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ABSTRACT: Semiconducting single-wall carbon nano-
tubes (SWCNTs) having large diameters (d; > 1.3 nm) are
successfully extracted in toluene by fluorene-based polymers.
In particular, poly(9,9-dioctylfluorene-alt-benzothiadiazole)
shows excellent selectivity for (15,4) SWCNTs. Although
the importance of structural matching between the fluorene
backbone and the tube surface has already been discussed,
the present photoluminescence studies reveal that matching
the energy levels between fluorene-based polymers and
SWCNTs is crucial for selective nanotube extractions.

ne striking feature of single-wall carbon nanotubes (SWCNTs)
Ois that they show metallic or semiconducting properties,
depending on the tube diameter (d,) and the wrapping angle (6).
The extraction technique is therefore highly important for
various applications of SWCNTs, such as electronics and photo-
nics. For example, making a field-effect transistor from pure
semiconducting SWCNTs with specific structures effectively
improves its device performance." Fluorene-based polymers such
as poly(9,9-di-n-octylfluorene) (PFO) are 7z-conjugated poly-
mers that have attracted intense interest not only as organic light-
emitting polymers with high fluorescence quantum yield and
charge mobility” but also as dispersing agents for semiconducting
SWCNTSs in organic solvents.”* Ultracentrifugation of the
produced dispersions can lead to selective extraction of specific
(n,m) SWCNTs, which is known as the polymer-wrapping
technique.’~® The rigidity of the polymer backbone is important
for interacting with the surfaces of specific semiconducting
SWCNT species through 7t-staking.>*” This is consistent with
the fact that planarization of the fluorene backbone (ie., a
p-phase formation) can be observed when poor solvents for
the fluorene-based polymer are used.®
It has already been reported that the polymer-wrapping ex-
traction technique is effective for SWCNT's of <1.2 nm diameter.
The largest reported tube diameters of extracted semiconducting
SWCNTs are d; = 1.17 nm for PFO ((9,8) tubes) and d, =
120 nm for poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(E8BT) ((12,5) tubes).>* However, selective extraction of
large-diameter SWCNTs (>1.2 nm) by the polymer-wrapping
technique has not yet been achieved. Such large-diameter
SWCNTSs are important for optical communication in the
near-infrared region. For example, SWCNTs samples enriched
with (10,9), (12,7), (16,2), and (17,0) tubes are highly desirable
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for telecommunication applications specifically targeted at
1550 nm.” Furthermore, the synthesis of low-dimensional na-
nostructures with functional molecules inside SWCNT's (such as
fluorescent coronene encapsulated into SWCNTs) also requires
SWCNTs with large-diameter tubes (d; > ~1.3 nm)."

The detailed mechanism for selective extraction by the poly-
mer-wrapping technique has not yet been clarified. Even though
the rigidity of the fluorene moiety is found to be important, the
tube diameter dependence of the extraction cannot be explained
by a rule. It is therefore necessary to find other clues for the
molecular design of the polymer structure.

Here we report the successful extraction of larger-diameter
semiconducting SWCNTs (d; > 1.3 nm) by using two fluorene-
based polymers, poly(9,9-di-n-dodecylfluorene) (PFD) and
F8BT. In particular, F8BT discriminates the wrapping structures
of large-diameter SWCNTs, leading to excellent selection for
(15,4) tubes. Detailed spectroscopic analyses reveal that match-
ing of the energy levels of the SWCNTs and the polymer is
essential for a strong interaction between F8BT and specific
SWCNTs, which results in the “chirality”-selective extraction of
SWCNTs.

Figure 1 shows optical absorption spectra of PFD- and F8BT-
wrapped SWCNT solutions, together with the reference spec-
trum of the SWCNT's dispersed in D,O with sodium dodecyl
benzenesulfonate (SDBS). The large-diameter SWCNTs (d, =
1.2—1.6 nm) normally exhibit three absorption bands at wave-
lengths of <600, 600—820, and 820—1180 nm that are attribu-
table to the third (S3) interband transition of semiconducting
tubes, the first (M1) interband transition of metallic tubes, and
the second (S2) interband transition, respectively. These three
bands are clearly observed in the absorption spectrum of SDBS-
dispersed SWCNTs (Figure 1, black line). On the other hand,
the M, absorption band is missing in both PFD- and F8BT-
wrapped SWCNTs (Figure 1, red and blue lines, respectively).
The absence of M1 absorption indicates that semiconducting
large-diameter tubes are preferentially extracted from the bulk
sample by both polymers. The broad spectral shape of the S2
absorption band of the PFD-wrapped SWCNT's is very similar to
that of SDBS-dispersed SWCNTs, suggesting that PED does not
have the selectivity to disperse large-diameter semiconducting
tubes with specific chiral indices. In contrast, the S2 absorption
band in F8BT-wrapped SWCNTs is obviously structural as
compared with those of the PFD-wrapped SWCNTs and the
SDBS-dispersed SWCNTSs. The structural absorption band
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Figure 1. Absorption spectra of SDBS-dispersed SWCNT's in D,O and
F8BT- and PFD-wrapped SWCNTs in toluene. Absorption bands
indicated by S3, S2, and M1 are attributed to the third and second
interband transitions of semiconducting tubes and the first interband
transition of metallic tubes, respectively.

implies that semiconducting tubes with specific chiral indices were
extracted by F8BT. Note that the intense signals of the polymer-
wrapped SWCNT solutions at the lower wavelengths (<~600 nm)
mainly originate from absorptions of PFD and F8BT.

