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A
ll current synthesis methods for
SWCNTs produce both metallic (m-)
and semiconducting (s-) species, typ-

ically with ∼33% metallic content, but as
low as ∼8% for the small-diameter (d ≈
0.8 nm) CoMoCat process.1 A number of
applications envisioned for SWCNTs, such
as photovoltaic (PV) active layers,2�4

field-
effect transistors (FETs),5�7 and logic circuits,8

specifically require s-SWCNTs with minimal
m-SWCNT impurities. To further enrich sam-
ples in semiconducting species, researchers
have developed several postsynthetic strate-
gies, including density gradient ultracentrifu-
gation (DGU),9 column chromatography,10

and selective dispersion using aromatic poly-
mers.11 DGU and column chromatography
have been applied to a wide range of SWCNT
diameters, but tend to suffer from low
throughput for reaching purities and yields

necessary for large-scale production of de-
vices. Selective dispersion using polymers,
polyfluorene derivatives in particular, has
emerged as a powerful and scalable strategy
for enriching small-diameter s-SWCNTs,11�13

but has been minimally explored for larger
diameter (d > 1.2 nm) SWCNTs.14,15

Scalable purification and enrichment
processes are required for a number of
applications that may benefit specifically
from larger diameter s-SWCNTs. For example,
thin-film SWCNT FETs9,16 require metallic
content less than ∼2%, while the ultimate
goal for digital logic8 is in the range of parts-
per-million to parts-per-billion m-SWCNT
impurities. FET performance is enhanced
by using nanotubes with d > 1.2 nm, which
reduce current-limiting Schottky barriers
and dramatically improve the on/off
ratio relative to small-diameter SWCNTs.5
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ABSTRACT Here, we report a thorough study on the ability of fluorene-based

semiconducting polymers to disperse large-diameter (average diameter Ædæ≈ 1.3 nm)

laser vaporization (LV) single-walled carbon nanotubes (SWCNTs). We demonstrate the

ability to select purely semiconducting species using poly[(9,9-dioctylfluorenyl-2,7-diyl)-

alt-co-(6,60-{2,20-bipyridine})] (PFO-BPy) and poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-

anthracene)] (PFH-A), producing samples with narrow and bright excitonic emission relative

to comparable aqueous dispersions. Rapid processing and high yields offer the ability to

easily incorporate these semiconducting SWCNTs into commercially scalable applications, as

demonstrated by large-area thin films prepared by ultrasonic spraying. By modifying the

growth temperature of the LV synthesis, we demonstrate the ability to tune the range of diameters and chiralitieswithin dispersions by exerting synthetic control over

the composition of the starting material. This synthetic control allows us to show that PFH-A preferentially disperses near-armchair semiconducting SWCNTs over a

large range of diameters (0.8 nm < d < 1.4 nm) and induces unique solvatochromic shifts for the excitonic transitions of nanotubes with particular chiral indices.
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Increased carrier mobility, which scales quadratically
with nanotube diameter,17 may also improve FETs and
PV devices that incorporate large-diameter SWCNTs. In
PV devices, large-diameter s-SWCNTs cover a larger
range of the solar spectrum by absorbing deeper into
the infrared (IR) and may also form type II heterojunc-
tions with low band gap polymers18 or high electron
affinity fullerenes,19 potentially increasing efficiencies
of SWCNT PV active layers. SWCNT PV active layers
based on large-diameter SWCNTs may also realize
enhanced efficiencies by exploiting multiple exciton
generation (MEG) in the visible and near-IR, as opposed
to small-diameter SWCNTs, which exhibit MEG primar-
ily in the ultraviolet region.20 Lastly, enriched s-SWCNTs
that absorb around 1530�1565 nm (1.3 nm < d <
1.4 nm) would be useful as photonic elements in
telecommunications applications.21

