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ABSTRACT: High-purity semiconducting single-walled carbon
nanotubes (s-SWNTs) with little contaminations are desired for
high-performance electronic devices. Although conjugated poly-
mer wrapping has been demonstrated as a powerful and scalable
strategy for enriching s-SWNTs, this approach suffers from signif-
icant contaminations by polymer residues and high cost of conju-
gated polymers. Here, we present a simple but general approach
using removable and recoverable conjugated polymers for separat-
ing s-SWNTs with little polymer contamination. A conjugated
polymer with imine linkages was synthesized to demonstrate this
concept. Moreover, the SWNTs used are without pre-purifications
and very low cost. The polymer exhibits strong dispersion for
large-diameter s-SWNTs with high yield (23.7%) and high selec-
tivity (99.7%). After s-SWNT separation, the polymer can be
depolymerized into monomers and be cleanly removed under mild
acidic conditions, yielding polymer-free s-SWNTs. The mono-
mers can be almost quantitatively recovered to re-synthesize pol-
ymer. This approach enables isolation of “clean” s-SWNTs and, at
the same time, greatly lowers costs for SWNT separation.

Single-walled carbon nanotubes (SWNTSs) are promising materi-
als for next-generation electronics, such as field-effect transistors,
photovoltaics, bio/chemical sensors.! In particular, SWNT net-
works are solution-processable and are of great interest for flexible
and stretchable electronics.> Most of these applications specifically
require semiconducting (s-) SWNTs with minimal metallic (m-)
SWNT impurities. However, large-scale synthetic methods for
SWNTs always produce a mixture of semiconducting and metallic
SWNTs. Recently, various methods for the separation of s-
SWNTs and m-SWNTs, including DNA wrapping, density gradi-
ent ultracentrifugation, and gel chromatography techniques, have
been reported.> However, these methods are either time-
consuming or not easily scalable.

Conjugated polymers have been intensively studied for enrich-
ing s-SWNTs, because they allow extraction of s-SWNT via simple
sonication and centrifuge steps within a few hours.* Additionally,
conjugated polymers with certain molecular design can selectively
extract a specific chirality (n, m) of s-SWNTs.5 Although conju-
gated polymer wrapping provides a fast, low-cost and scalable
method for SWNT separation, this method has two major draw-
backs: (1) the purified s-SWNTs retain a substantial amount of
conjugated polymers on their surface. Removal of the polymers is
difficult due to tight polymer wrapping and strong poly-

mer/SWNT interactions. (2) The amount of polymers used is
about the same weight as the unpurified SWNTs. However, the
costs of most conjugated polymers are comparable or even higher
than those of SWNTs. For example, poly(9,9-di-n-
dodecylfluorenyl-2,7-diyl) (PFDD) and regioregular poly(3-
dodecylthiophene-2,5-diyl) (r-P3DDT), two widely used poly-
mers for SWNT seperation,** cost $729/g and $642/g from Sig-
ma-Aldrich, respectively; whereas the large-diameter SWNT's cost
about $10~35/g for the grade with ~30% SWNT content, and
$45~280/g for the grade with ~70% SWNT content (Table S1).
Thus, conjugated polymers can account for a large fraction of the
cost for purification. Additionally, their presence lowers the elec-
trical performance of SWNT networks due to the lower conduc-
tion of the polymers compared with SWNTSs. To address these
issues, three strategies have been reported: (1) releasing SWNTs
using conformational switchable polymers;® (2) employing non-
covalently linked supramolecular polymers, which break into small
units by acid;” (3) irreversible depolymerization into small units.®
Strategy (1) requires special molecular design and has not demon-
strated good selectivity for s-SWNTs so far. Strategy (2) requires
multi-step synthesis of non-covalent bonding moieties, and in situ
polymerization during sorting process makes it harder to inde-
pendently optimize the sorting conditions. In addition, an exces-
sive amount of acid is needed to depolymerize, which may cause
p-doping of s-SWNTSs.’ Strategy (3) does not allow the polymer to
be recycled and the sorting selectivity and yield achieved so far
still need much improvement. An ideal polymer used for SWNT
separation should be low-cost, removable, recyclable, high selec-
tivity and cause little damage to SWNTs. However, it is challeng-
ing to fulfill all these criteria.