The absorbance of the S2 absorption band in the optical
absorption spectrum of the F8BT-wrapped SWCNT solutions is
about 0.01. This value is about one-third that of PFO-wrapped
HiPco tubes (smaller-diameter tubes)." It is known that solubi-
lization of larger-diameter tubes is rather difficult in comparison
with that of smaller-diameter tubes. This is probably due to the
somewhat stronger van der Waals interactions between the less
stiff tubes than between small-diameter tubes.'!

Figure 2 shows the photoluminescence excitation (PLE) maps
of PED- and F8BT-wrapped SWCNTs in toluene. The PL peaks
on the map are clearly seen in the S2 excitation region (45, =
850—1050 nm) and the S1 emission region (4;; = 1400—
1900 nm) of SWCNTs with 1.2—1.6 nm diameter. Each emis-
sion peak in the maps can be assigned to specific semiconducting
(n,m) SWCNTs on the basis of geometrical patterns observed for
carbon nanotube families in a PLE map.'* Even though the PLE
maps appear to show a slightly different pattern for SDBS-
dispersed SWCNT's because of the strong absorption of toluene
around 1676 nm, the number of PL peaks observed for the PFD-
wrapped SWCNTs (Figure 2a) is almost same as that for the

SDBS solution.'” This indicates the interactions between PFD
and semiconducting SWCNTs are nearly independent of nano-
tube structure, which is consistent with the broad absorption
spectrum of PFD-wrapped SWCNTs (Figure 1). It is known that
PFO exhibits selective dispersion of small-diameter semicon-
ducting tubes (<1.2 nm).>* Despite having the same backbone
structure, PFD disperses large-diameter semiconducting tubes
with various structures. The different dispersant ability may be
associated with the longer alkyl chain of PFD compared to that of
PFO. In fact, PFD also disperses small-diameter SWCNTSs as
well as large-diameter tubes. The high solubility of PFD-wrapped
SWCNTs in toluene is consistent with the tendency that the
solubility of PFD in organic solvent is higher than that of PFO
because of the change in the length of alkyl side chains.'®

On the other hand, as shown in Figure 2b, F8BT-wrapped
SWCNTs exhibit near-infrared emissions from only nine species
of semiconducting tubes. In particular, (15,4) semiconducting
tubes are preferentially extracted, for which the diameter is
1.38 nm (also see inset of Figure 4). The value of 1.38 nm is
much larger than the largest limit reported so far obtained by the
polymer-wrapping techniques (d, & 1.2 nm).>~¢ Although FSBT
is a well-known dispersing agent for specific small-diameter
SWCNTS,>* the present result clearly indicates that large-diameter
semiconducting tubes are also selectively extracted by the polymer.

To investigate the different dispersant abilities between PFD
and F8BT in detail, PLE measurements with excitation at
ultraviolet—visible wavelengths were also carried out (Figure 3).
The characteristic emissions were observed at ~1280 nm in both
PED- and F8BT-wrapped SWCNT solutions under irradiation of
415 and 510 nm, respectively. The wavelengths of 415 and
510 nm coincide with the onset of absorption bands of each
polymer (Supporting Information, Figure S1). It has been
reported that PFO and other rigid polymers show absorption
peaks at the onset of the original absorption bands that can be
explained by formation of excimers or aggregation due to the
interpolymer interactions between planar backbones of
polymers®'* (also see Supporting Information). The emissions
around 1280 nm observed here suggest that excimers were
formed through the strong interactions between planar polymer
backbones in both solutions under the present experimental
conditions.

In the higher emission wavelength range (>1480 nm) of
Figure 3, the PLE maps show a significant discrepancy between
PED- and F8BT-wrapped SWCNTs. The open circles in
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Figure 2. PLE maps excited at near-infrared wavelengths for (a) PFD-wrapped and (b) F8BT-wrapped SWCNTs in toluene. Chiral indices (n,m) of the

SWCNTs corresponding to each emission peak are shown.
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Figure 3. PLE maps excited at UV—vis wavelengths for (a) PFD- and (b) F8BT-wrapped SWCNT solutions. Emission peaks of SWCNTs excited at S3

optical transition wavelengths are indicated by open circles.

Figure 3a denote the observed emission peaks of PFD-wrapped
SWCNTs in toluene that are assignable to specific (n,m) semi-
conducting tubes excited at $3 optical transition wavelengths."> "
On the other hand, F8BT-wrapped SWCNT's do not show such
emissions through S3 excitations (Figure 3b). Indeed, there are
no PL peaks for F8BT-wrapped SWCNTs at the same wave-
lengths as those of PFD-wrapped SWCNTs (open circles).