In this study, we examine the ability of nine separate
fluorene-based semiconducting polymers to selec-
tively wrap large-diameter SWCNTs produced by laser
vaporization (LV). Two polymers in particular, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(6,60-{2,20-bipyridine})]
(PFO-BPy) and poly[(9,9-dihexylfluorenyl-2,7-diyl)-co-(9,10-
anthracene)] (PFH-A), demonstrate the ability to exclu-
sively select large-diameter semiconducting species
with high yields critical to scalable device fabrication
and higher luminescence intensities than typical aque-
ous dispersions. While PFO-BPy shows no selectivity
for particular large-diameter s-SWCNTs, PFH-A dis-
perses narrow chirality distributions composed primar-
ily of near-armchair s-SWCNTs and interacts uniquely
with particular chiral indices. The results obtained here
enable a better fundamental understanding of how
aromatic polymers select particular SWCNTs to pro-
duce the highly enriched samples needed to move
toward commercial applications requiring semiconduct-
ing SWCNTs. Additionally, the high-yield/high-purity

s-SWCNT samples demonstrated here can be easily
integrated into high-efficiency field-effect transistors
and solar cells and should immediately impact the
fields of SWCNT digital logic and photovoltaics.

RESULTS AND DISCUSSION

We first tested the ability of fluorene-based poly-
mers to disperse LV SWCNTs produced at our typical
synthesis temperature of 1125 �C (Ædæ ≈ 1.3 nm).
Figure 1a demonstrates that two polymers in particular,
both PFO-BPy and PFH-A, disperse high concentrations
of these large-diameter SWCNTs with undetectable
contributions frommetallic SWCNTs. The optical density
(OD) for the PFO-BPy-wrapped LV SWCNTs in a 5 mm
path length cuvette is greater than 1.0 for most of the
third (S33) and second (S22) semiconducting exciton
peaks. With a peak S22 OD > 1.4 at 935 nm, these
concentrations are significantly higher than any other re-
ports using fluorene-based polymers on large-diameter
arc-discharge15 (S22OD≈ 0.01) or LV SWCNTs23 (S22OD<
0.2 in 10 mm cuvette). Furthermore, these results can be
produced rapidly (<1 h), in contrast to methods such as
DGU that typically require steps of 18�24 h, produce
relatively small quantities, and often require multiple
iterations to produce high s-SWCNT enrichment (e.g.,
>99%).9,24 Interestingly, Berton et al. recently reported
on a fluorene-based polymer with anthracene subunits
(similar to PFH-A) that dispersed large-diameter LV
SWCNTs, but required an additional DGU step to remove
m-SWCNTs that lowered the yield (S22 OD≈ 0.1).14 Using
thermogravimetric analysis (TGA) and absorbance spec-
troscopy (detailed description in the Supporting Informa-
tion, Figures S1 and S2), we found that, for the sample
shown in Figure 1a, PFO-BPy dispersed ∼1/3 of the
s-SWCNTs present in the raw SWCNT material without
any other purification or centrifugation steps required prior

to dispersion. Since device cost is intimately tied to raw

Figure 1. (a) Absorbance spectra of LV SWCNTs dispersed by SC, PFO-BPy, and PFH-A. Spectrawere taken in a 5mmpath length
cuvette for thepolymerdispersions in tolueneanda2mmpath length cuvette for SC/LV. Asterisksmark thepositionsof vibronic
optical transitions for the s-SWCNTs. (b) Photograph of a PFO-BPy dispersion (top left) and a dilute PFH-A dispersion (top right)
along with a film of PFO-BPy-wrapped SWCNTs deposited by ultrasonic spraying onto a 3 in. � 3 in. glass substrate. The
absorbance spectrum for the film is shown underneath the film. Full absorbance spectra (400�2200 nm) for the PFO-BPY and
PFH-A dispersions and films shown in (a) and (b) are given in the Supporting Information (Figure S3). (c) Raman spectra of SC/LV
in D2O, PFO-BPy/LV in toluene, and PFO-BPy in toluene. Signatures of m-SWCNTs are clearly visible in the SC/LV sample and
absent in the other two. Spectra have been offset for visibility. LV synthesis temperature for all three panels was 1125 �C.
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material yield, our high-yield dispersions lend themselves
naturally to commercial-scale production that will be
necessary for future electronics applications. As demon-
strated in Figure 1b, the highly concentrated SWCNT
inks enabled by these polymers are easily integrated into
roll-to-roll solution deposition strategies (e.g., ultrasonic
spraying)22 for thin-film transistors or PV materials. The
3 � 3 in. film shown in Figure 1b required only a few
milliliters of solution to fabricate and was sprayed in
minutes.
In addition to commercially relevant yields, both

absorbance and Raman spectroscopy demonstrate
undetectable m-SWCNT impurities. The first metallic
excitonic transitions (M11), visible in Figure 1a for (non-
selective) sodium cholate (SC)-dispersed LV SWCNTs,
are completely absent for the same SWCNTs dispersed
with PFO-BPy and PFH-A. In Figure 1a, asterisks mark
the positions of vibronic optical transitions for the
s-SWCNTs, arising from coupling of A1