Polyimines, also known as polyazomethines or Schiff-base pol-
ymers, are a family of conjugated polymers constructed from
imine bonds (C=N) in backbone and have been used for some
optoelectronic applications and covalent organic frameworks
(Figure 1a).'° The conjugated aromatic imine bonds are relatively
stable,'! however, imine bonds break readily with exposure to
catalytic amount of acid.!® Gerstel et al. reported the use of imine-
based polymer for dispersing s-SWNTs.** However, they did not
show the important “removable” and “recyclable” advantages of
imine polymers and only used the polymers for dispersing small-
diameter SWNTs. Here we take advantage of the imine bonds to
design conjugated polymers for the separation of large-diameter
semiconducting SWNT's with little polymer contaminations while
lower polymer costs by recycling the monomers (Figure 1b). An
imine-based  polymer poly[(9,9-di-n-dodecyl-2,7-fluroendiyl-
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Figure 1. Imine-based conjugated polymers for SWNT separation. (a) A general design for removable conjugated polymers. (b) Proposed
separation cycle. The polymer is removable and recyclable, giving polymer-free s-SWNTs. Inset photos show the polymer solution, sorted
s-SWNT solution, and s-SWNT solution after depolymerization and release. (c) Synthesis of polymer PE-PD.

dimethine)-(1,4-phenylene-dinitrilomethine)] (PF-PD) was syn-
thesized to prove this concept (Figure 1c).Compared with small-
diameter s-SWNTs, large-diameter s-SWNTs (1.2~1.7 nm) are
more desired for electronic devices due to their smaller Schottky
barrier for good electrical contacts and higher current density.!¢1
To realize low-cost for separated s-SWNTs, a cheap raw SWNT
starting material is needed. Here, we use one of the lowest priced
SWNTs available commercially with diameters of 0.9—1.5 nm and
a purity of 30% SWNT content (RN-020, $10/g from Raymor
Industries Inc). All other reports typically employ higher purity
SWNT starting materials with 50~70% SWNT content.**>”® Nev-
ertheless, PF-PD exhibited high yield and high selectivity for dis-
persion of large-diameter s-SWNTs even with low-cost SWNT
raw materials. After separation, the wrapping polymers can be
removed by depolymerization into monomers with catalytic
amount of acid and subsequently recycled, thus demonstrating a
new scalable and low-cost approach for separating high-purity
polymer-free s-SWNTs.

Polyfluorenes are one of the most widely used polymers for
SWNT sorting.**! Fluorene monomers are readily synthesized at
low-cost and thus used as the building block to demonstrate our
concept. Starting from a commercially available building block
9,9-didodecyl-2,7-dibromofluorene (1), two aldehyde groups
were introduced with a high yield of 88%. Polymer PF-PD was
synthesized through a direct condensation of the dialdehyde
monomer with p-phenylenediamine in dry toluene under the ca-
talysis by p-toluenesulfonic acid (5% eq.). An internal drying
agent anhydrous CaCl, was employed to remove the generated
H,O and thereby increase the molecular weight of the polymers
(Figure 1b). Compared with traditional conjugated polymers that
usually synthesized with cross-coupling reactions (e.g. Suzuki or
Stille coupling),* PF-PD was synthesized without any noble metal
catalysts or toxic phosphorous ligands. Thus the synthesis of imine
polymers is economical and environmentally friendly. Additional-
ly, they are stable under ambient conditions with decomposition
temperature above 400 °C (Figure S1), and no polymer degrada-
tion was observed for over six-month storage. Upon an addition of
catalytic amount of acid, PF-PD depolymerizes quickly, usually
within several minutes (Figure 2a). After depolymerization, the
absorption of the polymer at longer wavelengths completely dis-
appears and the spectrum is almost identical as that of the mono-
mer, suggesting a quantitative depolymerization.

