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Phase Transfer Catalysts Drive Diverse
Organic Solvent Solubility of Single-Walled
Carbon Nanotubes Helically Wrapped by
Ionic, Semiconducting Polymers
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ABSTRACT Use of phase transfer catalysts such as 18-crown-6 enables ionic, linear conjugated poly[2,6-{1,5-bis(3-propoxy-
sulfonicacidsodiumsalt) } naphthylene]ethynylene (PNES) to efficiently disperse single-walled carbon nanotubes (SWNTs) in multiple
organic solvents under standard ultrasonication methods. Steady-state electronic absorption spectroscopy, atomic force microscopy
(AFM), and transmission electron microscopy (TEM) reveal that these SWNT suspensions are composed almost exclusively of
individualized tubes. High-resolution TEM and AFM data show that the interaction of PNES with SWNTs in both protic and aprotic
organic solvents provides a self-assembled superstructure in which a PNES monolayer helically wraps the nanotube surface with
periodic and constant morphology (observed helical pitch length = 10 £ 2 nm); time-dependent examination of these suspensions
indicates that these structures persist in solution over periods that span at least several months. Pump—probe transient absorption
spectroscopy reveals that the excited state lifetimes and exciton binding energies of these well-defined nanotube-semiconducting
polymer hybrid structures remain unchanged relative to analogous benchmark data acquired previously for standard sodium
dodecylsulfate (SDS)-SWNT suspensions, regardless of solvent. These results demonstrate that the use of phase transfer catalysts
with ionic semiconducting polymers that helically wrap SWNTs provide well-defined structures that solubulize SWNTs in a wide range

of organic solvents while preserving critical nanotube semiconducting and conducting properties.
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ingle wall carbon nanotubes (SWNTs)'™* possess

individualized tubes, (iii) enables dispersion in a wide range

a wide range of uncommon mechanical,””? opti- of dielectric media, and yet (iv) gives rise to suspended
cal,"'°7'? electrical,'”””'” magnetic,'*"?' and ther- SWNT structures having a constant morphology, regardless
mal**?? properties that fuel multidisciplinary efforts aimed of solvent.

at developing neoteric nanoscale, microscale, and bulk-
phase materials.” Strong van der Waals interactions between
SWNTs**?> are an anathema to SWNT solubilization.'’
Water-solubilized SWNTs dominate the literature; there
exists no general method to disperse SWNTs in nonaqueous
media. Potential dispersion approaches are truncated se-
verely by the fact that preservation of significant SWNT
electrooptic properties require solubilization via agents that
noncovalently interact with the nanotube surface.”**” It has
thus been a long-standing goal to develop a universal SWNT
solubilization strategy that (i) relies on noncovalent interac-
tions for nanotube dispersion, (ii) provides a high yield of
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Ultrasonication''*® and high-speed vibrational milling

techniques®” are commonly utilized to drive exfoliation of
nanotube ropes and bundles in the presence of surfactants,
small molecules, and polymers.*® The huge library of estab-
lished noncovalent nanotube solubilizing agents is domi-
nated by species that only exfoliate tubes in an aqueous
medium; surfactants such as SDS,'' SDBS,*?*® and sodium
cholate,”" and amphiphilic aromatic molecules,” typify
these SWNT-solubilizing compositions. Flexible polymers
such as polystyrene sulfonate (PSS), polyvinyl pyrrolidone
(and their poly acrylic and maleic acid-containing copoly-
mers),”” a-helical amphiphilic peptides,>* DNA,>*™>7 sodium
carboxymethylcellulose (Na-CMC),>® and f-1,3-glucans®”
also wrap SWNTs in water. Among these agents, only 5-1,3-
glucans and DNA wrap individualized SWNTs with a fixed
periodicity; notably, neither of these biological polymers
disperse SWNTs in organic solvent to provide well-defined
structures of similar morphology. Further, multiple studies
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show that transferring SWNTs wrapped with an amphiphilic
polymer from an aqueous to an organic phase results in
polymer dewrapping and SWNT precipitation.’*>>? Finally,
hydrophobic conjugated polymers based on PmPV,*° poly-
thiophene,?” polyfluorene,*' and poly(p-phenyleneethy-
nylene)** frameworks can disperse SWNTs in variety of
nonaqueous solvents, but all such structurally characterized
SWNT samples display microscopy consistent with indistinct
rod structures and substantial polymer/SWNT molar ratios;
a classic example of this can be seen in work by Smalley,*”
which shows that flexible polymers wrap SWNTs with very
short pitch lengths that give rise to thick polymer-SWNT
hybrid structures indicative of multiple polymer chains
associated per SWNT.