0 phonons to
momentum-forbidden dark excitons.25 These peaks
also appear in the excitation scans extracted from
PLE maps (Supporting Information, Figures S4 and
S5). It is important to differentiate the s-SWCNT vibro-
nic peaks from optical transitions of m-SWCNTs since
they appear in a range (∼700�800 nm) similar to that
expected for the excitonic transitions of the largest
diameter m-SWCNTs within this diameter distribution.
For a more detailed discussion, we refer the reader to
the Supporting Information. To further verify the selec-
tivity of these polymers, we looked for signatures of
m-SWCNTs using Raman spectroscopy with a probe
wavelength of 632.8 nm (1.96 eV), resonant with the
M11 transitions of our LV m-SWCNTs (Ædæ ≈ 1.3 nm). In
our control sampleof SC-dispersedSWCNTs (Figure1c),we
observe clear signatures assigned to theD,G, andMbands
of m-SWCNTs.26 In contrast, for the PFO-BPy and PFH-A
(Supporting Information, Figures S6 and S7) wrapped LV
samples, we observe only peaks that match those from a
polymer/toluene control sample (all peaks assignable to
toluene), but no signs of m-SWCNT peaks.27

Other methods such as DGU can enrich large-
diameter s-SWCNTs to 99%,24,28 while gel electrophoresis

and column chromatography typically reach up to
95%.29,30 While not a quantitative comparison, we note
that typically published absorbance spectra for large-
diameter s-SWCNT samples produced by these meth-
ods have some small, but visible contributions to the
absorbance spectra from m-SWCNTs. In contrast, for
our PFO-BPy and PFH-A SWCNTs, we find no evidence of
m-SWCNTs in the absorbance spectra or the more sensi-
tive Raman measurements. From an analysis of the
absorbance spectrum31 and a comparison to a commer-
cially available s-SWCNTmaterial (Supporting Information,
Figure S8), we estimate the s-SWCNT purity at >99.0%.
To determine the chiralities wrapped by each poly-

mer, we obtained photoluminescence excitation (PLE)
maps, shown in Figure 2. Most semiconducting species
with S11 from 1400 to 1750 nm and S22 from 820 to
1010 nm are present in the PFO-BPy/LV PLE map.32 A
similar chirality distribution is found in the PLE map of
SC-dispersed SWCNTs in D2O (Figure 2b), suggesting
that PFO-BPy does not select particular chiral indices.
When compared with the same LV SWCNTs dispersed
in SC (Figure 2b inset), the PFO-BPy/LV peaks are
significantly narrower and the PL intensity is a factor
of∼3 higher for a sample with similar OD. Increased PL
intensity is consistent with recent reports that solvents
with lower dielectric constants lead to higher PL quan-
tum yields due to the reduction of excitonic screen-
ing and charge-transfer-induced exciton dissociation
sites.33,34 Water-filled SWCNTs have also been shown
to produce broader peaks with lower PL quantum yield.35

The sharper and brighter peaks of the PFO-BPy/LV sample
in toluene demonstrate that large-diameter LV SWCNTs
can be bright near-IR fluorophores when dispersed in low
dielectric media. Additionally, these samples should
facilitate future quantitative PL studies of larger diam-
eter SWCNTs that have not previously been dispersed
by organic polymers.
The absorbance spectrum of PFH-A clearly contains

a reduced number of peaks in the S11, S22, and S33
regions, indicating that it selects specific chiral species
of s-SWCNTs. Accordingly, the PLE map for PFH-A
(Figure 2c) is dominated by near-armchair SWCNTs,