Instead, in the PLE map for F8BT-wrapped SWCNTs, intense
emissions appear at ~515 nm excitation (Figure 3b), which is close
to the absorption band of the excimer of F8BT, as described above.
The similarity reminds us of the energy transfer from excited F8BT
to SWCNTs.'® However, the precise excitation wavelength of the
PL peaks is unambiguously longer (515 nm) than that of the FSBT
excimers (508 nm, Figure 3b). The apparent red-shift suggests that
the emission is due not to energy transfer from F8BT excimers to
SWCNTSs'™ but to exciplex formation through the interaction
between the planar backbone of polymers and the surface of specific
SWCNTs. Fluorene-based polymers such as F8BT and PFO are
known as charge transport materials (CTMs)." Such CTMs can
form exciplexes between other li§ht—emitting materials as well as
CTMs themselves (excimers).””*" The ability of fluorene-based
polymers to extract specific SWCNT's seems to be associated with
exciplex formation between the polymers and SWCNTs.

For stable exciplex formation, it is important that the ener%y
levels of the polymers are close to those of the counterpart.”
Normally, the introduction of benzothiadiazole units to the
fluorene moiety reduces the lowest unoccupied molecular orbital
(LUMO) energy levels, while the highest occupied molecular
orbital (HOMO) energy levels remain unaffected.”” In fact, the
electron affinity (E,, LUMO level) of F8BT (3.2 eV) is con-
siderably larger than that of the corresponding homopolymer
PFO (2.6 €V), while the ionization potentials (I,, HOMO levels)
are very similar for the two polymers (5.9 eV for F8BT and 5.8 eV
for PFQO)."*? Figure 4 shows LUMO and HOMO levels of
F8BT and PFO (fluorene homopolymer). Unfortunately, to our
knowledge, the E, and I, of PFD have not been reported.
However, it is reasonable to assume that PFD has almost the
same E, and I, as PFO because the length of the side chain does
not significantly affect the HOMO and LUMO levels.** Indeed,
the onset of the absorption band of PFD is almost identical to
that of PFO, which supports this assumption (Figure S1).

The energy levels associating with third van Hove singularities
of semiconducting SWCNTSs are depicted as open circles in
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Figure 4. Ionization potential (I,) and electron affinity (E,) levels
(HOMO and LUMO) of F8BT and fluorene homopolymer (PFO) with
third van Hove singularities of near-armchair tubes (orange circles) and
of semiconducting SWCNTs extracted by F8BT (black circles). The
inset shows PL intensities of F8BT-wrapped SWCNTs relative to (15,4)
tubes with chiral angle dependence.

Figure 4,"° where the work function of the SWCNTs is assumed
to be —4.49 eV.> Although the energy levels of SWCNTs locate
near the HOMO levels of both polymers, the LUMO level of
F8BT is much closer to the energy levels of SWCNT's than that of
the fluorene homopolymer. This energy level matching may yield
stronger interactions between F8BT and SWCNTs than be-
tween PFD and SWCNTSs, which results in the extraction of
specific chiral indices.

Meanwhile, studies of polymer wrapping for small-diameter
tubes have shown that F8BT prefers SWCNTSs with an inter-
mediate chiral angle (6 &~ 19°), while PFO selectively disperses
near-armchair tubes (6 &~ 25—28°).%* The ability of F8BT to
extract SWCNT's with smaller chiral angles could be interpreted
on the basis of a conformational change of the polymer backbone
due to the introduction of co-monomer into fluorene units.”®
Such a conformational change should affect the dispersion
selectivity for large-diameter SWCNTSs. The inset of Figure 4
shows the relative PL intensity of F8BT-wrapped SWCNTs to
the (15,4) tubes as a function of chiral angle 6. Indeed, F8BT
seems to enrich specific SWCNT's with intermediate chiral angles
(6 = 10—20°). In particular, the PL intensity of (15,4) tubes
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(6 ~ 12°) is significantly stronger, whereas signals of the near-
armchair tubes such as (10,9), (11,9), and (11,10) tubes are
missing or severely suppressed. Interestingly, the PL intensity of
(15,5) tubes with 6 ~ 14° is low in comparison with those of
(15,4) and (13,5) tubes with intermediate chiral angles. This low
intensity is consistent with the fact that the upper energy level of
(15,5) tubes is lower than that of F8BT (Figure 4). Therefore,
the matching of energy levels between fluorene-based polymers
and SWCNTs, and structural matching between the fluorene
backbone and tube surface, are both important for strong
interactions between the polymers and SWCNTs, which leads
to the significant difference in selectivity between F8BT- and
PFD-wrapped SWCNTs.

In conclusion, we have succeeded in extracting large-diameter
SWCNTs using fluorene-based polymers. In particular, F8BT
selectively disperses (15,4) SWCNTs with strong interactions,
which leads to the formation of a stable exciplex between them.
Spectroscopic results obtained here suggest that the energy level
matching between SWCNT's and fluorene-based polymers is one
of the reasons for selective extraction of SWCNT's having specific
chiral indices.
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