We have reported that poly[p-{2,5-bis(3-propoxysulfon-
icacid sodium salt)}phenylene]ethynylene (PPES), a linear
conjugated polymer, disentangles SWNT strands from their
bundled forms at high mass percent conversion in water;
interestingly, in contrast to previous studies in which other
p-phenyleneethynylene-based polymers have been shown to
interact with SWNTSs in a parallel fashion,** PPES wraps SWNTs
forming a single-stranded, self-assembled helical super struc-
ture having a well-defined pitch length of 13 4= 2 nm.** Here
we show that phase transfer catalysts, used in combination
with the highly charged semiconducting poly[2,6-{1,5-bis(3-pro-
poxysulfonicacidsodiumsalt) } naphthylene]ethynylene (PNES),
provides individualized SWNTSs that are soluble in a wide-range
of organic solvents. Notably, the morphology and electronic
structure of these constructs remain uniform, regardless of the
solvent dielectric.

Experimental Methods. PNES was synthesized via the
Suzuki—Miyaura polycondensation reaction**™*" of 1,2-
bis(4’,4’,5 5"-tetramethyl[1”,3’,2"]dioxaborolan-2"-y)ethyne**
and {[2,6-diiodo-1,5-bis(3-propoxysulfonicacid)naphthalene]
sodium salt}. The M, of PNES was determined to be ~18.8
KD via anion exchange chromatography, which corresponds
to a degree of polymerization (DP) of ~40 and a PDI of 1.11
(Supporting Information Figure S2). SWNTs were suspended
in various solvents using the standard ultrasonication-
centrifugation technique.''*> A 2.5 mL solution of ionic
PNES (1.68 mg/mL) was sonicated with 2 mg of HipCo (batch
81) nanotubes in direct contact with a tip horn sonicator (20
kHz), and centrifuged (36000 g; 3 h). The upper 60 % of the
supernatant was collected. The preparation of an aqueous
suspension involves SWNT prewetting with 0.1 mL DMF and
sonication for 3 h (I W/mL). Organic suspensions were
obtained by dissolving PNES in the desired solvent with the
phase transfer catalyst 18-crown-6 (~20 mg/mL); sonication
conditions: 0.5—1 h; 0.4 W/mL. SDS-SWNT suspensions in
water were prepared using a literature process.*” Transmis-
sion electron microscopy images (JEOL TEM-2010; acceler-
ate voltage, 80 kV) were obtained from samples prepared
via drop casting on lacy Formvar copper grids stabilized with
carbon followed by drying in a desiccator. Atomic force
microscopy (AFM; Digital Instruments Dimension 3100)
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FIGURE 1. (A) Solvent-dependent vis-NIR absorption spectra of PNES-
SWNTs and SDS-SWNT samples. PNES-SWNT suspensions: (a) DMSO
(black), (b) H,O (red), (c) MeOH (green), and (d) DMF (blue); the
dashed spectrum (e) corresponds to that for the aqueous SDS-SWNT
benchmark (purple), which is shown scaled by a factor of 4. Optical
path length =1 mm. Inset: spectra normalized at 910 nm for
comparative purposes showing the solvent-dependent spectral
evolution of long-wavelength PNES-SWNT transitions relative to
those for the SDS-SWNT benchmark. (B) NIR absorption spectra,
normalized at 910 nm, of PNES-SWNT samples suspended in DMSO
(black), H,O (red), MeOH (green), and DMF (blue) solvents; the
dashed spectrum corresponds to that for the aqueous SDS-SWNT
benchmark (purple). The relative peak positions of the prominent
absorption maxima assigned to (6,5), (8,3), (7,5) and (7,6) SWNTs
are marked with arrows, highlighting the extent of solvent-depend-
ent spectral red shifts of these transitions for PNES-SWNT suspen-
sions in organic solvents, relative to the respective absorption
maxima observed for the SDS-SWNT benchmark.