A high concentration solution of large-diameter s-SWNT's with
barely detectable metallic peaks in the Mi; region (Figure 2b) can
be readily obtained with 1 hour of processing time (see Support-
ing Information). The optical density (OD) at 939 nm for PF-PD
sorted SWNTs is up to 2.498 in a 1 cm path-length cuvette, corre-
sponding to a SWNT concentration of 0.070S mg/mL. The OD
value is significantly higher (2~100 times) than many reported
polymer sorting methods used for large-diameter SWNTs,**!3
indicating the strong dispersion ability of PF-PD. Compared with
previous sorting methods using more expensive pre-purified
SWNTs (50~70% purity, prices are usually 4~8 times higher,
Table S1),**" our results demonstrate that the as-produced raw
SWNTs (30% purity) can be directly used together with our pol-
ymer sorting process without affecting the sorting yield and selec-
tivity (Figure S3). The pre-purification processes of as-produced
SWNTs typically involve strong acidic and/or harsh oxidative
conditions,'* which are costly and also give rise to chemical de-
fects. Thus the ability to sort raw SWNTs is beneficial in terms of
cost and may additionally provide better electronic properties.'s

Polymer/SWNT ratio and concentration are important factors
that strongly affect the sorting yield and selectivity (Figure S4 and
Figure SS5). The sorting yield was determined by absorption inten-
sity of the S22 peak (see Supporting Information).**! The selectiv-
ity was evaluated based on ¢ value, which is defined by the ratio of
peaks and background area of both Sz and Mu absorptions.*
Higher ¢ values indicate higher s-SWNT purities, and ¢ values >
0.40 were correlated to purities > 99%.% Figure S4 plots the
relationship between the yield and selectivity for different poly-
mer/SWNT ratios. Compared with literature reports that high ¢
values > 0.40 usually resulted in low yields (< $%) for large-
diameter SWNTs,*” polymer PF-PD simultaneously demon-
strated both a high ¢ value of 0.407 and a high yield of 23.7% (vs.
theoretical s-SWNTs in the starting SWNTs) (Figure S4b), sug-
gesting the strong dispersion ability and high selectivity of this
polymer. Reducing the polymer/SWNT ratio led to an even high-
er selectivity with a ¢ value up to 0.445 and a relatively lower yield
of 13.6%. Polymer concentrations were also varied from 0.2
mg/mL to 2 mg/mL (Figure SS). Under the same poly-
mer/SWNT ratio (1:1), a higher concentration resulted in a
slightly higher selectivity but a lower yield. This inverse relation-
ship between yield and selectivity was also observed in many other
polymer systems.*>”>!¢ We also compared the absorption spectrum

ACS Paragon Plus Environment

Page 2 of 5



Page 3 of 5

P OO~NOUILAWNPE

U OTUu U OITON OO DMBEMDIAMDIMBAEADIAMDIMDNWOWWWWWWWWWWNDNNNNNNMNNNNRERPRPRPERPRERPERRERE
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOOPRARWNRPFPOOONOODURAWNPOOO~NOOUUDMWNEO

Journal of the American Chemical Society

a 0.8+ =] = b 404 - c 8000 - M
“] ——FcHo B Povmer B 070 PF-PD+SWNT in toluene i RBM|  — RawswnTe
—e—PF-PD degradation a5 !, - - - Unsorted SWNT in NMP 6000 —— Sorted SWNTs
——30s P \\
=064 —v—1min 5 __ 4000+
2 . -y 3304 | S\ My S =
L) by \ & 2000
@ o >
2 o4 s 5 0 T
& E c 100 120 140 160 180 200 220 240 260 280
2 5 % 8000
2 2" =
6000 -
< 02 <y,
4000 -
2000 -
0.0
T T T , 0.5 +— T T T T T T T ; 0 T y y y
300 350 400 4 500 500 600 700 800 900 1000 1100 1200 1300 1200 1400 1600 1500 2000
Wavelength (nm) Wavelength (nm) f Raman shift (cm™)
e

