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ABSTRACT: To date, (n, m) single-walled carbon nanotubes (SWNTs) cannot be selectively synthesized. Therefore,
postprocessing of SWNTs including solubilization and sorting is necessary for further applications. Toward this goal, we have
synthesized a polymer library consisting of fluorene- and carbazole-based homo- and copolymers. Variations of the connection of
these aromatics together with the incorporation of further conjugated monomers give access to a broad diversity of polymers.
Their ability to selectively wrap specific (n, m) species is investigated toward HiPco SWNTs raw material which contains more
than 40 (n, m) species. Absorption and fluorescence spectroscopies were used to analyze SWNTs/polymer suspensions. These
results provide evidence for selective SWNTs/polymer interactions and allow a more detailed assessment of polymer structure−
property relationships, thus paving the way toward custom synthesis of polymers for single (n, m) SWNTs extraction.

■ INTRODUCTION
Single-walled carbon nanotubes (SWNTs) exhibit unique
physical and mechanical properties, making them excellent
candidates for applications in the fields of optics, electronics,
high-strength fibers, and electrolytes.1 The corresponding raw
materials are produced in bulk scale using several different
processes including chemical vapor deposition (CVD), laser
vaporization, or arc discharge. However, all these methods are
not selective in terms of electronic structure type (metallic or
semiconducting) or chiral angle (n, m).2 Despite many efforts in
this direction, selective synthetic methods yielding monodis-
perse (n, m) SWNT samples are still not available. As their
physical properties are mainly dictated by their chiral angle,
postprocessing including sorting of SWNTs is needed to tackle
fundamental issues as well as for applications in electronics,
optoelectronics, and photonics.3

Any postprocessing approach requires the preparation of
SWNT suspensions, either using covalent or noncovalent

functionalization.4 The former approach induces defects on
the SWNT sidewalls which degrade their physical properties. In
the latter approach, the SWNT intrinsic properties remain
mainly unchanged due to the preservation of the sp2-carbon
hybridization of their backbone. This approach was chosen to
solubilize SWNTs for enrichment and sorting and several
methods were developed for this purpose, which include DNA
wrapping followed by ion-exchange chromatography,5 solubili-
zation using detergents followed by either dielectrophoresis,6

density gradient centrifugation7 or nonlinear density gradient
centrifugation,8 dispersion with small molecules,9 or polymer
wrapping.10 Recently, several types of conjugated polymers have
been shown to be selective toward a few (n, m) species like
poly(9,9-dialkyl-2,7-fluorene) for large chiral angles (close to
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armchair: θ ≥ 25°)10a,c,h,i or poly(N-decyl-2,7-carbazole) for
lower chiral angles (typically 10° ≤ θ ≤ 20°).10b At the same
time they also exhibit strong selectivity toward semiconducting
SWNTs. This approach is of great interest due to the relatively
cheap availability of these materials and due to the perspectives
for further improvement thanks to the great variety of structural
modifications possible with these types of structures.
Despite numerous studies comprising experimental probes as

well as molecular modeling of polymer/SWNT interactions, the
reasons for selective solubilization of SWNTs are not fully under-
stood.10−12 In order to investigate the correlation between the
polymer structures and its SWNT dispersing features, a
systematic variation of the polymers structure is desirable.
Here we have therefore investigated a small polymer library
comprising homo- and copolymers based on 9,9-didodecyl-
fluorene and N-alkylcarbazole units connected either in the
2,7 or 3,6 position. The selectivity of these polymers was
investigated toward HiPco SWNTs as this material contains
more than 40 different (n, m) tube types ranging from 0.7 to
1.3 nm diameter.13 Despite a wide range of parameters able to
influence the polymer/SWNT interactions, significant informa-
tion based on polymeric structural aspect was identified.
Although many variables are still not identified, the structural
diversity of the library allows to get more insight into specific
interactions of polymer/SWNTs and hopefully paves the way
toward custom sorting of single (n, m) species.