images were obtained via intermittent contact mode (scan
rate = 2 Hz, Si tip, ambient temperature). AFM samples were
prepared by drop-casting SWNT suspensions on Si wafer or
freshly cleaved mica surfaces; such samples were then
desiccator-dried for 30 min. Electronic spectra were re-
corded on a Varian 5000 UV/vis/NIR instrument. The relative
peak positions (Figure 1b) were assigned via spectral decon-
volution using Origin 7.5 software. Excited state dynamical
studies were performed using a femtosecond spectroscopy

DOI: 10.1021/n1102540c | Nano Lett. 2010, 10, 4192--4199



SCHEME 1.  (A) Synthesis of the Highly Charged Polymer, PNES, from {[2,6-Diiodo-1,5-bis(3-propoxysulfonicacid)naphthalene] sodium
salt} and (B) Depiction of Phase Transfer Catalyst-Mediated Dispersion of PNES-SWNTs in Organic Solvents
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system.*® Samples were interrogated in 2 mm path-length
fused-silica cells under argon.

A more detailed description of these experimental meth-
ods can be found in Supporting Information.

Result and Discussion. It has been well established that
meta-bridged aryleneethynylene foldamers provide flexible
helical structures where the interior pore size and other metrical
parameters evolve as a function of chain length, solvent, and
temperature.***° Less, however, is known regarding the helix-
forming propensities of related aryleneethynylenes having a
para linkage topology. Computational data indicated that the
binding energy difference between potential parallel and op-
timal helical PPES/SWNT conformations is ~1.1 kcal/mol/
monomer and underscored that the total energy stabilized via
the polymer helical wrapping interaction accumulates as the
number of unit monomers increases.*’ Given the larger aro-
matic surface area of naphthalene relative to phenylene, and
the fact that the 2,6-aryleneethynylene linkage topology of
PNES should drive a smaller polymer-SWNT helical pitch rela-
tive to that determined previously for 1,4-phenyleneethy-
nylene-linked PPES, PNES-wrapped SWNT structures would be
anticipated to display augmented thermodynamic stability.
PNES was synthesized from 1,2-bis(4’,4’,5",5"-tetramethyl-
[17,3’,2"]dioxaborolan-2"-ylethyne and {[2,6-diiodo-1,5-bis(3-
propoxysulfonicacid)naphthalene] sodium salt} via the Su-
zuki—Miyaura polycondensation reaction** in water (Scheme
1a; Supporting Information).
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Polyanionic PNES (see Supporting Information for poly-
mer characterization data) disperses readily SWNTs (HipCo
tubes batch 81) into the aqueous phase. The dissolved SWNT
mass was estimated by examination of the integrated
electronic absorption oscillator strength over a 600 to 1600
nm wavelength range, referenced to established literature
benchmarks, where the oscillator strength of a maximally
concentrated sodium dodecylsulfate (SDS) suspended SWNT
sample (SDS-SWNT) was taken to be 1.297%3843:51 SWNT
mass dispersion in water reaches a maximum (~0.37 mg/
mL) at ~3 h of sonication time regardless of sonication
power (0.4—4 W/mL; Supporting Information).*>

Phase transfer catalysts, which facilitate movement of a
reactant from an aqueous phase to organic medium, have
had tremendous impact in the field of organic synthesis;
these agents accelerate reaction rates, make possible het-
erogeneous chemical reactions, and minimize solvent
waste.”* PNES is insoluble in all common organic solvents.
Addition of the phase transfer catalyst 1,4,7,10,13,16-
hexaoxacyclooctadecane (18-crown-6) to organic solvents
enables PNES Na* complexation and solvation and polymer
dissolution. Sonication of SWNTs in such PNES organic
solvent solutions made possible via the use of phase transfer
catalysts, drives nanotube dispersion; well-established soni-
cation-centrifugation methods'""*>*® enable isolation of
PNES-solubilized SWNTs (Scheme 1b) in organic media.
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TABLE 1. NIR Electronic Absorption Band Maxima for PNES-Wrapped (6,5), (8,3), (7,5), and (7,6) SWNTs, As a Function of Solvent,
Relative to the Analogous Electronic Transitions Observed for the SDS-SWNT Benchmark in Water
(6,5) (8.3) (7,5) (7,6)
system* (e, solvent)” Ell (nm) shift® (cm™) Ell (nm) shift® (cm™") Ell (nm) shift® (cm™) Ell (nm) shift® (cm™")