Figure 2. PLEmapsof (a) PFO-BPy/LV, (b) SC/LV, and (c) PFH-A/LV. The inset showsaPL sliceof PFO-BPy/LV (blue) andSC/LV (black)
at 935 nmwhen both solutions had the same optical density. The PL intensity for the PFO-BPy/LV solution is∼3 times higher than
the SC/LV solution. Circles indicate positions of s-SWCNT chiralities as reported byWeisman et al.32 Circles in red are near-armchair
chiralities, with q=mod(n�m, 3) = 2 species filled in black. LV synthesis temperature for all three panels was 1125 �C. Full chirality
assignments are omitted in (a) and (b) to avoid congestion, but are given in the Supporting Information (Figures S12�S14).
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in particular the (10,8) SWCNT (d = 1.24 nm), demon-
strating the ability of this polymer to disperse narrow
chirality distributions of large-diameter SWCNTs. In an
attempt to probe the scope of PFH-A selectivity, we
systematically manipulated the diameter distribution
of the LV SWCNTs by tuning the temperature of LV
synthesis away from our standard 1125 �C.36 Figure 3a
displays the radial breathing modes (RBM) of the raw
SWCNTs produced by LV at different synthesis tem-
peratures and demonstrates a systematic progres-
sion to smaller average diameter (larger RBM ω) as the
furnace temperature decreases, in agreement with
absorbance spectra (Figure 3b, S10 and S11). The PLE
maps shown in Figure 3c and d (and others in Support-
ing Information, Figures S12�S14) demonstrate that
PFH-A primarily selects near-armchair SWCNTs regard-
less of diameter. For example, samples synthesized at
1175 �C (Figure 3d) are enriched primarily in the (11,9)
SWCNT, while 900 �C synthesis (Figure 3c) leads to
enrichment primarily in (9,7). Figure 4a summarizes
the semiconducting species dispersed by PFH-A at all
synthesis temperatures, demonstrating a universal pre-
ference of PFH-A for near-armchair SWCNTs over a large-
diameter rangeof∼0.8�1.4nm.As thediameter increases,
a small amount of SWCNTs with smaller chiral angles is
observed in the PLE spectra, but these minority species
represent only a small fraction of the population. These
results demonstrate that the exertion of synthetic control
over SWCNT diameter distribution, coupled with careful
selection of wrapping polymer, can be used to rationally
tune narrow chirality distributions for applications.
To better understand the underlying mechanism

driving the selectivity of PFH-A for near-armchair

SWCNTs, we compared the excitation (S22) and emis-
sion (S11) peak positions for the PFH-A and PFO-BPy
dispersions. SWCNT exciton transition energies are
known to be sensitive to the surrounding environment
and undergo what are generally referred to as solva-
tochromic shifts when the surrounding dielectric med-
ium is changed significantly.33 Thus, we expected to
observe different trends for the S11 and S22 solvato-
chromic shifts of PFH-A-dispersed near-armchair
SWCNTs when compared to minority species with
smaller chiral angles. Figure 4b displays the shifts in
S11 and S22 exciton energies (ΔS11 and ΔS22) of
SWCNTs dispersed with PFH-A relative to the energies
observed in PFO-BPy. We chose the PFO-BPy exciton
energies for normalization since PFO-BPy does not
exhibit any chiral selectivity for large-diameter
SWCNTs. Surprisingly, we found significant differ-
ences in shifts only for the near-armchair SWCNTs in the
q = mod(n � m, 3) = 2 family, as compared to all other
SWCNTs dispersed with PFH-A (Supporting Information,
Table S1). As shown in Figure 4b, the S22 energies for the
(7,5), (8,6), (9,7), (10,8), and (11,9) SWCNTs exhibit large
blue-shifts (∼ 4�9meV) in the PFH-A sample (relative to
PFO-BPy). In contrast, all other chiralities, including q = 1

near-armchair SWCNTs, display either no shift or very small
shifts, with most of these species exhibiting red-shifts.
Additionally, the S11 energies for these five SWCNTs
have red-shifts of 3.7�8.0 meV in the PFH-A sample
compared to PFO-BPy (inversely correlated with
diameter), while all other chiralities display a blue-shift.
Thesemarked differences suggest a change in the local
dielectric environment around PFH-A-dispersed q = 2
near-armchair nanotubes33 that is not experienced by