■ RESULTS AND DISCUSSION
Synthesis of Monomers and Polymers. The library

comprises four families which include 23 homo- and copoly-
mers stemming from (i) 9,9-didodecyl-2,7-fluorenyl, (ii) 9,9-
didodecyl-3,6-fluorenyl, (iii) N-alkyl-2,7-carbazolyl, and (iv)
N-alkyl-3,6-carbazolyl. Additionally, combinations of the
aforementioned subunits either with available dihaloaromatics
or with themselves completed the collection of copolymers. An
overview of the library is given in Table 1. All these conjugated
polymers were synthesized by Suzuki coupling, except for
polymer P5 which was synthesized by Yamamoto coupling and
polymer P9 which was assembled by Kumada coupling
(Scheme 3). Details of synthetic procedures for monomers
and polymers are given in the Supporting Information. The
synthesis of several polymers presented in this study has already
been reported, namely polymers P1,14 P7,10b and P15−P20.10f
Yamamoto and Kumada couplings required dihaloaromatics

as buiding blocks, whereas Suzuki cross-coupling required
boronic esters and a building block comprising two halides or
pseudohalides. Diboronic esters 2,15 4,10b and 616 were used in
this study to access the diversity of the library. They were
synthesized by palladium-catalyzed Miyaura borylation of their
corresponding dibromides 1, 3, and 5, respectively (Scheme 1).
Monoboronic ester 12 (Scheme 2) was synthesized by
monolithiation of dibromide 1117 followed by quenching with
isopropoxypinacolborane, yielding monomer 12 in 37% yield.
The synthesis of 3,6-dibromofluorene 9 was shortened from
five to three steps18 by starting from the commercially available
phenanthrenequinone to access 3,6-dibromo-9,9-didodecyl-
fluorene 10 after alkylation (Scheme 2). Direct reduction of
ketone 8 using either hydrazine hydrate19 or polysiloxane in
combination with tris(pentafluorophenyl)borane afforded
3,6-dibromofluorene in good yields. Reduction of ketone 8
using magnesium in dry methanol yields the alcohol.20 Other
haloaromatics were commercially available or synthesized
according to the literature (see Supporting Information).

For convenience, the yields and molecular weights of the
polymers described in this article are summarized in Table 2.
Diboronic ester 2, which displays a 2,7-fluorenyl moiety, was
used to synthesize a large part of the library and was reacted in a
Suzuki coupling with 11 comonomers to access a variety of
polymers. Thus, reaction with its parents 2,7-dibromo-9,9-
didodecylfluorene 1 yielded poly(9,9-didodecylfluorene-2,7-diyl)
P1, in very good yield (99%). Copolymer P2, featuring a 2,7 and
a 3,6 fluorenyl moiety, was obtained by reaction of diboronic
ester 2 with dibromid 10 in very good yield (99%). Strictly
alternating copolymers P6 and P10, in which a 2,7 and 3,6
carbazolyl moiety is installed, were synthesized from dibromide 3
and 11 in 98% and 94% yield, respectively. Electron-withdrawing
groups such as BTD (benzo-2,1,3-thiadiazole) and anthraqui-
none were also introduced via their corresponding 4,7-dibromo-
2,1,3-benzothiadiazole and 1,5-dichloroanthraquinone to yield
polymers P13 and P15 in 96% and 80% yields, respectively.
Finally, a series of five polyaromatics comonomers were reacted
with diboronic ester 2, namely 1,4-dibromonaphthalene, 1,5-
bis(trifluoromethylsulfonyloxy)naphthalene, 1,5-dibromoanthra-
cene, 2,6-dibromoanthracene, and 9,10-dibromoanthracene to
access polymers P23 (90%), P17 (95%), P19 (88%), P21
(94%), and P22 (88%), respectively.
Diboronic ester 4, displaying a 2,7-carbazolyl moiety, was also

reacted in a Suzuki coupling with various (pseudo)haloaromatics
to access a large diversity of polymers. Reaction with its parent
dibromide 3 yielded poly(N-decyl-2,7-carbazole) in P7 in 76%
yield. Polymers P3 and P11, which display a 3,6-fluorenyl and
carbazolyl moieties, were obtained from dibromide 10 and 11 in
94 and 89% yield, respectively. The reddish polymer P14 was
synthesized from dibromide 5 in 29% yield. The low yield might
be attributed to the low solubility of this polymer. Finally,
reaction of diboronic ester 4 with 1,5-dichloroanthraquinone,
1,5-bis(trifluoromethylsulfonyloxy)naphthalene, and 1,5-dibro-
moanthracene allowed the synthesis of polymers P16 (39%),
P18 (97%), and P20 (79%), respectively.
Diboronic ester 6 was reacted first with dibromide 10 to

access polymer P4 (87%) which allowed the introduction of a
BTD moiety to a 3,6-fluorenyl moiety. Moreover, the low
solubility of polymer P14 led us to increase the number of
carbon atoms in the N-alkyl side chain. Thus, diboronic ester 6
was reacted with carbazole 7, which displays a branched
2-hexyldecyl chain at the carbazole nitrogen atom, to give the
reddish polymer P8 in 76% yield.
Finally, three homopolymers were obtained as follow. A