SDS H,0O (80) 975 954 1022 1120
PNES H,O (80) 994 196 974 215 1045 215 1146 202
PNES DMSO (47) 996 216 970 172 1046 224 1146 202
PNES MeOH (33) 989 145 967 141 1040 169 1135 118
PNES DMF (38) 992 176 972 194 1045 215 1138 141

“ Surfactant/solvent system. ° Solvent bulk dielectric constant. ¢ Spectral red shift relative to that for the analogous transition observed for the

aqueous SDS-SWNT benchmark.

Sonication times to achieve maximal SWNT mass disper-
sion varied as a function of solvent (DMSO, DMF, CH5OH),
but were considerably shorter (0.5—1 h) than that required
to prepare concentrated aqueous solutions, with dispersed
SWNT masses ranging from 0.14 (DMF) to 0.64 mg/mL
(DMSO). Steady state vis-NIR absorption spectra (Figure 1a)
highlight the relative maximal, PNES-dispersed SWNT masses
as a function of solvent relative to that determined for the
SDS-SWNT benchmark in water. Note that sharp spectral
transitions, similar to that observed for the SDS-SWNT
reference spectrum (Figure 1), suggest that in these organic
solvents, interaction with PNES drives fully exfoliated SWNT
suspensions consisting largely of individualized tubes (vide
infra). The prominent first and second subband absorption
manifolds of these PNES-SWNT suspensions exhibit marked
spectral red shifts, and modest absorption band broadening,
relative to the SDS-SWNT benchmark spectrum. Figure 1b
displays absorptions assigned previously to (6,5), (8,3), (7,5),
and (7,6) nanotubes'>® and highlights the extent of the
spectral red shifts in PNES-SWNT suspensions for these
bands with respect to the corresponding reference transi-
tions in the SDS-SWNT spectrum. Table 1 shows that while
the degree of these PNES-SWNT transition red shifts range
from 115 to 225 cm™', the absolute shift magnitude depends
clearly on both tube chirality and solvent [MeOH (e = 33;
118=170cm™") <DMF (¢ =38; 141—=215cm™ ") <H,O (¢ =
80; 196—215cm™') ~DMSO (e =47; 172—224 cm™'); these
spectral dependences are notably consistent with the theo-
retical predictions made by Strano and Choi which have
heretofore lacked experimental precedent.>* These data thus
suggest that whereas the PNES-SWNT z— interaction is a
primary driving force for the observed transition spectral
shifts relative to the SDS-SWNT aqueous benchmark,''*%-2°
the solvent-dependent local dielectric environment plays a
significant role in determining PNES-SWNT electronic spec-
tral properties.®*

High-resolution transmission electron microscopy (TEM)
and atomic force microscopy (AFM) experiments (Figures
2—3; Supporting Information Figures S6—7) that interrogate
PNES-SWNT structures formed in H,O, CH5OH, DMF, and
DMSO reveal that all of these samples are composed over-
whelmingly of individualized nanotubes (80—90 %) that are
periodically wrapped by single strands of this highly charged
aryleneethynylene polymer. Remarkably, these data show
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FIGURE 2. TEM images of PNES-wrapped SWNTSs obtained from (A)
aqueous, (B) DMSO, and (C) DMF suspensions. (See Supporting
Information for sample preparations).