Figure 3. (a) Raman spectra of LV SWCNTs synthesized at different furnace temperatures, highlighting the region of
the diameter-dependent radial breathing modes (RBM). All spectra were taken of raw SWCNT powders with an excitation
wavelength of 488 nm and a power of 7 mW. (b) Normalized absorbance spectra of PFH-A-dispersed LV SWCNTs synthesized
at different furnace temperatures. (c, d) PLE maps of PFH-A/LV using SWCNTs synthesized at 900 and 1175 �C, respectively.
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other SWCNTs dispersed by this polymer. This remarkable
difference suggests that PFH-A may have different ad-
sorption geometries based on chirality, similar towhat has
been predicted by molecular dynamics modeling for
poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO).37 These molecu-
lar dynamics models suggest that the selectivity of PFO is
driven by a combination of SWCNT diameter and chiral
angle thatenableshelicalwrappingof thepolymeraround
thenanotube. Another recent study suggests that in some
cases selectivity may be driven by the electronic overlap
between polymer and SWCNT energy levels.15 Impor-
tantly, in the current study we dramatically vary both
the diameter and the diameter-dependent potentials of
SWCNTorbital energy levels, so theunique shifts observed
for q = 2 near-armchair SWCNTs cannot be explained by
these mechanisms.15,37 Instead, we suggest that the
adsorption geometry of PFH-A may be sensitive to subtle
changes in chiral angle, given that the q= 2 near-armchair
SWCNTs fallwithin anarrowchiral angle range (24.5�<θ<
26.7�). While these intriguing results do not allow us to
speculate on the particular geometries adopted by PFH-A,
they encourage the future use of molecular dynamics
modeling to observe the potentially unique adsorption of
PFH-A on near-armchair q = 2 SWCNTs.
Besides PFO-BPy and PFH-A, we tested several other

fluorene-based polymers with our standard LV synthesis

(T=1125 �C) SWCNTs: PFO, poly[9,9-dihexylfluorenyl-2,7-
diyl] (PFH), poly[9,9-di(2-ethylhexyl)fluorenyl-2,7-diyl]
(PF2/6), poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(9-hexyl-
3,6-carbazole)] (PFO-C), andpoly[(9,9-dioctylfluorenyl-2,7-
diyl)-alt-co-(1,4-benzo-{2,10,3}-thiadiazole)] (PFO-BT or
F8BT). These five polymers showed minute or no ex-
traction of large-diameter SWCNTs (Figure 5). We note,
however, that the absorbance spectrum for PFO-BT-
wrapped LV SWCNTs is similar to that reportedby Tange
et al., who found enrichment in the (15,4) chirality.15 The
very low SWCNT concentrations dispersed by PFO-BT
make it difficult to assess the presence or absence of
m-SWCNTs via absorbance and Raman and also suggest
this polymer is less useful for commercial SWCNT device
applications.
Homopolymers of fluorene monomers with various

alkyl chains (PFO, PFH, and PF2/6) did not exhibit any
significant ability to disperse large-diameter SWCNTs.
As has been observed for HiPco and CoMoCat SWCNTs,
PFO was successful in dispersing smaller diameter LV
SWCNTs synthesized at lower temperatures (Supporting
Information, Figure S15), with dispersion ability rapidly
falling off at a SWCNT diameter of ∼1.1 nm (i.e., (9,7)
SWCNT). It is likely that this inability for the homopoly-
mers to effectively disperse large-diameter SWCNTs is
primarily a structural effect related to the steric packing

Figure 4. (a) Section of the graphene sheet near the arm-chair edge (θ=30�). Semiconducting LV SWCNTs dispersedby PFH-A
are denoted by red hexagons. Thick hexagons representmajority species, while thin hexagons representminority species. (b)
Shifts of S11 and S22 peak positions in PFH-A dispersions relative to PFO-BPy. Near-armchair q = 2 SWCNTs (red circles) reveal
distinct trends, while other chiralities (blue diamonds) do not.

