
Nano Lett. 2007, 7, 3013—3017. (i) Imin, P.; Imit, M.; Adronov, A.
Macromolecules 2011, 44, 9138—914S. (i) Pan, X.; Chen, H.; Wang, W.
Z.; Ng, S. C; Chan-Park, M. B. . Phys. Chem. A 2011, 115, 8155—
8166. (j) Tange, M.; Okazaki, T.; Lijima, S. J. Am. Chem. Soc. 2011,
133, 11908—11911. (k) Lemasson, F.; Berton, N.; Tittmann, J;
Hennrich, F.; Kappes, M. M.; Mayor, M. Macromolecules 2012, 4S,
713—722. (1) Berton, N.; Lemasson, F.; Hennrich, F.; Kappes, M. M,;
Mayor, M. Chem. Commun. 2012, 44, 2516—2518. (m) Wang, H.; Mej,
J; Liu, P; Schmidt, K; Jiménez-Osés, G.; Osuna, S.; Fang, L,
Tassone, C. J; Zoombelt, A. P.; Sokolov, A. N.; Houk, K. N.; Toney,
M. F; Bao, Z. ACS Nano 2013, 26, 2659—2668. (n) Gomulya, W,;
Diaz Costanzo, G.; Figueiredo de Carvalho, E. J; Bisri, S. Z;

15

Derenskyi, V.; Fritsch, M.; Frohlich, N.; Allard, S.; Gordiichuk, P.;
Herrmann, A.; Marrink, S. J.; Santos, M. C.; Scherf, U.; Loi, M. A. Ad.
Mater. 2013, 25, 2948—2956. (o) Lee, H. W.; Yoon, Y.; Park, S.; Oh, J.
H; Hong, S.; Liyanage, L. S; Wang, H.; Morishita, S.; Patil, N.; Park, Y.
J.; Park, J. J.; Spakowitz, A.; Galli, G; Gygi, F.; Wong, F. H.-S.; Tok, J.
B.-H,; Kim, J. M; Bao, Z. Nat. Commun. 2011, 2, 541. (p) Pan, X,; Lj,
L.-J.; Chan-Park, M. B. Small 2010, 6, 1311—1320.

(7) (a) Gao, J.; Loi, M. A; Figueiredo de Carvalho, E. J.; dos Santos,
M. C. ACS Nano 2011, S, 3993—3999. (b) Berton, N.; Lemasson, F.;
Poschlad, A.; Meded, V.; Tristram, F.; Wenzel, W.; Hennrich, F,;
Kappes, M.; Mayor, M. Small 2013, DOI: 10.1002/smll.201301295

(8) (a) Ozawa, H; Fujigaya, T.; Niidome, Y.; Hotta, N.; Fujiki, M.;
Nakashima, N. J. Am. Chem. Soc. 2011, 133, 2651—2657. (b) Gao, J;
Kwak, M.; Wildeman, J.; Herrmann, A.; Loi, M. A. Carbon 2011, 49,
333—-338.

(9) (a) Berton, N.; Lemason, F.; Tittmann, J.; Stiirzl, N.; Hennrich,
F.; Kappes, M. M.; Mayor, M. Chem. Mater. 2011, 23, 2237—2249.
(b) Tange, M.; Okazaki, T.; lijima, S. ACS Appl. Mater. Interfaces 2012,
4, 6458—6462. (c) Mistry, K. S.; Larsen, B. A.; Blackburn, J. L. ACS
Nano 2013, 7, 2231—22309.

(10) (a) Berton, N.; Lemasson, F.; Hennrich, F; Kappes, M. M.,;
Mayor, M. Chem. Commun. 2012, 48, 2516—2518. (b) Jakubka, F.;
Schiefll, S. P.; Martin, S.; Englert, J. M.; Hauke, F.; Hirsch, A;
Zaumseil, J. ACS Macro Lett. 2012, 1, 815—819. (c) Imin, P.; Cheng,
F.; Adronov, A. Polym. Chem. 2011, 2, 1404—1408.

(11) Gerstel, P.; Klumpp, S.; Hennrich, F.; Ozcan, A.; Eaton, T. R;;
Mayor, M.; Barner-Kowollik, C.; Kappes, M. Polym. Chem. 2012, 3,
1966—1970.

(12) Cho, J. S.; Takanashi, K.; Higuchi, M.; Yamamoto, K. Synth. Met.
2005, 150, 79—82.

(13) Jenekhe, S. A;; Yang, C. J.; Vanherzeele, H.; Meth, J. S. Chem.
Mater. 1991, 3, 985—987.

(14) Yang, C; Jenekhe, A. A. Chem. Mater. 1991, 3, 878—887.

(1S) Chen, J.; Liu, H.; Weimer, W. A.; Halls, M. D.; Waldeck, D. H.;
Walker, G. C. J. Am. Chem. Soc. 2002, 124, 9034—9035.

(16) (a) van Steenis, D. J.; David, O. R. P.; van Strijdonck, G. P. F;
van Maarseveen, J. H,; Reek, J. N. H. Chem. Commun. 2005, 34, 4333—
4335. (b) Miyake, J.; Chujo, Y. Macromolecules 2008, 41, 9677—9682.
(c) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975,
50, 4467—4470.

dx.doi.org/10.1021/mz400472q | ACS Macro Lett. 2014, 3, 10—-15


mailto:wolfgang.wenzel@kit.edu
mailto:manfred.kappes@kit.edu
mailto:christopher.barner-kowollik@kit.edu