—— As-sorted SWNT

—— Release and redisperse in NMP
——— Release and redisperse in 1% SC
—— F-CHO after polymer degradation
= = Polymer PF-PD

1000

N1s

Excitation Wavelength (nm)
Normalized Absorbance (a.u.)
~
h

04

Intensity (a.u.)

A\

It A
290 285 280 410 405 400 395 390
S Binding Energy (eV)  Binding Energy (eV)

750
1400 1450 1500 1550 1600 1650 1700
Emission Wavelength (nm)

T T = '_'_'_~‘ T T T T T J
300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Figure 2. (a) Absorption spectrum changes in the PF-PD depolymerization process. (b) Absorption spectra of the raw SWNTs dispersed by
PE-PD and NMP (1 cm cuvette). Inset photo shows the high concentration solution. (c) Raman spectra of the raw SWNTs and PE-PD
sorted SWNTs (785 nm). (d) PLE map of SWNTs dispersed by the PDPP4T-2 polymers. (e) Absorption spectra of the as-sorted SWNTs,
sorted SWNTs redispersed in NMP and surfactant sodium cholate (SC) (1% aqueous), monomer (F-CHO) after depolymerization, and
polymer PE-PD. (f) XPS results for the PF-PD wrapped SWNTs (red) and released SWNTs (black).

of PE-PD sorted s-SWNT's with that of the commercially available
99.9% s-SWNTs (Figure S6). PE-PD sorted s-SWNTs showed
even higher selectivity as indicated by the “deeper valley” in the
M region (600~760 nm). To further validate the enrichment of
s-SWNTSs, Raman spectra of the pristine SWNTs and the polymer
sorted SWNTs were measured (Figure 2c and Figure S7). Under
785 nm excitation, strong radial-breathing-mode (RBM) peaks of
metallic tubes in the range of 140~190 cm™ were observed for the
pristine SWNT's. After sorting, this peak almost completely disap-
peared. Other laser excitations (532 and 633 nm) also confirmed
the removal of m-SWNTs. To determine the diameters of the
sorted SWNTSs, photoluminescence excitation (PLE) mapping
was used (Figure 2d). At least 10 different chiralities with diame-
ters in the range of 1.25—-1.38 nm were observed.

The dialdehyde monomer F-CHO cannot disperse any SWNT's
(Figure S8), suggesting its weak interactions with SWNTs. To
release the s-SWNTs, a small amount of trifluoroacetic acid (TFA,
0.1% v/v) and one drop of water was added to the sorted solution.
The solution was sonicated for 30 mins to ensure completion of
the hydrolysis reaction. s-SWNT precipitates were formed after
depolymerization (Figure lc, inset photo). The s-SWNT precipi-
tates were centrifuged and collected by filtration through a 0.2 ym
PTFE membrane. The absorption spectra of the filtrate only
showed the monomer absorption, indicating that all the enriched
s-SWNTs were quantitatively collected (Figure 2e). The filtered s-
SWNTs can be redispersed in NMP or in aqueous solutions using
surfactants, providing similar absorption features in both M1 and
S2, region (Figure 2e), indicating that the sorted SWNTs can also
be used for NMP or aqueous based deposition methods.>>!” No
polymers or monomers can be detected by absorption spectrosco-
py for the redispersed SWNTs in NMP and aqueous solution,
demonstrating the quantitative removal of the polymers. This
result was further confirmed by X-ray photoelectron spectroscopy
(XPS) measurement, where the N 1s peaks attributed to the N
atoms in the polymers almost disappeared in the released SWNT
samples (Figure 2f). We found that a large fraction of the conju-