Figure 5. (a) Structures of thepolymersused in this study. Full names are given in the text.Wealso studied the terpyridine and
monopyridine analogues of PFO-BPy (Supporting Information, Figure S16). (b) Absorbance spectra forfiveother polyfluorene
polymer/LV dispersions. LV synthesis temperature was 1125 �C. Spectra were taken in a 5 mm cuvette.
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efficiency of the polymers around the SWCNT.11 Copo-
lymers of fluorene and another subunit showed mixed
results. While anthracene and bipyridine copolymers
(e.g., PFH-A and PFO-BPy) are effective, PFO copolymers
with benzothiadiazole and carbazole (PFO-BT and PFO-
C) as the alternating subunit do not disperse large-
diameter SWCNTs effectively. We also investigated the
effect of modifying the copolymer subunit for PFO-BPy
to one with a single pyridine and one with a terpyridine
group (Supporting Information, Figure S16). Both of
these polymers selected a similar range of s-SWCNT
chiralities (partially reduced chirality distribution for the
monopyridine subunit), but did not offer yields as high
as PFO-BPy. Although our empirical results do not
allow for a great deal of speculation on why certain
subunits are particularly effective for dispersing large-
diameter SWCNTs, we hope that they serve as a basis
for future molecular dynamics studies aimed at ex-
ploring both steric and electronic effects. Such mod-
eling efforts, when coupled with the synthetic control
over SWCNT starting material demonstrated here,
could aid in developing predictive models for poly-
mers designed to select specific SWCNT species
across a wide diameter range.
We conclude with a brief discussion of the relevance

of these results to commercial processes and devices.
For large-scale applications, it may be desired to use
commercially available SWCNTs, and it has been sug-
gested that arc-discharge SWCNTsmay be less expensive
to produce than LV SWCNTs. Figure 6a demonstrates the
ability of PFO-BPy and PFH-A to disperse high concentra-
tions of large-diameter s-SWCNTs synthesized via arc-
discharge (purchased from NanoLab). These arc-dis-
charge SWCNTs provide a larger range of diameters to
continue testing and indicate that PFO-BPy and PFH-A
are effective regardless of synthesis method.
We further evaluate four key metrics that influence

the scalability of our process:
• impurity concentrations: percentage of m-SWCNTs
in this case;

• dispersion concentration: mass of SWCNTs per
volume of solution;

• yield: percentage of the SWCNTs in the raw
material that end up dispersed;

• throughput: amount of desired SWCNT material
that can be produced in a given amount of
time.

The importance of these metrics is fairly straightfor-
ward. Lower m-SWCNT impurity levels lead to devices
with better performance and reproducibility, such as
PV devices with minimized recombination centers and
fewer short-circuited devices and FETs with larger on/
off ratios and higher on-currents. Higher dispersion
concentrations allow for rapid roll-to-roll deposition of
SWCNT films over large areas. Higher yields minimize
rawmaterial costs, and higher throughput ensures that
SWCNT ink production does not constitute a rate-limit-
ing step in a particular fabrication process.
Our earlier analysis demonstrated that m-SWCNT

impurity concentrations are kept well below 1% in our
polyfluorene LV dispersions. From a TGA/spectroscopy
analysis (Supporting Information, Figures S1 and S2),
we found that∼1/3 of all s-SWCNTs present in the raw
SWCNT material were dispersed by PFO-BPy. Briefly,
this analysis revealed that our raw LV SWCNT soot
contains∼33%SWCNTsbymass and that the centrifuged
dispersion in Figure 1a contains 0.081( 0.002 mg/mL,
or ∼0.81 mg total, of >99.0% s-SWCNTs. Combining
this concentrationwith the SWCNTmass percentage of
the raw soot (33%) demonstrates that 33 ( 4% of the
semiconducting SWCNTs originally present in the raw
SWCNT soot (or∼22% of all SWCNTs) are dispersed by
PFO-BPy to yield the dark ink demonstrated in Figure 1.
Using a conservative estimate of the amount of SWCNT
solution we can produce and centrifuge in our lab, this
translates to a lab-scale throughput of several milli-

grams (up to ∼10 mg) of >99% pure s-SWCNTs (Ædæ ≈
1.3 nm) in under one hour.
To put this throughput in perspective, it is useful to

compare to other separation methods. Although the
quantitative yield and throughput are not routinely
discussed for DGU and column chromatography stud-
ies, one recent study provides a useful benchmark.38