Suzuki coupling of the bifunctional carbazole 12 yielded poly(N-
decylcarbazole-3,6-diyl) P12, and homopolymer P5 was
obtained via Yamamoto homocoupling of its corresponding
dibromide 10. As previously observed for similar 3,6-linked
structures, it should be noticed that 1H NMR spectrum and
SEC data of P5 and P12 point at the presence of cyclic
oligomers within the polymer sample.18,21 The first attempt to
synthesize polymer P9 was performed via a Yamamoto coupling
of dibromide 7 which yielded high molecular weight polymer P9
barely soluble in toluene (see Supporting Information). As
further investigation of the polymers takes place in toluene, the
polymers should be soluble in this solvent. Therefore, dibromide
7 was engaged in a Kumada coupling to yield a lower molecular
weight polymer P9 (Mn = 1189 g mol−1) which exhibits much
higher solubility in common organic solvents including toluene.

Preparation of Polymer/SWNT Dispersions. Dispersions
of SWNTs were obtained by sonicating pristine HiPco SWNTs
in toluene with an excess of the polymer under investigation.
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Typically, ∼1 mg of HiPco SWNTs was 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
(10 000 rpm, 10 min) was applied to remove large bundles of
nanotubes and remaining catalyst particles. A density gradient
centrifugation (DGC) was applied to remove the excess polymer
and to investigate the possibility of further enrichment.10f The
dispersions were analyzed by absorption and photolumines-
cence−excitation spectroscopy (PLE), allowing the identification
and quantification of semiconducting SWNT species (see also
Supporting Information).13,22

Dispersing Properties. All recorded PL maps (Figure 1 and
Figures S3, S4, S6, and S7) were translated into normalized (see
Supporting Information for details concerning the normalizing

procedure) chiral angle (θ) vs diameter (Ø) maps in order to
visualize the composition of the SWNTs dispersion (Figure 2).
The SWNT distribution in HiPco material is represented by
sodium cholate dispersions in D2O, assuming that all SWNT are
equally well dispersed in this surfactant. Relative intensity maps
of each polymer suspension are also presented in order to allow
facile comparison to the original nonuniform distribution of
SWNTs in the HiPco material (Figure 3). Relative intensity
maps represent the ratio between normalized PL maps and the
normalized HiPco SWNTs suspended in D2O using sodium
cholate (i.e., if a polymer disperses all SWNTs equally well, then
the relative intensity map would contain only circles with the
same diameter). We note that the accuracy of such relative
intensity maps is likely to be lower in regions of higher diameters
due to the correspondingly low amount of SWNTs present.

Table 1. Overview of the Conjugated Polymers Librarya

aPolymers dispersing SWNTs are shaded in green (good), light green (medium), and yellow (poor dispersing properties). Pale red shading indicates
that the corresponding suspension was not stable.
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For most of the polymers, the DGC did not allow a signifi-
cant enrichment of the dispersions and similar PL maps were
obtained before and after DGC. Figure 2 presents the chiral
angle (θ) vs diameter (Ø) maps of these suspensions, and Figure 3
contains their corresponding relative intensities (versus sodium
cholate as described in the previous paragraph). However, we
observed a clear enhancement of the selectivity caused by DGC
for three copolymers comprising a 9,9-didodecyl-2,7-fluorenyl
subunit (P6, P13, and P23). The corresponding chiral angle
(θ) vs diameter (Ø) maps obtained from PL maps before and
after DGC treatment are presented in Figure 4.
In order to get a qualitative estimate of the SWNT dispersion

efficiency of HiPco tubes for each polymer (i.e., how many
SWNTs from the parent HiPco mixture are suspended by a
polymer regardless to the (n, m) indice), the sum of the
intensities of all PL maps peaks attributed to SWNTs (before
DGC) was considered. This estimation does not consider any
difference in quantum yields of each SWNT as the data required
to provide an analysis considering individual quantum yields
for each (polymer-wrapped) SWNT type are not available until