that PNES-SWNT structures maintain constant morphology
regardless of solvent. As observed for PPES-SWNT composi-
tions formed in aqueous media,*> PNES-SWNTs manifest
regular, helically wrapped structures. TEM images of PNES-
SWNTs (Figure 2; Supporting Information Figures S12, S16,
and S17) show small, repeating protuberances at 9—11 nm
intervals along the SWNT axis with an ~3 nm lateral shift
which remains invariant in aqueous, CHsOH, DMF, and
DMSO solvents. As anticipated, this observed PNES helical
pitch length of ~10 nm is diminished with respect to that
observed for PPES-SWNTSs (~13 nm). This observed repeat-
ing structural signature for helical wrapping by PNES is also
evidenced for two-tube bundles (Supporting Information
Figures S13—14), where the observed helical pitch is shorter
(~7 + 2 nm) than that obtained for individualized tubes,
confirming that helical pitch length systematically tracks
with bundle size. Likewise, AFM images of PNES-SWNTs
dispersed in water, DMF, DMSO, and MeOH, along with
corresponding height profile analyses (Figure 3), corroborate
the PNES-SWNT helical wrapping evident in the TEM data.
Note also that the periodic wavelike height profiles apparent
in these microscopy experiments parallel related images that
verify helical wrapping of SWNTs by polymers.””*> Ad-
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FIGURE 3. Topographic intermittent contact mode AFM images of PNES-SWNTs. (A) PNES-SWNTs from a H,0O-solubilized suspension on a Si
surface; (B) corresponding height profile along the green line in the panel (A) data; (C) PNES-SWNTs from a DMF-solubilized suspension on a
mica surface; (D) corresponding height profile along the blue line of the panel (C) data; (E,F) PNES-SWNTs from DMSO and MeOH-solubilized
suspensions respectively on mica surfaces; the thicknesses of these single-strand, PNES-wrapped SWNTs are indicated in the panel (C), (E)

and (F) data.

ditional electronic absorption and AFM data (Supporting
Information) highlight that PNES-SWNT morphology, and
the extent to which SWNTs are individualized, remain
unchanged over time periods ranging from several months
to one year, regardless of the solvent suspension medium.
EDS and XPS experiments that interrogate elemental com-
position corroborate single chain helical wrapping of the
SWNT surface by PNES (Supporting Information Figures
S18—=21).
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To provide additional insight into the extent to which
PNES helical wrapping impacts SWNT electronic structural
properties, ultrafast pump—probe spectroscopy was em-
ployed to interrogate the electronically excited states of these
species and their corresponding transient dynamics as a
function of solvent. Exciting an aqueous suspension of HipCo
(batch 81) SWNTs at 775 nm (4 uJ/pulse pump power) and
probing in the second subband region (Figure 4), evinced
similar excited state dynamics as that reported previously for
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FIGURE 4. (A) Transient absorption spectra of a PNES-SWNT sample
in water with labeled delay times determined under ambient
conditions at magic angle polarization (dex = 775 nm; 4 u]/pulse).
An inverted, scaled PNES-SWNT linear absorption spectrum is shown
for comparison. (B) Representative transient decay Kinetics obtained
for aqueous PNES-SWNT suspensions. The best triexponential func-
tion global fits for these data are depicted by thin lines. The
evaluated characteristic decay time constants for these transient
decay profiles are shown as an inset.

analogous SDS-SWNTs in water.*®°° A triexponential function
global fit of the transient kinetics at 658, 736, and 812 nm
(Figure 4b) indicates SWNT excited-state lifetime time con-
stants of 0.29, 1.42, and 23.1 ps, which have respectively been
ascribed previously to intraband carrier relaxation, intertube
energy transfer, and inherent lowest excited state relaxation
processes in the SDS-SWNT benchmark.**>° These data dem-
onstrate that SWNT excited-state relaxation dynamics are not
perturbed by the strong — interactions that help drive helical
PNES wrapping of the SWNT surface.