gated polymers (about 1/2 to 2/3) were absorbed by the sediment
containing undispersed s-SWNTs, m-SWNTs, and amorphous
carbons. Thus, to fully recycle the polymer, polymers in sediment
were depolymerized and collected using similar methods as de-
scribed above. The filtrates can be collected and purified by run-
ning a short flash column chromatography to obtain the pure fluo-
rene dialdehyde monomer, which was then used for polymer re-
synthesis. We did not attempt to collect and purify the p-
phenylenediamine co-monomer as it is readily available commer-
cially at low cost. Absorption spectrum measurement indicates
that the monomer F-CHO was almost quantitatively recycled (>
98%). After column purification, we determined the recycling
yield to be 93% and the purity is sufficient for polymerization.

Absorption spectroscopy cannot be used to quantify high purity
tubes due to the complicated nature of SWNT absorption spec-
trum.>'® To further substantiate the purity comparison, FET
devices with channel length of 500 nm were fabricated on SiO:
(36 nm)/Si wafers. Since most of the sorted tubes exhibited tube
lengths in the range of 0.5 to 2 ym, the short channel devices used
here will short if there are m-SWNTs bridging directly across the
channel. 190 devices were measured with 8 shorted devices (Fig-
ure 3a and Figure S9). Each device contains on average ~12 tubes,
as characterized using scanning electron microscope (SEM) imag-
es. Thus ~2300 tubes were measured. We assume that any shorted
devices were caused by one m-SWNT because of the high purity
of our sorted tubes. Thus the purity of PE-PD sorted s-SWNT is
estimated to be 99.7% [(1-8/2300) X 100% = 99.7%], which is
one of the highest purity values reported to date for polymer
sorted large-diameter s-SWNT's characterized by direct electrical
measurement.*13

Thin-film transistors (TFTs) were also fabricated by drop-
casting the PF-PD sorted SWNT solution on patterned Au
(source-drain)/SiO2 (300 nm)/doped Si substrates. The devices
were then rinsed with toluene containing a small amount (0.1 %
v/v) of TFA to remove polymer residues and annealed at 200 °C
for 20 min. Toluene rinsing was used to degrade and remove the
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polymer residues. Annealing led to better tube-tube junctions and
improved source/drain contacts. Figure S10 displays the atomic
force microscopy (AFM) image showing a SWNT network with a
tube density ca. SO tubes/pym? TFT devices with various channel
lengths from S to 30 pm all showed good on/off ratios (Figure
S11). High hole mobilities in the range of 20—49 cm? V! s~! with
on/off ratios > 10° were obtained for devices with channel lengths
> 10 ym (Figure 3b). Compared to the unsorted raw SWNTs with
on/off ratios lower than 10, the high on/off ratios further
confirmed the high purity of the sorted s-SWNTs.

(_Id)i/z (A)m

10718
-6

10°L 0.00
2 4 40 30 20 40 0 10 20 30 40

-2 0
vy Vy (V)

Figure 3. (a) Electrical characterization of PF-PD sorted SWNTs
using short channel devices with a channel length of 0.5 um. Inset:
SEM image of a device. (b) Transfer characteristics of a typical
TFT device measured in vacuum (L = 20 um W = 400 um).

In summary, an imine-based conjugated polymer has been
developed for selective dispersion of s-SWNTs. PE-PD exhibits
strong dispersion ability for large-diameter s-SWNTs with high
yield (23.7%) and high selectivity (99.7%). After separation, the
polymers can be depolymerized, removed, and recycled, providing
polymer-free high-purity s-SWNTs. Compared with other sorting
methods, our approach offers significant advantages, such as low-
cost, high-selectivity, removable, recyclable, and less-damage to
SWNTs, yet only uses cheap and versatile building blocks. More
importantly, both dialdehyde and diamine groups can be readily
introduced to other m-conjugated structures, thus demonstrating a
general approach for low-cost separation of “clean” s-SWNTs.
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