now. Thus, the polymers were classified into three categories
according to the amount of SWNT (in mg/L) which was
dispersed (cf. Table S1 in Supporting Information and related
color code in Table 1). Note that this qualitative estimation
depends on the parent composition of HiPco tubes. Having a
polymer which exclusively selects a (n, m) species which has
a low concentration in the starting raw material would lead to a
low concentration in the polymer/SWNT suspension. More-
over, this estimation fits fairly well with the absorption spectra of
the suspensions displayed in Figure S2. Because of a low signal-
to-noise ratio, the absorption spectra of low concentrated
suspensions were not displayed.
Finally, some of the reported polymers formed unstable

suspensions with SWNTs and precipitation occurred within a
few minutes or hours. These polymers, namely P2−P5, P10,
P14, and P20, were not investigated further.

Polymers Containing a 2,7-Fluorene Moiety. As pre-
viously mentioned, poly(2,7-dialkylfluorene)s are known to
be extremely selective toward close-to-armchair SWNTs
(θ > 25°) and poly(9,9-didodecylfluorene-2,7-diyl) P1 was
found to behave similarly (Figure 2). It should be noticed that
the length of the alkyl chains at the C-bridging atom has an
influence on the diameter distribution which shifts toward
higher diameter tubes. Indeed, the main species in the polymer
P1/SWNT dispersion is the (7, 6) species, while in comparable
conditions (dispersions of HiPco SWNTs in toluene) poly(9,9-
dioctylfluorene-2,7-diyl) was reported to mainly disperse the
(8, 6) species having a slightly larger diameter.10b,c,h Also,
poly(9,9-dihexylfluorene-2,7-diyl) mainly disperses (8, 7) and
(9, 7) SWNTs species under similar conditions.10c,e Thus, our
results confirm that the diameter of the dispersed nanotubes is
inversely proportional to the alkyl chain length, whereas the
θ-selectivity is not affected by alkyl chain length variations. This
pronounced effect of the length of the alkyl chains of poly(9,9-
dialkylfluorene-2,7-diyl) on the diameter selectivity, though not
fully understood, is consistent with the predominance of CH/π
interactions between the alkyl chains and the zigzag bonds of
the fused hexagons on the nanotubes walls as has recently been
suggested by molecular dynamics simulations.10b,12 However,

Scheme 2. Synthesis of Monomers 7, 10, and 11a

aReagents and conditions: (a) hydrazine monohydrate, KOH, triethylene glycol, 80 °C to reflux, 68%;19 (b) B(C6F5)3, poly(triethoxysilane),
CH2Cl2, RT, 67%; (c) n-BuLi, isopropoxypinacolborane, THF, −78 °C to RT, 37%.

Scheme 1. Synthesis of Boronic Esters 2, 4, and 6 Used for
the Synthesis of the Polymer Librarya

aReagents and conditions: (a) PdCl2(dppf), bis(pinacolato)diboron,
dioxane, 80 °C, overnight.
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it can be noticed that the relative intensities of P1/SWNT
dispersion presented in Figure 2 suggests a less pronounced
selectivity toward θ > 25° for Ø > 0.95 nm. Besides its sorting

properties, polymer P1 is also estimated to have good disper-
sion efficiency (cf. Table S1).
Changing the selectivity of poly(2,7-fluorene) can be achieved

by introduction of aromatic moieties in the polymer main chain.
Indeed, polymer P19 exhibits strong diameter selectivity toward
SWNTs having Ø > 0.95 nm, which corresponds to a minor
fraction in the starting HiPco material (Figures 2 and 3).10f In
contrast, there is no significant chiral angle selectivity: the
dispersed SWNTs chiral angles θ range from close to zigzag
(12, 1) to armchair (8, 7). Despite the dispersion of only a
minor fraction of HiPco nanotubes, polymer P19 yields high
concentrations of SWNTs in suspension with regards to the
other polymers; i.e., it disperses very efficiently large diameter
SWNTs (cf. Table S1). Similar but not so pronounced selecting
properties were observed for polymer P15 having an electron-
poor 1,5-anthraquinone moiety in the polymer backbone
(Figure 2). Its relative intensity map indicates affinity for high
diameter SWNTs (Figure 3). However, the dispersion ability of
polymer P15 is much lower than that of polymer P19.
Noteworthy is that SWNTs with θ < 10° were not selected.
Introduction of a 1,5-naphthyl moiety as in polymer P17 did not
lead to pronounced diameter selectivity. Structural selectivity is
directed toward close-to-armchair SWNTs motifs (Figures 2
and 3). The dispersion ability of P17 is also reduced compared
with polymer P19. The anthracene connectivity of polymer P19
was varied from 1,5 to 2,6 and 9,10 positions leading to