Feng et al. estimated a 27.2% yield of s-SWCNTs for
their DGU separation of 1.35 nm SWCNTs, with a total
retrieval of approximately 1mg after DGU, or∼20 μg of
SWCNTs per hour when considering the full 48 h

Figure 6. (a) Absorbance spectra of commercial arc-discharge SWCNTs (NanoLabD1L110-J) dispersedby PFO-BPy andPFH-A.
Spectra were taken in a 5 mm path length cuvette. (b, c) PLE maps of PFO-BPy/arc-discharge and PFH-A/arc-discharge
dispersions, respectively.
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required to generate the sample. In addition to the
significantly lower throughput relative to our polyfluor-
ene dispersions, an important consideration to ac-
count for in this comparison is the fact that this DGU
study required sonication for 24 h. Several studies have
demonstrated that key SWCNT performance metrics
for electronics applications, such as conductivity in
transparent conducting films or PL quantum yield,
are significantly degraded by sonication-induced na-
notube shortening, even for sonication times as low as
one hour.22,39 We note that column chromatography
should have significantly higher throughput than DGU,
butwe are unaware of detailed reports on the yield and
throughput of this technique for large-diameter SWCNTs,
so we cannot comment directly on how our process
compares. The metrics addressed in our analysis of the
PFO-BPY dispersions are summarized in Table 1.
For certain applications, it may be required to re-

move or replace excess polymer in solution. For ex-
ample, films sprayed from these dispersions may need
to have reliable nanotube�nanotube connections,
and hence minimizing the amount of polymer is
needed. Excess polymer can be removed using a
solvent extraction technique that involves pelleting
out the SWCNTs with additional centrifugation and
removing polymer-rich supernatant.40 Neat solvent
can be added to the precipitate to redisperse nano-
tubes using mild bath sonication. Further polymer
removal can be achieved by repeating this process.
Another process by which we can remove excess
polymer involves filtering solutions through a 0.2 μm
Teflon filter, originally developed for removing PFO.37

Excess polymer washes through, while SWCNTs and
bound polymer aggregate into a filter cake, which
can be further washed and then redispersed under
mild bath sonication. Furthermore, in both of these
techniques the polymer-rich supernatant can be

reused to disperse new SWCNTs in order to reduce
costs, although we have not yet explored the number
of cycles for which the polymer selectivity is retained.
Recent work has also been reported on exchang-
ing PFO-BT for the photoactive polymer poly(3-
hexylthiophene).41 This technique requires an initial
solvent extraction step followedby adding an excess of
the desired polymer to displace the fluorene polymer.
Another solvent extraction step can then be per-
formed. Polymer exchange could potentially be used
to replace PFO-BPy or PFH-A for a number of other
polymers relevant to a particular study or device.

CONCLUSIONS

In conclusion, both PFO-BPy and PFH-A demonstrate
the ability to select and disperse large-diameter
s-SWCNTs with excellent yield, throughput, and purity.
PFH-A selectively disperses narrow chirality distribu-
tions comprised primarily of near-armchair SWCNTs,
with q = 2 near-armchair SWCNTs displaying unique
solvatochromic shifts. These results indicate that PFH-A
has a universal preference for near-armchair SWCNTs
over a large diameter range (∼0.8 nm< d< 1.4 nm) and
also exerts a unique family dependence evenwithin this
narrow subset of large chiral angle SWCNTs. The con-
centrated dispersions enabled by these polymers will
allow for semiconducting LV nanotubes to be used in
commercially scalable solution-processed devices includ-
ing FETs and photovoltaics. The bright and narrow PLE
spectra permit further studies into individual chiralities
whose diameter range can be tuned by careful selection
of starting material. Finally, we demonstrate that syn-
thetic control over the SWCNT diameter distribution
within a particular synthetic protocol facilitates a better
mechanistic understanding of how polyfluorene poly-
mers wrap particular SWCNTs and can also be used to
rationally tune chirality distributions for applications.

METHODS
Materials Synthesis. All of the polymers used in this study were

purchased from American Dye Source, Inc. and were used without
any furtherpurification.Arc-dischargeSWCNTswerepurchased from
NanoLab (D1L110-J) andwere also usedwithout further purification.