It is known that the optical resonances in SWNTs are
excitonic,'**” and that the exciton binding energy of semi-
conducting SWNTs constitutes a substantial amount of the
total band gap energy. Given the nature of the PNES-SWNT
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interaction, and the fact that the exciton binding energy can
depend intimately on the local dielectric environment, we
investigated the exciton binding energies of PNES-SWNTs
in a wide range of dielectric media; Figure 5 summarizes
these data. PNES-SWNT samples were excited at 670 nm, a
wavelength known to produce an excited state population
dominated by (8,3) tubes, at various pump intensities; in
these experiments, a bleach band centered at ~735 nm was
observed for PNES-SWNT samples suspended in H,O, DMSO,
DMF, and MeOH (Figure 5a). These data were analyzed using
an approach described previously by Fleming,>® where the
(8,3) tube exciton binding energy (~0.41 eV) was deter-
mined from the energy difference between the electron—hole
(e-h) continuum and its precursor exciton. Similar to data
acquired for SDS-SWNTSs,*® the 735 nm transient signal
observed for PNES-SWNTs (Figure 5b,c) linearly follows e-h
continuum kinetics [nen(0)/nen(6)]? — 1 = yanen?(0)t, regard-
less of solvent, and not annihilation Kinetics [Nex(0)/Mex(6)] —
I = yexNex(0)t (ya and ye are the rate constants of the
respective nonlinear relaxation process, and ne(t) and nen(t)
are the populations of excitons and charged carriers).*® Data
summarized in Figure 5d,e show that transient kinetics
probed at 735 nm are independent of E, pump intensity at
670 nm, indicating that exciton dissociation occurs from the
E; exciton precursor. Confirming the identity of the ~735 nm
peak as an e-h continuum band (Een), the respective exciton
binding energies (Ep) calculated from E, and E; determined in
H,O, DMSO, MeOH, and DMF solvents were found to be 0.414,
0.409, 0.405, and 0.411 eV. These values, which are of similar
maghnitude to literature benchmarks,'*°%°%¢! show that there
is no substantial perturbation to SWNT exciton binding energies
due to conjugated polymer wrapping and use of phase-transfer
reagents, and suggest that the small differences in these
measured Ey, values derive from local environmental dielectric
disparities.

Conclusions. This work shows that the phase transfer
catalyst 18-crown-6 enables ionic poly[2,6-{1,5-bis(3-
propoxysulfonicacidsodiumsalt) }naphthylene]ethynylene
(PNES) to exfoliate and individualize SWNTs in organic
solvents. AFM and TEM data of these organic-solvent-
suspended SWNTs demonstrate that the PNES-SWNT inter-
action provides a self-assembled superstructure in which a
PNES monolayer helically wraps the nanotube surface with
periodic and constant morphology (helix pitch length = 10
=+ 2 nm); such monolayer wrapping minimizes the polymer/
SWNT molar ratio of the organic-solvent soluble SWNT
composition. In contrast to other work that has examined
SWNTs enveloped by amphiphilic polymers, these PNES-
SWNTs do not exhibit polymer dewrapping and SWNT
precipitation in organic solvents; DMSO-, DMF-, and MeOH-
solubilized SWNTs have been shown to persist in solution
over time periods that exceed at least several months.
Steady-state and time-resolved transient optical spectro-
scopic studies indicate that PNES-SWNTs of a given nano-
tube chirality retain electronic structural homogeneity re-
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FIGURE 5. (A) Transient absorption spectra of PNES-SWNT samples in water (red), DMSO (black), MeOH (green), and DMF (blue), normalized
at 660 nm, with labeled delay times and pump energies, determined at magic angle polarization (dex = 670 nm). An inverted, scaled PNES-
SWNT linear absorption spectrum in water is shown for comparison. (B) Plot of ([n(0)/n(t)] — 1) and ([n(0)/n(t)]> — 1) vs time obtained for a
PNES-SWNT suspension in water recorded at 725 nm at a 0.15 mJ/pulse pump fluence. (C) Plot of ([n(0)/n(t)] — 1) and ([n(0)/n(t)]*> — 1) vs time
for a PNES-SWNT suspension in DMSO solvent recorded at 734 nm at a 0.30 mJ/pulse pump fluence. (D) Normalized Kinetics probed at 725
nm for a range of pump intensities for an aqueous PNES-SWNT suspension. (E) Normalized kinetics probed at 734 nm for a range of pump

intensities for a PNES-SWNT sample suspended in DMSO solvent.

gardless of solvent. Conjugated, highly charged semicon-
ducting polymers, used in combination with a suitable phase
transfer agent, thus provide a general means to deliver
individualized, noncovalently modified SWNTs of fixed mor-
phology that retain established nanotube semiconducting
and conducting properties in a wide range of dielectric
media.
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