Table 2. Summary of the Synthesis of the Polymers
Presented in Table 1 and Used in This Study, Including
Yield, Number-Average Molecular Weight, Weight-Average
Molecular Weight, and Polydispersity Index

polymer yield (%) Mn (Da) Mw (Da) PDI ref

P1 99 12878 53510 4.2 14b
P2 99 8608 14136 1.6
P3 94 5471 8404 1.5
P4 87 2350 4760 2.0
P5 83 11920 66990 5.6
P6 98 18840 58620 3.1
P7 20a (76) 3402b 5333b 1.6b 10b
P8 76 17510 50490 2.9
P9 87c 1189c 1987c 1.7c

P10 94 10722 19125 1.6
P11 89 4461 6912 1.6
P12 98 3035 4552 1.5
P13 96 29000 58000 2.0
P14 16a (29) 2250e 2450e 1.1e

P15 80 11861 25764 2.2 10f
P16 39 2390 3245 1.4 10f
P17 95 59735 220990 3.7 10f
P18 97 23278 133480 5.7 10f
P19 88 21165 51175 2.4 10f
P20 24a (79) 6900e 16800e 2.4e 10f
P21 94 12364 29632 2.4
P22 38d (88) 17100 24000 1.4
P23 90 16800 29200 1.7

aFraction stemming from Soxhlet extraction with toluene. The
percentage in parentheses corresponds to the total yield which
comprises a further extraction with chloroform. bValue given for the
toluene fraction. cSynthesized by Kumada coupling. dValue given for
the chloroform fraction. The percentage in parentheses corresponds to
the total yield which comprises a further extraction with toluene.
eValue given for the toluene fraction which was not fully soluble in
THFthe solvent in which the SEC measurement was performed.

Figure 1. Representative PLE maps of HiPco SWNTs suspensions
prepared from polymers P9 and P12 in toluene which allow the
identification of each semiconducting (n, m) species. These maps are
translated into θ/Ø maps allowing an overview of diameter and chiral
index selectivity (Figure 2).

Scheme 3. Overview of the Polymerization Procedures Used in This Study
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polymers P21 and P22, respectively. Neither of these two
polymers is efficient at dispersing SWNTs having Ø < 0.85 nm
(Figures 2 and 3). The suspension stemming from polymer P22
is relatively more concentrated in low chiral index SWNTs com-
pared to polymer P21/SWNTs dispersions. However, polymer
P22 exhibits poor overall solubilizing properties compared with
polymer P21. Neither of them exhibits a diameter selectivity as
pronounced as observed with the parent polymer P19.
Polymers Containing a 3,6-Fluorene Moiety. One major

observation of these results stems from the family of polymers
containing 3,6-fluorenyl units. Whereas polymers derived from
9,9-dialkyl-2,7-fluorene units show good to outstanding dispersing

properties and high wrapping selectivity, all homologous polymers
containing 9,9-dialkyl-3,6-fluorenes, namely P2−P5, yield un-
stable suspensions with SWNTs precipitating within minutes.
Such behavior demonstrates that the 3,6-connectivity prevents
SWNTs dispersion, which can in turn be attributed to an
unfavorable polymer conformation that does not enable efficient
wrapping of the nanotubes. An analogous unfavorable con-
formation has been proposed in the case of foldamers which are
able to reversibly suspend and release SWNTs by adopting a
different conformation by tuning solvent polarity.23

Polymers Containing a 2,7-Carbazole Moiety. While
poly(9,9-didodecylfluorene-2,7-diyl) P1 exhibits selectivity