SWCNTs were prepared in-house at NREL by laser vaporiza-
tion of a graphite target containing 3% (by weight) each of

nickel and cobalt catalysts. Nitrogen was used as the carrier gas
for all syntheses, regulated at a flow rate of 150 standard cubic
centimeters per minute (sccm) and a constant pressure of 500
Torr. All syntheses employed a Nd:YAG laser, operating in “free
run”mode (i.e., not Q-switched) at 1064 nm. The power density
for all runs was ∼100 W/cm2. An external furnace surrounding
the quartz tube reactor allows for the regulation of synthesis

TABLE 1. Table of Key Metrics That Influence Scalability of Our PFO-BPy/LV Dispersions

metric value note

electronic purity >99.0% s-SWCNTs
impurity level <1.0% m-SWCNTs
ink concentration 0.081 ( 0.02 mg/mL
yield 33 ( 4% recovered s-SWCNT mass relative to s-SWCNT mass in raw soot
yield 22 ( 3% recovered s-SWCNT mass relative to mass of all SWCNTs in raw soot
throughput 10 mg/h retrievable s-SWCNTs with >99.0% puritya

a Estimated for readily available lab-scale centrifuge capabilities (see Supporting Information).
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temperature. The synthesis temperature for most runs was
1125 �C, but was adjusted to several temperatures over
the range 800�1175 �C for diameter tuning. For a schematic
of the LV synthesis setup, see Figure S9 in the Supporting
Information.

SWCNT/Polymer Dispersions. Polymer loadings for Figures 1, 5,
and 6 were 2�2.5 mg/mL, while polymer loadings for Figures 2
and 3 were ∼1 mg/mL. All solutions were made in 10 mL of
toluene and heated to∼80 �C for a few minutes to dissolve the
polymer. LV SWCNT loading for all samples was approximately
1 mg/mL of raw LV soot. NanoLab arc-discharge loading was
higher at∼4.5 mg/mL because lower loadings led to m-SWCNT
impurities (see Supporting Information for a detailed dis-
cussion on experimental conditions). Solutions were
sonicated with a 1/2 in. probe tip for 30 min at 300 W
(Cole-Parmer CPX 750) in a bath of cool (18 �C) flowing
water to dissipate heat. Following sonication, solutions were
centrifuged at 30000g for 5 min using a SW32Ti rotor
(Beckman).

The SC solution was 1% SC in D2O with ∼1 mg/mL raw LV
soot. It was sonicated for 30minwith a 1/4 in. probe tip at 225W
(Cole-Parmer CPX 750) in a bath of cool (18 �C) flowing water to
dissipate heat and centrifuged for 4 h at 134000g using a
SW32Ti rotor (Beckman).

To intentionally disperse m-SWCNTs in PFO-BPy (Supporting
Information, Figure S6), we decreased the amount of nanotube
material used to 1.4mg in 10mLof toluene and kept the PFO-BPy
concentration above 0.1%. Additionally, we used a purified
buckypaper instead of raw soot. The buckypaper was produced
by refluxing raw LV SWCNTs in 4 M nitric acid for 16 h and then
filtering and washing with water, acetone, and 1 M NaOH to
remove impurities generated by the reflux. Following this pro-
cedure, the buckypaper was burned rapidly in air at 525 �C to
remove amorphous carbon.

Spectroscopy Characterization. All spectroscopic measurements
(absorbance, Raman, and PLE) were taken in a 5mmpath length
cuvette, except for the SC/LV absorbance, which was taken in a
2mmpath length cuvette to prevent saturation of the detector.
Some absorbance spectra in the Supporting Information were
taken in 1 mm path length cuvettes and are labeled as such.
Absorbance measurements were performed on a Varian Cary
500 spectrophotometer. Raman spectroscopy was performed
using a Jobin Yvon 270 M spectrometer with a HeNe excitation
laser at 1.96 eV (632.8 nm) in a backscattering configuration.
Photoluminescence excitation maps were acquired using a
home-built Fourier transform spectrometer as previously
described.42

For Figure 2, the dispersions were diluted to have the same
OD at 935 nm (peak S22 OD of the PFO-BPy/LV sample). PL slices
were then taken in 5 mm cuvettes to be able to quantitatively
compare PL intensity across different samples, as seen in the
inset.
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