Figure 2. Normalized θ/Ø maps of HiPco SWNTs dispersed in aqueous solution using sodium cholate compared to HiPco SWNTs dispersed in
toluene using the polymers of this study (after DGC) (see Table 1). Within an individual θ/Ø map, the circles areas are proportional to the
concentration of the corresponding SWNT species in this dispersion. In the sodium cholate map (top left), the circles are assigned to the (n, m)
indices of the corresponding SWNT.
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toward high chiral angle SWNTs, its structural proxy poly(N-
decylcarbazole-2,7-diyl) P7 exhibits selectivity for lower chiral
angles, namely between 10° < θ < 20°, making both polymers
nicely complementary.10b Another noticeable difference is the
dispersing efficiency which was estimated to be 5 times lower in
the case of polymer P7 compared to polymer P1. This can be
attributed to the single linear alkyl chain attached at the N
atom of the carbazole moiety. A way to increase its dispersing
efficiency is to introduce a branched alkyl chain at the N atom,
yielding poly(N-2-hexyldecylcarbazole-2,7-diyl) P9. Indeed, the
dispersing efficiency is then estimated to increase by a factor of 2.
Polymer P9 exhibits selectivity features relatively similar to those
of its parent poly(2,7-carbazole) P7 despite the increased
bulkiness of the side chain (Figures 1−3). Note that polymer P7
disperses mainly the (11, 3) and (10, 5) species, while polymer

P9 selects preferentially (9, 4) and (9, 5) SWNTs, which
represents a slight shift toward smaller diameters and higher
θ values (around 20°). Thus, as observed for poly(9,9-
dialkylfluorene)s, the nature of the alkyl chain only slightly
influences the selectivity. As previously postulated and simulated,
the selectivity for lower chiral indices may arise from the sp2

hybridization of the N-bridging atom which reduces the steric
hindrance at this position, thus allowing a tighter complex with
the SWNT than the poly(9,9-dialkyl-2,7-fluorene)s which have a
sterically more demanding sp3-hybridized C-bridging atom.10b

The low solubility of copolymer P14 did not allow us to test
its dispersing properties toward SWNTs (vide supra). The
introduction of a branched alkyl chain at the N atom of the
carbazole moiety afforded the more soluble polymer P8, and
its dispersing properties toward HiPco SWNTs were tested.

Figure 3. θ/Ø maps presenting normalized relative intensities of HiPco SWNTs dispersed in toluene using the polymers of this study (after DGC).
Intensities are relative to those of the same (n, m) SWNT species in sodium cholate/water dispersion.
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P8 was found to disperse most SWNTs species, regardless of the
diameter and chiral angle, with the (7, 6) and (8, 6) nanotubes
dominating the distribution (Figure 2). The θ/Ø map rep-
resenting the relative intensities of SWNTs dispersed by
polymer P8 shows a tendency to suspend SWNTs of higher
diameter regardless of the chiral angle (Figure 3). Furthermore,
polymer P8 exhibits high dispersion efficiency.
Copolymers P16 and P18 which contain a 2,7-carbazole

moiety do not exhibit the same trend and their selectivity is
mainly driven by the 1,5-linked anthraquinone and naphthalene
groups respectively, as previously reported.10f Indeed, polymer
P16 is selective toward small diameter SWNTs having Ø < 0.9 nm
(Figures 2 and 3) but shows extremely low dispersing effi-
ciency. Polymer P18 dominantly disperses high chiral indices
θ > 25° with only a minor fraction of θ < 25°. Part of this effect
may also be attributable to the HiPco SWNT distribution as
shown by the related relative intensity θ/Ø map (Figure 3).
Even though polymer P18 yields higher concentration of SWNTs
than polymer P16, it is not an efficient dispersing agent.
Polymers Containing a 3,6-Carbazole. As shown in

Figures 1 and 2, poly(N-decylcarbazole-3,6-diyl) P12 is able to

disperse SWNTs, in contrast to its poly(3,6-fluorene) homo-
logue P5. However, no strong selectivity was observed as P12
disperses most of the nanotubes species initially present and
exhibits a θ/Ø map similar to the one obtained for sodium
cholate aqueous dispersions. The corresponding relative
intensity θ/Ø map confirms this behavior while also underlining
that large diameter SWNTs are well dispersed. Moreover,
polymer P12 shows excellent dispersing efficiency (cf. Table
S1). The other mixed polymeric structures P10 and P11, both
having a 3,6-linked carbazole subunit in their backbone, yielded
unstable suspensions of SWNTs, thus showing behavior similar
to their 3,6-fluorene homologues P2 and P3. It should be
pointed out that P11/SWNTs suspensions are slightly more
stable and precipitated within a few hours instead of minutes,
thus allowing fluorescence measurements to be recorded.
Although the intensity was relatively low, the PL map indicated
selectivity toward θ ≥ 15° and diameters ≥ 0.9 nm (Figure S7).

Enhancement Induced by DGC: Polymers P6, P13,
and P23. In most cases the polymer wrapping is not that
uniform that further fractionation by DGC is possible. However,
in the case of the polymers P6, P13, and P23, besides their

Figure 4. Normalized θ/Ø maps of HiPco SWNTs dispersed in toluene using polymers P6, P13, and P23 before DGC (second row). First row:
normalized relative intensity θ/Ø maps corresponding to the second row. Third and fourth row: normalized θ/Ø maps after DGC. In the case of
polymer P6, DGC fractions 25 and 35 are presented due to an inhomogeneous enrichment along the DGC tube, in contrast to suspensions arising
from polymers P13 and P23 which exhibit homogeneous enrichment.
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intrinsic wrapping selectivity (vide infra), a clear enhancement
caused by DGC treatment was observed (Figure 4). Copolymer
P6, which possesses strictly alternating 2,7-linked fluorene and
carbazole moieties, is an interesting example of a combination of
wrapping selectivities. Given the complementary selectivity of
poly(9,9-dialkylfluorene-2,7-diyl) and poly(N-alkylcarbazole-2,7-
diyl) toward high- and low-chiral angle SWNTs, respectively, it
was expected that P6 would combine both properties. Indeed, as
evidenced from the θ/Ø map of P6/SWNT dispersion in
toluene before DGC (Figure 4), the dispersion of a wide range
of SWNTs was observed. This tendency is slightly attenuated in
the relative intensity θ/Ø map which shows the preferential
solubilization of higher diameter SWNTs together with the
absence of θ sorting (Figure 4). Moreover, the dispersion
efficiency of polymer P6 is high. Interestingly, a post-DGC
inhomogeneous enrichment effect was found in this system by
harvesting/analyzing discrete fractions within the density
gradient. In particular, DGC fraction 25 was enriched with
SWNTs having θ ≥ 25°, mainly the (7, 6) and (8, 6) species,
whereas DGC fraction 35 showed diameter-selective features
with Ø ≥ 1.0 nm. The corresponding evolution of the SWNTs
distributionreflecting characteristic buoyant density differ-
enceswas further confirmed by absorbance spectrometry
(Figure S5). Thus, the nanotubes having the biggest diameter
move to higher (= lower density) regions within the density
gradient than do smaller nanotubes. The opposite trend has
been observed for aqueous dispersions of SWNTs using sodium
cholate, where DGC-induced diameter sorting results in smaller-
diameter SWNTs settling out at higher points in the centrifuge
tube.4a This indicates that in the case of P6 the polymer coating
strongly influences the density of the polymer/SWNT
complexes. Note that in most other cases of polymer/SWNTs
dispersions studied here we did not find analogous enrichment
effects via DGC, possibly because of nonuniform coating of the
polymer on the SWNT.10f In contrast, the coating density of
polymer P6 on SWNTs might be relatively uniform for each
single (n, m) species and vary significantly from one species to
another, leading to the differentiation of the buoyant coefficients
for polymer/SWNTs complexes, depending upon diameter/
(n, m) characteristics.
BTD-containing copolymer P13 showed reduced dispersion

efficiency compared to copolymer P8. Copolymer P13 leads to
a suspension in which (8, 6) nanotubes are predominant, with a
noticeable amount of (9, 4) and (10, 5) as well as other tubes
(Figure 4). In this case, applying DGC to the dispersion resulted
in a highly enriched suspension of (8, 6) and (10, 5) tubes. All
other species, in particular the (9, 4) tube, were efficiently
removed during the DGC step. An opposite trend was observed
by replacing the electron-deficient BTD unit in copolymer P13
by a naphthalene unit in polymer P23. Polymer 23 did not show
significant sorting properties before DGC. However, the relative
intensity map indicates the preferential dispersion of smaller
diameter SWNTs (Figure 4). Moreover, after DGC treatment
the relative amount of the (9, 4) tubes dramatically increased
compared to the other tubes, which might indicate specific
interactions between polymer P23 and the (9, 4) tube. It is
worth noting that energy transfer is observed in the case of the
low-band-gap polymer P13 (Figure S6). Indeed, we attributed
the PL signals observed at excitation wavelength around
500 nm (corresponding to the absorption onset of polymer
P13, Figure S8) with emission wavelength at around 1200 and
1280 nm, corresponding to the (8, 6) and (10, 5) tubes to
energy transfers from the polymer to the corresponding tubes.24

Further features stemming from similar energy transfer were not
observed, probably due to the PL analysis window which is out
of the absorption region of the described polymers.

■ CONCLUSION
We have synthesized a polymer library comprising conjugated
homopolymers and strictly alternating copolymers based on
fluorene and carbazole groups in which their connectivity was
varied in either 2,7- or 3,6-positions. The selectivity of these
polymers toward specific (n, m) SWNTs was investigated with
HiPco material containing more than 40 different nanotube
species. The dispersing properties were estimated from optical
absorption spectra and from photoluminescence intensities,
allowing to classify the polymers into three categories depending
upon their dispersing efficiency. An indirect correlation between
dispersing efficiency and selectivity is observed due to somewhat
inhomogeneous distribution of (n, m) species in the raw
material. Exceptions are polymer P19, which shows high con-
centrated suspensions despite the low “availability” of SWNTs
having Ø > 0.95 nm in raw HiPco material, and polymers P16,
P18, and P22, which show low dispersion efficiency despite
selecting tubes of high availability.
The trends observed in the SWNTs dispersing features with

this polymer library can be summarized as follows: (a) In
contrast to the stable suspensions formed with 2,7-connected
fluorenyl and/or carbazolyl, SWNTs dispersions derived from
polymers containing 3,6-connected building blocks exhibited
rapid precipitation of the SWNTs, with the noticeable
exception of poly(N-decyl-3,6-carbazole) P12 which efficiently
disperses all (n, m) SWNTs species. (b) While poly(9,9-
didodecylfluorene-2,7-diyl) P1 is selective toward high chiral
angle-SWNTs (θ > 20°), poly(N-alkyl-2,7-carbazole) P7 and
P9 show a strong preference toward SWNTs with 10° < θ <
20°. Interestingly, this trend was not affected by the increased
bulkiness of the N-alkyl side chain of poly(2,7-carbazole), which
confirms that the sp2 hybridization at the N atom may be the
origin of the difference in selectivity with poly(9,9-dialkyl-2,7-
fluorene). However, the dispersing efficiency was strongly
improved, which can be attributed to the enhanced solubility of
the polymer. (c) The behavior of alternating fluorene- and
carbazole-based copolymers toward SWNTs can be tuned via
the chemical nature and connectivity of the subunits. In
particular, efficient diameter sorting is achieved by introducing
1,5-linked anthracene units (polymer P19). (d) Although in
most cases DGC has no impact on the selectivity, DGC-induced
separation of SWNTs was observed for some of the copolymers
comprising 9,9-didodecylfluorene-2,7-diyl subunits. In particular,
DGC fraction-dependent SWNT compositions were observed
for copolymers P6, P13, and P23.
This study provides valuable information on structure−

property relationships of conjugated homo- and copolymers
featuring 2,7- and 3,6-fluorenyl and carbazolyl building blocks
in particular, as pertaining to their interactions with semi-
conducting SWNTs. Fine tuning of comonomers allowed a high
degree of enrichment in terms of (n, m) species as well as in
terms of diameters. Ultimately, we expect such studies to pave
the way toward custom polymer design for comprehensive direct
extraction of single species of SWNTs corresponding to the
requirements for specific applications in electronics, optoelec-
tronics, or photonics.
In spite of the systematic structural variation within the

(co)polymer libraries of this and other recent studies, clear
design rules for a polymer to be able to enrich a particular (n, m)
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SWNT species still remain to be established. On the experimental
side, we are currently investigating structural aspects like the
peripheral alkyl chain or the backbone composition of the polymer
in further detail. At the same time we hope that our present
study will stimulate further computational modeling of polymer
wrapping of semiconducting (and metallic) SWNTs.
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